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More than 15 million Americans have one or
another type of genetic or congenital disorder,
according to recent figures from the National
Institutes of Health.

A significant portion of this surprising prevalence
involves infants and children. Genetic and related
conditions, in fact, account for from 20% to 40%
of all pediatric hospitalizations.

New techniques of intrauterine intervention, cell
culturing, immunogenetic study, etc., have
produced new, practical genetic knowledge. This,
inturn, has increased the scope and relevancy

of counseling.

Through other research developments, a number
of genetic diseases that had stubbornly resisted
treatment are substantially correctable now, if not
curable, and many more are showing promising
responses experimentally,

Broader acceptance of abortion has also enhanced
the ability to prevent genetic disease.

A group of 33 internationally prominent geneticists,
many of whem have added significantly to the
scope of the field, examine today's parameters of
clinical genetics in this important book, which
contains completely new material as well as
updated versions of the articles first published in
Hospital Practice.

(continued on back flap)

COVER ILLUSTRATION:

The artist's rendering by Philip Hays shows a
portion of the hemoglobin molecule, with ane of its
four amino acid chains (a beta). Differentiated in
colors are eight altered residues, which together
have been implicated in 11 different inherited

hemoglobinopathies.
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Introduction

It is a commonplace that as infectious and nutritional diseases are better
understood, controlled, and managed, congenital and genetic disorders
assume greater relative significance, as shown by the statistics plotted in
graphs on page x1v. To this the increased importance of medical genetics
in the last two decades can in large part be attributed. Some disorders,
even frequent ones such as cystic fibrosis, and rarer ones, such as the
immune deficiency diseases, were not even recognized until rather re-
cently. Nosographically they are post-chemotherapy or post-antibiotic
diseases. Cystic fibrosis, first well described by Doerothy Andersen in
1937, did not become fully delineated until after World War I1. Bruton’s
X-linked agammaglobulinemia, the first of the immunoglobulin defici-
encies, was not recognized until the early 1950’s. Hitherto these cases
had been buried in the great mass of infectious diseases and diarrheal and
respiratory diseases, acute and chronic.

But another highly significant factor in the increased importance of
medical genetics has been the improved techniques for study of the

Fig. 11.
Fig. 12. ‘
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2, Fig. 15.

The carliest known renderings of human chromosomes were these drawings based on
observations in dividing nuclei from epithelium. They were published by the Cerman
microscopist W. Flemming in 1882,

Xl



Total Infant Mortality

|——-i Total Infant Mortality

100

L
=

s
=

20

genetics of man, and the increased information, as well as improved
diagnosis and management, which has come out of the application of these
techniques to the investigation of disease. Relatively facile methods for
examining the chromosomes gave the medical geneticist “his” organ or
system like the cardiologist or endocrinologist. Human chromosomes
were visualized as early as 1880 by Walter Flemming (see photo on page
x111) but the availability of methods for analyzing them in a few drops
of blood made a big difference. And, of course, the refined banding tech-
niques give greater precision to the scrutiny of the chromosomes (see
Caspersson and Zech, Chapter Three ).

Burgeoning biochemical genetics has often provided surrogates for
controlled matings that are, of course, impossible in man. Not only can
deductions be made, for example, about the evolution of man from the
analysis of protein structure, but conclusions about matters such as mode
of inheritance are sometimes possible when only a single patient is avail-
able (e.g., if both parents have an intermediate level of activity of an
enzyme almost completely absent in the patient). Cell hybridization is
what Marecello Siniscalco calls “a substitute for sex,” another method for
getting genetic information which the experimental geneticist obtains
through planned matings.

We medical geneticists have also been fortunate that the lowly fibro-
blast has turned out to have such a wide repertory of enzyme activities
(see Mellman, Chapter 16). It was not anticipated, by many at least,
that fibroblasts cultured from skin biopsies would be almost as useful
as liver tissue, for example, in studying diseases such as homocystinuria
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Craph at left shows infant deaths in the U5, from 1916 to 1865,  declined very little. In graph at right, percentage of infant deaths
Rapid decline since 1916 in total infant mortality is paralleled by in LS. from 1910 to 1965 from diarrheal discases is compared
decline in infant mortality from specific infectious discases, here with percentage for congenital malformations. Data are from
represented by digreheal diseases, including dysenteries. During Dr. Hymie Gordon, Chairman, Department of Medical Genetics,
the same period, infant mortality from congenital mualfarmations Mayo Clinic (JAMA 217:1215, 1971),

XV



when direct assay shows no significant amount of the relevant enzyme,
cystathionine synthetase, in skin. The development of the prenatal diag-
nosis of inborn errors of metabolism depends also on this fortunate cir-
cumstance; if the fibroblasts of amniotic fluid did not have the same wide
range of enzymatic capacities, their deficiency in genetic diseases could
not be determined. The exceptions such as phenylketonuria (phenyl-
alanine hydroxylase is normally not present in skin or amniotic fibro-
blasts) serve to underscore the good fortune of the usual situation (see
Dancis, Chapter 24.).

Sometimes a cell that does not show a particular function can be
induced to do so. An example is the lymphocyte that when stimulated
to blastic transformation by phytohemagglutinin shows a number of
enzyme activities. Not only can the homozygous state of Garrodian inborn
errors be diagnosed, but the heterozygous or carrier state can be detected
as well, as shown by the recent work of Joseph Goldstein and colleagues
in Seattle and Dallas.

Parenthetically, medical geneticists making use of the study of cells
in place of the whole patient have “cashed in” on a reservoir of morpho-
logic, biochemical, and other information in cell biology derived in no
small part from study of the famous cell line cultured from the patient
pictured on this page.Henrietta Lacks was only 31 when she presented
to the Johns Hopkins Hospital in February 1951 and was discovered to
have cervical carcinoma. Dr. George O. Gey established the HeLa cell
from a biopsy of the carcinoma. Recent review of the histology by Howard
W. Jones and his colleagues suggests that it should be labeled adeno-
carcinoma rather than epidermoid carcinoma. This is an unusual type
for the cervical site. However, its atypical histology may correlate with
the unusually malignant behavior of the carcinoma. Although, at diagno-
sis, it was considered to be in an early stage and was “adequately™ treated
with radium therapy, the patient was dead by August 1951. A less grim
correlate of the tumor's singularity may have been its cultural character-
istics (until recently no other cervical cancer had been established in
culture ).

Thus, we have been fortunate in our methods - although this is not to
say we do not need others —so that man has proved to be not such an
unsatisfactory object for genetic study as it had been supposed earlier.
Man has had, to be sure, a strong anthropocentric motivation to exercise
his ingenuity in studying his own genetics, especially the genetics of his
diseases. In the process he has provided some excellent models for
elucidating general genetic, biochemical, and other principles. Some rare
diseases, such as the Lesch-Nyhan syndrome (guanine hypoxanthine
phosphoribosyltransferase deficiency, see Seegmiller, Chapter 10), have
had scientific importance far out of proportion to.their frequency of
occurrence. Study of the Turner and Klinefelter syndromes (see
Ferguson-Smith, Chapter T'wo ) taught us much about the normal mecha-
nism of sex determination in man. As pointed out by William Harvey in
1657 and frequently reiterated by Archibald Garrod in this century, rare
disorders always have much to teach us about the normal. “Treasure
your exceptions!”™ was the way one early geneticist, William Bateson,
put it.

In thinking about the role of genetics in disease the reader will find
it useful, I believe, to view disease in three categories. Some disorders
are determined primarily by a single locus. These are,for the most part,

Study of Hela cell line, eultured from
f;mp,ry of aedenocarcinoma from paticnt
Henrietta Lacks (above) in 1951, has
yielded important rrmrj:h::-&?;_:r't: anel bio-
chemical information. Until recently no
other cervical carcinoma had been estab-
lished in culture.
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rare but there are many of them (see McKusick, Chapter 20) so that in
the aggregate they represent a significant body of disease. The muco-
polysaccharidoses, p KU, vitamin-responsive inborn errors of metabolism,
membrane transport defects, and other conditions discussed here fall in
this category.

Other disorders have a numerical or structural abnormality of the
chromosomes of the relatively gross sort that can be detected by presently
available methods. Most such instances are not inherited — at least not in
the usual sense of that word —but they involve the genetic material, the
chromosomes, and, therefore, represent one category of genetic disease
(see Hirschhorn, Chapter One,and Ferguson-Smith, Chapter Two).
Still other disorders are multifactorial (see Carter, Chapter 19). These
tend to be common conditions such as essential hypertension and “garden
varieties” of congenital malformations such as cleft lip and palate. En-
vironmental and genetic factors, both usually multiple, collaborate in
causation. They tend to run in families but do not show the simple
mendelian pedigree patterns typical of the first category.

This three-way categorization is to some extent arbitrary: The single
gene disorders are influenced by other genes and by the environment and
all are, therefore, to some extent multifactorial. Chromosomal aberrations
could be viewed as polygenic. Even in the multifactorial disorders the
influence of a single locus can often be identified. The classification does
have practical usefulness, however, because the approach to the study
of the three types differs. Genetic counseling differs also, as indicated by
a comparison of the presentations by Fraser (Chapter 21), Hirschhorn
(Chapter One), and Carter (Chapter 19), each of which is concerned
with a different one of the three.

Since the late 1950°s medical genetics has experienceéd a marvelous
weaving together of previously largely separate strands: cytogenetics,
biochemical genetics, immunogenetics, and statistical-formal-population
genetics. The central loom for one fabric of medical genetics is clinical
genetics — the care of patients and families with genetic disorders. Clini-
cal zenetics, like other branches of medicine, is concerned with the an-
swers to three questions, to follow the formulation of British biostatisti-
cian Bradford Hill: 1) What’s wrong? 2) What’s going to happen? 3)
What can be done about it?

To answer the first question we seek the diagnosis. The diagnostic
armamentarium of clinical genetics has increased greatly in recent years,
through newly developed chromosomal and biochemical methods, but
also through better clinical descriptions (“delineation”) of genetic and
congenital disorders. Accurate diagnosis is of the utmost importance in
answering correctly questions 2 and 3.

The second question is, of course, another formulation for prognosis.
“Recurrence risk™ is the genetic prognosis involved in genetic counseling.
In a condition of late onset such as Huntington's chorea, the question,
what is going to happen, may relate not to unborn children but rather
to the consultand® himself.

The third question, obviously, is likely to be a function of therapy, or
rather management in a broad sense. As in diagnosis, the clinical geneti-

*Consuitand is the term suggested by my colleague Dr. E. A, Murphy for the recipient
of genetic counseling. Proband and propositiz are tos formal terms and not sufficiently
specific in their meaning. Ciient has oo commercial connotations and paticnt iz often not
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cist’'s armamentarium is steadily increasing. This will be evident from
the presentation by Howell (Chapter 27), as well as from that on vitamin-
responsive inborn errors of metabolism ( see Rosenberg, Chapter Seven ).
Exciting implications for the therapy of lysosomal diseases are discussed
in the paper on the mucopolysaccharidoses (see Neufeld, Chapter 14).
Preventive aspects of clinical genetics — which are an outgrowth of the
second question — are illustrated by prenatal diagnosis and selective pro-
phylactic abortion as a measure to help high-risk families obtain a normal
family (see Dancis, Chapter 24).

Over the last decade or so 1 have collected fourteen genetic misconcep-
tions frequently encountered among physicians. This monograph* should
help correct any of these misconceptions which may remain in the mind

of the reader. I list the fourteen below with a brief criticism of each:

Misconception 1. Congenital s syn-
onymowus with genctic.

Criticism: Congenital merely means
present at birth, It has no necessary eti-
ological connotations. Some genetic dis-
orders are not congenital in the usual
sense of the word, and many congenital
malfermations de net have a predomi-
nantly genetic cause. For example, Humt-
ington’s chorea is genetic but not con-
genital; rubella embryopathy is congeni-
tal but not genetie,

Misconception 2. If a disorder is in-
herited, a chromosome analysis  will
show abnormality.

Criticism: Most mendelian disorders
have no chromoesome abnormality de-
monstrable with  existing  technigues.
The genetic change is a point mutation
or some other alteration in DNA at a
level far beyond resolution by micro-
seopic techniques.

Misconception 3. A buccal smear pro-
vides full informalion on the chromo-
SOMES.

Criticism: The buceal smear tells only
the maximal number of X chromosomes
per cell. (The Auorescent staining tech-
nique permits similar evaluation in re-
gard to the ¥ chromosome. )

Misconception 4. If a genetic disorder
is dominant, all children of an affected
prerson will be affected; similarly, if all
children of normal parents are affected
by a genctic disorder, this is evidence of
dominant inheritance.

Criticism: This displays ignorance of
Mendel's laws and his meaning for the
word “dominance.™

*The list of frequent misconceptions and
the criticism of each were published in the
Annals of Internal Medicine 75:4:642,
18971, They are reproduced here with the
permission of the editor,

Misconception 5. When only males
{or enly females) in a family are affected,
for example a father and all four sons but
none of his four daughters, this indicates
sex-linkage of the dizorder.

Criticism: Again ignorance of basic prin-
ciples of genetic transmission is evident.
Male-to-male transmission does not ageur
with X-linked traits because the father
gives his ¥ chromosome to his sons—
that is why they are sons—rather than
his X chromosome, which bears the mu-
tant gene.

Mizconception 6. A disorder that oc-
ctirs in multiple brothers and sisters with
normal parents is not hereditary.

Criticism: Recessive inheritance is char-
acterized by affected sibs with normal
parénts, and a recessive disorder is as
genuinely hereditary as a dominant one.

Misconception 7. Consanguinity brings

out sex-hinked disorders, for example,
“hemophilia was frequent in the inbred
royal families of Europe™ (Encyclopedia
Britannica).
Criticism: Consanguinity increases the
sccurrence of homozygous affected fe-
males but has no effect on the frequency
of affected males.

Mizconception 8. The occurrence of
a hereditary syndrome composed of two
or more manifestations iz the result of
cloze linkage on the same chromosome
of separate genes, cach resuliing in one
of the individual manifestations.
Criticism: All “mendelizing™ syndromes
studied in full detail to date have been
found to have their basis in the pleio-
tropic effect of a single mutant gene.
Linkage produces no permanent associa-
tion of traits because even closely linked
genes become separated after the pas-
sage of a certain number of generations,
through the process of erossing over.

Misconception 9. Dominantly inherited
disorders tend to increase in severity
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with transmission from generation (o
generation, a process called anticipation.
For example, age of onset, an expression
of zeverity, tends to be lower in affected
children than in their affected parents.

Criticism: Bias of ascertainment is re-
sponsible for apparent anticipation. Only
in milder cases of many dominant dis-
orders does reproduction oceur so that
on the average offspring are expected to
be more severely affected than their
parents.

Misconception 10, Inbreeding causes
a build-up of “bad genes™ in populations.
Criticism: Per se, inbreeding has no ef-
fect on gene frequency. It does change
genotype frequency; it increases the fre-
quency of homozygotes, that is, affected
persons in the case of a recessive dis-
order. If the homozygote is at a disad-
vantage (implied by “bad genes™), in-
breeding actually results in a decrense in
the deleterions genes. Such is the basis
of the inbreeding “bottleneck™ through
which some populations are thought to
have passed. Through close marriage
over millenia, rare recessive genes, a few
of which all of us carry in hetérozygous
state, are weeded out.

Mizconception 11. Dominant disorders
are commaon; recessive disorders are rare.

Criticism: There is no necessary rela-
tionship between the frequency of a dis-

Baltimore
March 1973

order and its mode of inheritance.

Misconception 12. Dominant disorders
are more severe than recessive disorders.

Criticism: As a general rule, just the op-
posite is the ease.

Mizconception 15. If a couple has had

three children born with a given reces-
sive disorder, the chance that the fourth
child will alse be affected is vanishingly
arenll.
Criticism: As Le Chitelier put it,
“Chance has no memory.” The risk of
an affected child from two carrier par-
ents remains 1 in 4, regardless of pre-
vious experience in the family. The
analogy to tossing a cein is uwseful in
explaining this basic rule af pmb-ubi.lit}'
to laymen,

Misconception 14. Genetic disease is
not treatable.

Criticism: Although it is true that the
underlying genetic defect is, at present,
in no instance correctable, many genetic
disorders are effectively treated by re-
placing the missing gene product, by
restricting dietary constituents that, be-
cause of an enzymatic deficiency, cannot
be adequately metabolized, by loading
with a vitamin-cofactor of the genetically
defective enzyme, and by other measures
that influence some step between the
gene and the phene,

Vicror A, McKusick, M.n.
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Chromosomal Abnormalities I:
Autosomal Defects

EURT HIRSCHHORN
The Mount Sinat School of Medicine

The year 1956 was a milestone in human cytology, for it
was then that the investigators J. H. Tjio and Albert
Levan achieved the first accurate count of human chromo-
somes. This finding, in addition to the technigues (chief-
ly devised by other researchers) that made it possible,
opened a new era in chromosomal investigations. In the
years that have since elapsed, our knowledge of human
chromosomes, both normal and abnormal, has expanded
almost explosively; our techniques for studying them have
also expanded, though perhaps not as fast as we could
have wished. We now possess a large and increasingly
detailed mass of information on chromosomal anomalies,
on the processes that engender them, and on their connec-
tion with disease — both the congenital conditions result-
ing from gross abnormalities of the hereditary material
and the pathologies developing later in life (notably, var-
ious neoplastic conditions ) that appear to result from more
subtle chromosomal derangements.

As good a way as any of getting into this subject is to
describe the technique of karyotyping, the basic process
by which chromosomes are identified and studied.

The first step is to culture human cells of some sort —
usually, because they are easily obtained, lymphocytes
from the peripheral blood. Under the stimulus of the sub-
stance phytohemagglutinin, such cells will divide; the ad-
dition to the culture of a compound such as colchicine
arrests the division at metaphase, when the chromosomes
are discrete and easily visible. Placed in a hypotonic salt
solution, the cells absorb water and swell, thereby spread-
ing the chromosomes apart from one another so that they
can be clearly distinguished. The preparation is then fixed,
stained, and photographed.

The chromosomes appear within the cell as roughly
x-shaped objects that differ in size, each consisting of

two somewhat worm-like bodies united at a constricted
region, the centromere. It is perhaps worth noting that
though the x-shape automatically spells “chromosome™ to
almost any physician, it is in a sense an artifact. Such
chromosomes are in fact double chromosomes, united only
at the centromere; had division been allowed to proceed,
they would shortly have split at that point, forming two
complete sets of “normal” single chromosomes for the two
daughter cells. For our purposes, however, this refinement
can be ignored.

The final step in karyotyping is to cut apart an enlarged
photograph of the chromosomes, pair them off, and arrange
them in a standardized order. This is based on their lengths
and on the position of the centromere; if it joins the two
bodies near one end, the chromosmme is called acrocentric,
if near or at the middle, metacentric — with various inter-
mediate gradations. In this manner one ends up normally
with 23 pairs of chromosomes classified into seven groups
designated A to G — 44 paired autosomes plus two sex
chromosomes, which are, of course, either two X chromo-
somes in the female or an X and a morphologically quite
different Y in the male. [Sex chromosome disorders, which
represent something of a special problem in physiology and
medicine, are discussed in Chapter Two.]

These gross morphological criteria — size and centro-
meric position — will not, however, :.lm:ul;ll.niwmall:,.r identify
all the pairs. Thus pairs 4 and 5 (group B) cannot be
distinguished one from another; neither can pairs 13, 14,
and 15 (group D), and so on. At one time it was thought
that the identification problem could be solved, or par-
tially solved, by means of certain secondary constrictions
that had been observed on some chromosomes. It now ap-
pears, however, that these are rather unreliable guides.
Only on chromosome 9 is a secondary constriction con-
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Group B

As rendering of normal male karyotype makes apparent, grouping
of chromosome pairs is based on length; seven groups account
for the 22 pairs of autosomes and the tiwo sex chromosomes, each

sistently present, and even here there
are exceptions.

On two other chromosomes, num-
bers 1 and 16, constrictions are incon-
sistently present, but these very in-
consistencies have led to some findings
interesting enough to justify a brief
digression. The constrictions, it ap.
pears, are inherited. Moreover, famil-
ial chromosome studies by Roger Don-
ahue and his colleagues have estab-
lished that the constriction on chromo-
some 1 is inherited in the same pat-
tern within families as is the Duffy
blood group — thereby establishing a
strong presumption that the gene for
this trait is located on that chromo-
some. Similar studies in England indi-
cate that the gene for haptoglobin lies
on chromosome 16,

The significance of these findings
lies in the fact that they represent the
very beginning of chromosome map-
ping in human beings. In drosophila,
the insect which might be said to
have made modern animal genetics
possible, chromosome maps have at-
tained a complexity comparable to
that of a protein molecule’s structure;
in man, whose generations are mea-
sured in years rather than in days, we
are very far away from that level of
knowledge. It seems likely that more
refined study of structural variations
in chromosomes will help us to bypass
some of the problems inherent in
man’s leisurely maturation.

It has already been shown, for ex-
ample, that chromosome “satellites”
are also inherited. These are small
bodies that may appear on the short
arms of any acrocentric chromosome,
excepting only the Y, attached to them
by a thin stalk. The stalk is thought
to represent the so-called nucleolar or-
ganizing region of the cell, or possibly
an aggregation of ribosomal DN A,
What the satellites themselves repre-

4

sent is uncertain, nor do we know, for
that matter, why they should appear
only on acrocentric chromosomes, It is
clear, however, that not only the satel-
lites but variations in their size are
inherited, and it can be expected that
comparison of their familial patterns
with those of other inherited traits will
continue the assignment of particular
genes to particular chromosomes. A
recent study in Edinburgh indicates
that such minor morphological varia-
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placed in a position appropriate to ity size. Within groups some
pairs can be distinguished from each other morphologically (e.g.,
Ely location of their centromeres); such pairs are shown against a

tions may be present in up to 3% of
the population. None of them, I might
add, has been shown to have any path-
ological significance thus far.

It is clear, however, that assigning
a gene to a chromosome will not be
terribly informative unless we can in
fFact identify that chromosome une-
quivocally. Here a technique discovered
several years ago has established dis-
tinctions finer than those based on
morphology alone and thus is very use-
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In karyotype above, renaturation and denaturation of the short chain repetitive DNA
yields specific staining of chromosome’s centromeres, secondary constrictions, and the
long arm of the ¥ ehromosome, The X chromoasome and the autosomal pairs 6, 7, 8, 10,
and 12 cannot be differentiated by this technigue.



CHROMOSOMAL ABENORMALITIES I3

AUTOSOMAL DEFECTS

Group D

16

Group F

Group E i

20

gray background. Color background indicates pairs that can be  ground indicates those chromosome pairs that cannot be distin-

distinguished by whether DNA synthesis ocours early or late in
cell cycle, as demonstrated by ouwtoradiography. White back-

ful. The technique is based on the
observation that morphologically sim-
ilar chromosomes often manifest
marked and consistent differences in
the timing of their replication. This
can be shown by adding an isotopi-
cally labeled precursor of pn A (usu-
ally tritiated thymidine) late in the
division process. A radioautograph of
the fixed preparation will then indicate
the amount of subsequent b~ A syn-
thesis, thereby distinguishing between

early replicating chromosomes, which
had already finished making their
b A when the labeled material was
added, and late replicators into which
significant amounts of label were in-
corporated.

Thus in the group D chromosomes,
for example, we find one pair (now
arbitrarily designated chromosome
13) that is late-replicating throughout
its length, another (14) that is late-
replicating only in the region near the
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Chromosomes in karyotype above have been treated either by changes in pH or with
proteclytic enzymes so that gpecific regions of each can be stained with Giemsa, This
produces banding patterns for each arm of each chromasome that are typical for only
that chromosome. All 46 chromosomes can be identified by this method.

guished from others in the group by cither technique. One of
fwo X's in the female can be distinguished by autoradiography.

centromere, and a third (15) that is
early-replicating throughout. Similar-
ly, one can distinguish the B-group
pairs, 4 and 5, the E-group pairs 17
and 18 {16, the third member of that
group, is identifiable on morphoelogical
grounds alone), and probably the
pairs of the G group, 21 and 22. Of
the 22 autosomal pairs, all but eight
can be identified almost always either
morphologically or by timing pxa
synthesis, Moreover, a combination of
techniques developed in the past two
years, each based on a different prin-
ciple, permits accurate identification of
each chromosome and its parts. One
congists of denaturation and renatur-
ation of the short chain repetitive
DN A; this results in specific stain-
ing of centromeres, secondary con-
strictions, and the long arm of the Y
chromosome. The second involves spe-
cific staining of the bands of chromo-
somes, including most of the long arm
of the Y, with the fluorescent dye,
quinacrine (see Caspersson and Zech,
Chapter Three). ¥ chromosomes in
nondividing cells can be identified by
this method. In the third, most useful
technique, chromosomes are treated
either by changes in pH or with pro-
teolytic enzymes such as trypsin; spe-
cific regions of each chromosome can
then be stained with Giemsa, and
banding patterns for each arm of each
chromosome that are typical for only
that chromosome can be observed.
Such precise identification enables us
to characterize chromosome abnormal-
ities more accurately.

Of these, the most obvious are the
trisomies, in which the individual has
three rather than two of a particular
chromosome, for a total of 47 instead
of 46. All autosomal trisomies produce
severe damage, and indeed nearly all
are incompatible with life — in sharp
contrast to sex-chromosome trisomies,
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Photo above shows Y hunr_l,l in a buceal
:nu.\'_'u.-..;.-.l 4'."” .'\-:M'um'rlI with the ﬂur?.'-"w':'.li!
dye guinacring

which in some instances seem to pro-
duce no detectable abnormality what-
ever. Trisomies affecting every one of
the identifiable autosomes or autosome
groups have been found, but the vast
majority of these turn up only in early
abortion material. OF those observed
;ms-.m::tull:.', two (trisomies 13 and
18) normally produce death from
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multiple defects during the first year
and the first three months, respec-
tively. The third well-known trisomy,
21, produces Down's syndrome, whose
sufferers, though many of them sur-
vive into adult life, are severely handi-
capped by mental retardation and usu-
ally by other defects as well.

Becently my associates, Drs. L.
Hsu, L. Shapiro, and M. Gertner, and
I turned up another trisomy, which
had sometimes been confused with
Down’s syndrome. The new cytologi-
cal technigques already described indi-
cate that it affects chromosome 22
rather than 21, producing a distinc-
tive and consistent clinical picture.
Without going into elaborate detail,
one sees a characteristic facies includ-
ing downturned mouth and micro-
phthalmia, certain bony abnormali-
ties, and, frequently, a history of mul-
tiple abortion or long periods of steril-
ity in the mother. As with Down's syn-
drome, the sufferers frequently die ear-
ly from congenital heart defects, but if
these are not ].‘.lrt.‘.li{!'llt the children mn:,'
survive for (at this writing) several
years at least. In addition, a handful of
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Distinction of chromosome pairs by whether they replicate early or late is made by
autoradiography following the addition of a labeled DNA precursor late in cell division,
Photo compares nonlabeled and labeled karyotypes of same individual. The late-repli-
cating X of the female can be observed te be heavily labeled (arrows).

reports have deseribed trisomies in-
volving one or another of the C group
chromosomes not identifiable by their
morphology or by autoradiography,
but little more can be said of these be-
yond the fact that they clearly do not
involve an extra X chromosome (which
morphologically belongs to the C
group ).

As the above paragraph suggests,
there is considerable clinieal variation
among cases of a particular trisomy.
The reasons for this are obscure and
can be discussed only in generalities.
The existence of three rather than two
of a given chromosome obviously sets
up severe biochemical imbalances in
the growing fetus, but what these are
and how they operate can barely be
conjectured, and then only by rather
distant analogy with much simpler
gt::'u::tit.'. disorders.

We know that each chromosome
vontaing hundreds and probably thou-
sands of different genes and that
many of these (some estimates run as
high as 30% ) differ from one indi-
vidual to another. Obviously the im-
balances set up in a particular trisomic
embryo will in part depend on what
individual genes are contained in the
trisomic chromosomes, including the
degree of homozygosity —i.e., whether
any given gene is present on one, two,
or three of the chromosomes. In addi-
tion, the mutant hetero-
EYEOUS individuals may manifest
themselves clinically (in the case of
“dominant™ genes ), may be detectable
only by elaborate laboratory studies,
or may not manifest themselves at all,
being inferred only from the clinical
occurrence of the trait in other, homao-
zygous members of the family. Like-
wise, the “expression” of any single
gene is often heavily affected by the
presence or absence of other genes
and by the environment — intrauterine
and /or extrauterine — in which the or-
ganism finds itself.

genes  in

To apply these generalities to situa-
tions in which hundreds or thousands
of genes are involved, with the added
complication supplied by not one but
two “degrees” of heterozygosity, will
obviously be a task to eccupy many
investigators for many years. The
same is true a fortiori of the biochemi-
cal processes involved in trisomies — a
subject on which we are, if possible,
even more in the dark.
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Meiotic nondisjunction is beliceed to account for most trisomies
of the autosomes. If at the first (reduction) division a pair of ho-
mologous chromosomes fails to separate, the result is an imbal-
ance in each of the daughter cells: one has both chromosomes,
the other has neither, The imbalance is carried over to the second

division. If the cell containing the fwo chromosomes is fertilized
by a normal gamete, the result is a trisomic zygote. If the cell
Iucking a chromosome is fertilized lﬁy a normal gamete, the result
iz a monosomy, which, when {# occurs in the autosomes, appears
to be incompatible with life, perhaps even with implantation,

From a clinical standpoint, none of
the trisomies can be called common;
Down’s syndrome, the most frequent
of them, affects perhaps one infant in
500. Embryologically, however, they
are very common indeed, appearing in
something like 20% of early abortuses
examined. One might expect, there-
fore, that the monosomies, where
there is one chromosome too few
rather than one too many, should be
equally common, the more so in that
the mechanisms thought to produce

trisomy {which I shall discuss in a
moment) should in theory produce an
approximately equal number of mon-
osomies. In fact, however, there is no
clinical example of an autosomal mon-
osomy, apart from one doubtful case
of monosomy 21, which I and some
other geneticists believe to represent a
somewhat different chromosomal dis-
order. Indeed, so far as I know, mon-
osomy has never been observed even
in early abortion material. The obvi-
ous, and I think the correct, conclusion

is that the monosomic zygote never
succeeds in implanting itself; it may
not survive fertilization. In this area,
by the way, the contrast between auto-
somes and sex chromosomes is much
less marked; individuals (or abor-
tuses) with a single Y chromosome
have never been observed, and while
the single X condition is a well-known
clinical entity (Turner's syndrome)
the great majority of such individuals
perish before birth.

Trisomies are produced by a num-
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Karyatype in balanced translocation: a piece of chromosome 5 has been broken off and
become attached to 18 {arrowcs). Patient is ::Iirlim'ffy normal but a carrier: mechanisms
whereby the condition may produce abnormal offspring are shown on opposile page.
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) Normal
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D Multiple Congenital
Anomalies
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Barry Susan lohn Edie
o 45 53 37 32
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7 d. 1962 7 Maonths 1
1 day Stillborn

The pedigree shown iz that of a family with a 5/18 translocation, traced through kargo-
typing to a carrier grandfather. Only one child in the third peneration survives as
.r{im'{:m’[y normal (though a carrier); the propositus survives bul is sm:grra:!y retarded,

ber of different mechanisms. The
great majority, however, are believed
to result from the process known as
meiotic nondisjunction. Gametocytes
{oocytes or spermatocytes) in the
course of their maturation undergo
meiosis by two divisions (sometimes
the first is called reduction division)
in which 46-chromosome cells divide

into gametes with (normally) half
that number; the *haploid” gametes
join at fertilization to form a zygote
with the normal 46 chromosomes,
Occasionally, however, it happens that
meiosis proceeds imperfectly; two
gametes formed from a single gameto-
cyte receive respectively one chromo-
some too few and one too many. Fer-

tilization with a normal gamete from
the other parent will then produce a
zygote that is either monosomic (and
nonviable ) or trisomic.

This mechanism by itself may ac-
count for as much as 70% of the indi-
viduals affected by the three well-
described trisomies (13, 18, and 21).
It is believed, moreover, that meiotic
nondisjunction occurs primarily or ex-
clusively in the maternal gametocyte —
a supposition based on the fact that in
all three of the extensively studied
trisomies, the incidence shows a strong
correlation with the age of the mother,
but none whatever with the age of the
father. In Down’s syndrome, for ex-
ample, the incidence rises from one in
3,000 at maternal age 20 to one in 40
at maternal age 45.

The presumed higher incidence of
meiotic nondisjunction in the oocytes
of older women has begotten a number
of explanatory hypotheses — none of
them mutually exclusive. Part of the
explanation may lic merely in the
greater !ap.@e of time. The human fe-
male (like females of other mammal-
ian species) is born with all her
oocytes already in meiotic division.
They remain this way, as it were, in
a state of suspended animation, all
through life, except, of course, that
each month one or more oocytes are
somehow triggered to complete their
division and rorm ova.

Now it is known that cells in a state
of meiosis are peculiarly sensitive to
various exogenous influences —viruses,
x-rays, certain cytotoxic chemicals —
that can interfere with division by
damaging the spindle mechanism or in
other ways. Obviously, the longer a
woman lives the longer these environ:
mental agents will be able to have an
effect.

This may well be part of the expla-
nation for trisomies, but it is almost
certainly not the whole story. The
reason lies in the fact that the simple
lapse of time would be expected to
produce a simple, linear increase in
the *maternal age effect.” However,
from age 40 on the increase is not lin-
ear but exponential. This suggests a
second possibility: that the aging
processes of the ovary itself are re-
sponsible; that these are very potent
physiologically we know from the fact
that they culminate in complete cessa-
tion of ovarian function at menopause.
It could well be that these processes



speed up after age 40 and as a side
effect occasionally interfere with meio-
sis, whether by changes in the tissues
surrounding the oocytes, by hormonal
shifts, or by the aging process itself —
whatever that is.

A third possible reason, put for-
ward some years ago but recently re-
vived, is delayed fertilization. It is
known that in certain animal species
delayed fertilization of the mature
ovum can lead to chromosomal anom-
alies in the zygote. In humans, the
average delay between ovulation and
fertilization is presumed (probably
correctly) to increase with age be-
cause intercourse is less frequent.

Again, however, mathematical an-
alysis rules this out as a major factor.

MNarmal Meiosis
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There is a limit to any effect that could
be produced by delayed fertilization,
because of the limited viability of the
ovum and sperm; if fertilization is de-
layed beyond a certain period it does
not occur at all. ‘Thus, delayed fertili-
zation alone would be expected to
produce a linear inerease in trisomies
with age as frequency of intercourse
gradually decreased, probably with a
plateau as the delay reached its physi-
ologic maximum; but as we have al-
ready seen this does not describe the
actual incidence figures. (It would be
interesting, however, to determine the
average frequency of intercourse in
couples who produce trisomic children
and compare it with that of couples
producing normal children; so far as [

know, no such study has been made. )

A second source of trisomies is
mitotic nondisjunction, occurring after
fertilization. At any time during the
development of the embryo (or even
in extrauterine life)} the ordinary mi-
totic division of a somatic cell can
proceed imperfectly, producing a tri-
somic and a monosomic cell. If this
occurs at the first division of the fer-
tilized ovum, the result will be a tri-
somic individual, since the monosomic
cell will presumably die. If it occurs
later, when more than one normal
cell has already been produced,
the result will be a mosaic — an indi-
vidual composed of both normal and
trisomic cells. The degree of mosaic-
ism and its location within the body

Reciprocal Translocation
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A reciprocal or balanced translocation oceurs when two chromo-
somes break and their fragments are exchanged. It is not harmful
to the carrier individual {who has the full complement of genetic
material, merely somewhat rearranged), but depending on the
type of centromeric segregation that occurs during reduction
division, six major different types of gamete will be produced.
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After fertilization by a normal gamete, the zygote may produce
either a normal individual, another carrier, or one of four types
of abnormality, as shown above. All the abnormal zygotes will
have some duplication and SOTLE deﬁci'cnpy of chromosomal ma-
terial. The nature of the duplication and the deficiency will vary
according to the segregation into haploids during maiom
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In translocation of the centric fusion fype, two chromosomes
{those described as gorocentric) are believed to break near the
centromere, with the two long arms fusing. The short fragments

will determine the physiological con-
sequences of the nondisjunction,
which may range from apparent com-
plete normality to the typical complete
trisomy syndrome. Mosaicism is, of
course, another source of the clinical
variability in trisomies already al-
luded to.

Mosaicism, in turn, can itself pro-
duce trisomy in the offspring of the
mosaic individual. If one of the game-
tocytes is trisomic, the extra chromo-
some will necessarily be passed on to
half the resulting gametes. When one
of these joins with a normal gamete,
a trisomic zygote will result. {This
same process, called obligatory non-
disjunction, also operates in com-
pletely trisomic Down's syndrome fe-
males, who are generally fertile. A
few Down’s syndrome females have

10

Translocation (Centric Fusion Type)

had babies, and about half of their
offspring have themselves been tri-
somic, which is the proportion one
would expect. )

Mosaicism may be an important
source of trisomic infants produced by
young mothers, i.e., those in whom the
maternal age effect is minimal. Lionel
Penrose of the Galton Laboratory in
London has studied a number of such
women and has found what he believes
to be certain similarities — in blood
groups, abnormal fingerprint patterns,
and the like — between them and their
Down's syndrome offspring. On this
basis he has suggested that up to half
of them may be undetected mosaics.

The final source of trisomies is
translocation. This complicated phe-
nomenon will be explained more fully
later on; in this particular context, it

iy

are usually lost. At meiotic segregation six mafor types of gametes
may be produced. Fertilization by a normal gamete may produce
a monosomic or trisomic zygote, a normal or a carrier individual.
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amounts to the breakage of two chro-
mosomes near one end and their at-
tachment to one another. In. the
affected individual, this generally does
no damage, since he will still possess
all or nearly all of the normal comple-
ment of genetic material. When he (or
she} forms gametes, however, the
chromosomes segregate in a number
of abnormal ways.

Let us suppose, for example, that a
woman carries a 21 /15 translocation
in her oocytes. Her cells will then con-
tain 45 rather than 46 chromosomes,
including one normal 21, one normal
15, and the translocation combining
both. Meiosis can produce six major
chromosome combinations in the ova:
21 alone; 15 alone; 15 15/21; 21
15/21; 15/21 alone; and the normal
15 21. When fertilized by a normal



sperm, the first three will produce, re-
spectively, monosomy 15, monosomy
21, and trisomy 15, all presumably
nonviable. The latter three will pro-
duce, respectively, trisomy 21 (Down’s
syndrome ), a phenotypically normal
but “earrier” individual like the par-
ent, and a completely normal individ-
ual. Thus in theory the chance that a
woman with a 15/21 translocation
will produce a Down's syndrome baby
is one in three. Empirically, however,
the probability is nearer one in five —
the difference presumably being due
to the lessened viability of the trisomic
embryo. Curiously, if the father car-
ries the translocation the empirical
chance of a trisomic infant is only
at'.umlt one in lwent:,-; tl'u:: reason f{"
thiz is not known. Translocation can
also occur de novo in a particular par-
ental gametocyte, in which case it will
show up in the baby but not the par-
ents. About a third of the translocation
trisomies observed are of this type.

In a very few cases, the transloca-
tion imvolves both 21 chromosomes,
which jl;}-ill tngﬂthn’:r to form a 21/21
“isochromosome.” The main signifi-
cance of this exceedingly rare event
is that such individuals must invari-
ably produce 21 trisomic offspring,
the only alternative being a nonviable
21 monosomy. It is worth noting, by
the way, that though in discussing
translocation trisomy we have consis-
tenl]:; chosen tri.tm!n}' 21 a5 our exam-
ple, the same mechanisms have also
been observed in trisomy 13.

Though translocations account for
only a tiny proportion of trisomies,
they are responsible for many other
less obvious chromosomal derange-
ments. These, in turn, are a major
source of fetal loss and of a virtually
unlimited variety of congenital mal-
formations — usually multiple. To un-
derstand them, however, we must first
say a word about how translocations
oCCur.

It is generally agreed nowadays
that any sort of translocation requires
chromosome breakage — and not one
break but two. An unbroken chromo-
some remaing discrete, but a break
creates “sticky” surfaces at the broken
ends. By itself this will merely render
the chromosome unstable, ultimately
leading to cellular death. { The break
may, of course, simply heal itself. ) If,
however, one of the sticky surfaces en-
counters another such surface else-

CHROMOSOMAL ABNORMALITIES I:

where, the two will join together, pro-
ducing a translocation. Thus the
translocations that produce trisomies
do not actually involve the joining of
two complete chromosemes but of two
almost complete ones — the broken-off
bits that are “left over,” presumably
being lost in some manner. It is per-
haps for this reason that translocations
of this type seem to affect chiefly the
acrocentric chromosomes; in the meta-
centric ones, for geometric reasons,
the lost fragments would in most cases
include too high a proportion of the
total genetic material for cellular sur-
vival.

In breakages of metacentric and
submetacentric chromosomes ( though
also at times in the acrocentrics) the
typical result is therefore a reciprocal
translocation, in which the two broken
chromosomes exchange their split-off
fragments. The result will be a cell
with two affected chromosome pairs,
one member of each pair being nor-
mal, the other abnormal. If, for exam-
ple, the 7 and 16 chromosomes partic-
ipate in reciprocal translocation, the
cell will contain a normal 7, a normal
16, and two chromosomes that each
include parts of both 7 and 16.

By itself this is not harmful even to
a germ cell, since the cell still contains
its complete normal complement of
genetic material, albeit somewhat re-
assorted as to location. The trouble
comes at meiosis: instead of aggre-
gating in pairs, as normally happens,
the four members of the two affected
pairs aggregate all together, produc-
ing a socalled quadrivalent meta-
phase body instead of the usual two
bivalents. And at reduction division,
the resulting gametes end up with any
two of the four. (Of course nondis-
junction can result in distributions of
three to one or even four to none.)
As in the trisomy translocations, there
are six major possibilities. The
gamete may, of course, include both
of the normal chromosomes, in which
case there will be no problem; it may
inelude both of the abnormal ones, in
which case the resulting infant will
still be phenotypically normal (since
it will possess its full complement of
genetic material) but again may trans-
mit one or the other of the defective
chromosomes to its offspring. In four
of the six cases, however, the gamete
will receive one normal and one abnor-
mal chromosome.

AUTOSOMAL DEFECTS

The details of this are hard to de-
scribe in words (see diagram on page
9). but, in summary, it will have too
much of one chromosome, too little of
the other, for which reason the condi-
tion is called duplication deficiency:
with respect to one chromosome, a
partial trisomy, with respect to the
other, a partial monosomy. The possi-
ble somatic results are, of course, im-
possible to predict or even classify,
since they depend on how much is
added and how much is missing, and
which chromosomes are involved. The
possibilities range from failure to im-
plant to early abortion, late abortion,
stillbirth, and birth with multiple de-
fects. About the only thing one can
say is that if the “excess” involves one
of the chromosomes in which trisomies
are known, the symptoms will resem-
ble that of the trisomic individual. But
the trisomic pattern will naturally be
incomplete while at the same time
there will be other symptoms because
of the deficiency in the other chromo-
SOIME.

All this may sound very specula-
tive, but there is strong evidence for
it. There are, of course, the obvious
cases in which the karyotype shows
two chromosomes with visible and
complementary morphological abnor-
malities — an abnormally long arm on
one “balancing” an abnormally short
arm on the other, But more refined
techniques can demonstrate transloca-
tion even when there is no detectable
morpholegical peculiarity. One can,
for éxample, obtain meiotic cells by
testicular biopsy and even from the
human ovary (by rather more elab-
orate techniques involving administra-
tion of gonadotropins and culdoscopy).
The chromosomes individually are not
nearly as visible as in conventional
karyotypes, but one can clearly dis-
tinguish the normal bivalent meta-
phase bodies from the abnormal and
larger quadrivalent, the more so in
that the cell will show, not the usual
23 bodies but 22 — 21 pairs and one
set of chromosomal quadruplets. Auto-
radiography also has contributed its
bit to the evidence; if reciprocal trans-
location involves an early replicating
and a late replicating chromosome, the
transposed pieces will retain their
characteristic timing, so that one will
see part of the chromosome replicating
earlier or later than the remainder. By
these methods it has been shown, for

11
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In patient with Down’s syndrome and only 46 individual chromosomes, a centric fusion
translocation of 15 and 21 has attached an extra 21 to the second 15, Since paticnt acty-
ally has the genetic material of 47 chromosomes, condition is considered a frisomy.
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This patient also has Down's syndrome, but with trisomy 21, the result of metotic non-
disjunction (see page 7 ). The risk of trisomy 21, the commonest autosomal trisomy,
rises awpith maternal age; this is not true of centric fusion (translocation) trisomies.
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example, that up to 15% of idiosyn-
cratically infertile males with appar-
ently normal karyotypes actually pos-
sess “invisible” translocations. Their
infertility is expressed as chronic em-
bryonic failure, probably before im-
plantation.

A rather special case of transloca-
tion is chromosome “deletion,” an
apparent loss of some chromosomal
material, The results include the eri-
du-chat syndrome, ascribed to the
partial loss of the short arm of chro-
mosome 5, and a somewhat similar
condition but without the cat-cry fea-
ture, due to a similar loss in the mor-
phologically indistinguishable chro-
mosome 4, and two other syndromes
which seem to involve losses on, re-
spectively, the long arm and short arm
of chromosome 18.

In fact, however, there is good rea-
son to suppose that most or all of these
deletions result from balanced trans-
locations in which one chromosome
has ended up, so to speak, with the
short end of the genetic stick — a proc-
ess whose results would be morpholog-
ically indistinguishable from a dele-
tion. In several eri-du-chat cases, for
example, one or the other phenoty pi-
cally normal parent has been shown to
be a carrier of a reciprocal transloca-
tion involving the short arm of chro-
mosome 5. Where the parental chro-
mosomes are normal, the deletion may
well reflect a translocation occurring
de nove in the paternal or maternal
gametocyte,

The interpretation of deletions as
actual translocations is also plausible
on simple statistical grounds. Since, as
already noted, two chromosome breaks
are required if chromosomal stability
is to be regained, a deletion must in-
volve not simply breaking off part of
one arm but two breaks in the same
arm { probably rather close together},
with loss of the proximal *inter-
break” fragment and a rejoining of
the distal fragment to the rest of the
chromosome. That the disruptive
agent — virus, radiation, or whatever —
would score two “hits” so close to-
gether would seem considerably less
likely than two hits on two different
chromosomes. Even two hits on differ-
ent arms of the same chromosome are
unlikely, as we know from the rarity
of the so-called ring chromosomes, in
which the twe broken ends have
looped around and joined together.



There are various other theoreti-
cally possible results of chromosome
breakage, some of which can be de-
tected with our present rather crude
methods, some of which cannot. (It
goes without saying that the new tech-
niques of chromosome identification
mentioned above have already led and
will continue to lead to accurate iden-
tification of structural rearrangements
such as translocations and deletions. )
As our techniques continue to improve,
however, I should expect many pres-
ently “invisible” chromosome anom-
alies to be implicated in hitherto un-
explained cases of congenital malfor-
mation = especially multiple malfor-
mation, and particularly if the condi-
tion is familial.

The same technical advances can be
expected to throw light on an obscure
but potentially significant aspect of
human cytology: the effect of de novo
chromosome damage on somatic cells.
In contrast with the germ cell anom-
alies we have been discussing, which
produce congenital and usually multi-
ple defects, somatic anomalies would
be expected to induce less spectacular,
though, on occasion, equally serious
disorders — in particular, neoplasms
of various kinds.

We know that the chromosomes of
somatic cells can be deranged by the
same agents that damage germ cells —
radiation, viruses, and drugs such as
the radiomimetic compounds (e.g.,
methotrexate, the nitrogen mustards).
Both radiation and the radiomimetic
drugs are used to treat neoplasia for
precisely this reason: their capacity to
damage rapidly dividing cells.

It is worth noting, however, that
some forms of sematic chromosome
damage appear to be benign, at least
so far as the organism is concerned.
Thus extensive chromosome breakage
can be caused by measles or even by
2 bad cold, but for some reason the
broken chromosomes cannot reunite to
form an abnormal (or, for that matter,
anormal ) pattern. The damaged cells
apparently die off, to be replaced by
normal cells. The agents cited earlier,
however, cause “healable” breakages
which lead to various types of more
or less stable anomalies, including
translocations and apparent deletions.

Some of these may, to be sure, also
produce cell death; a dicentric chro-
maosome, with two centromeres, can-
not divide normally and the ring chro-
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mosome likewise may be ultimately
lethal to the cells. In other cases, the
abnormal cell will continue to live
symbiotically with its normal kindred,
reproducing at the same rate and caus-
ing no trouble. In still other instances,
however, the anomaly may confer
some metabolic advantage over the
normal cells. They may grow faster
and divide more frequently; they may
live longer; they may lose the so-called
contact inhibition factor, which in
wound healing stops cell growth when
the wound closes. In chronic myelo-
genous leukemia (cmL), the only
neoplastic disease associated with a
specific chromosome anomaly, it is
strongly suspected that the anomalous
cells actually replicate more slowly
than normal bone marrow, but live
much longer, by this mechanism even-
tually replacing the normal popula-
tion. A more subtle derangement that
has been hypothesized is the loss of
the cell's capacity to synthesize some
nutrient nurmall}r manufactured by
the cell — an amino acid, for cxamplc
Assuming that the nutrient is freely
available exogenously, the energy nor-
mally employed in its synthesis could
be channeled into other growth proc-
esses, producing a competitive advan-
tage with normal cells.

The supposition that chromosome
damage is at the root of many if not
all neoplasias is based on a number of
well-known facts. First, the same
agents that are known to damage
chromosomes (such as radiation) are
also known to induce neoplastic dis-
ease. In addition, chromosome damage
has consistently been detected in some
forms of neoplasia, particularly the
leukemias. As against this, however,
we have the fact that in only one type
of neoplasia, cmL, has a specific
chromosome anomaly been detected
(the so-called Philadelphia chromo-
some, an apparent partial deletion of
the long arm in chromosome 22 [see
Caspersson and Zech, Chapter Three].
As indicated above, this anomaly
may be a translocation rather than a
deletion. ) In others, though chromo-
some anomalies are consistently pres-
ent, they are, or at least appear to be,
of no consistent type. And in still
others, including seme forms of leu-
kemia, the chromosome damage (if it
exists at all) is undetectable by pres-
ent techniques.

The hypothesis that visible or in-

AUTOSOMAL DEFECTS
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Partial karyotype of patient with cat-cry
.vy::f.frr:rrl:' showws characteristic deletion of
part of chromosome 5; the other 5 and the
rest of the kury'g:li'ypcr are normal. This is
the most commonly described of several
well-established deletion syndromes.

visible chromosome anomalies oceur-
ring postnatally are an important
cause of neoplastic disease would, of
course, appear to conflict with the
many observations of a familial pre-
disposition to such pathologies, which
would presumably reflect an inherited
chromosome disorder. One mechanism
by which this conflict might be re-
solved has been found in Fanconi's
anemia and a few other rare diseases
{see German, Chapter Four). These dis-
eases are familial, but what is inher-
ited is not a chromosomal anomaly as
such but a 51_151,'.::|1til]ll]it:; to chromo-
some breakage and recombination; ap-
].'}I:“'IL:'I'.IH_'!." thl_‘. l.'.l'l.]'l!]'l.'l'l.ﬂ!il:]'l'l'll'!!i- are El.hl:le-
mally “fragile.” Not all these individ-
uals develop neoplastic disease, yet
they are ennrmnus[‘. more susceptible
to leukemia and other tumors. In ad-
ditinn, when fibroblasts from such in-
dividuals are cultured and exposed to
the virus 5 v-40 (a known carcinogen),
the cells are much more likely to un-
dergo neoplastic change (up to 100
neoplastic colonies per 10,000 cells,
compared with the normal rate of 3
per 10,000).

These and other tantalizing de-
velopments open major possibilities
for future research. There is first the
matter of still more precise identifica-
tion of individual chromosomes —in
particular, fragments of one chromo-
some attached to another. Here elec-
tron microscopy, by revealing hitherto
invisible differences among chromo-
somes, can be expected to produce
some major advances. Biochemical

13
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techniques will doubtless also play a
role — notably, for example, in the de-
tection of “foreign™ (i.e., viral) pxa
incorporated into a human chromo-
some, which is thought to be one way
in which viruses can induce cancer.
And more precise definition of anom-
nlies, in turn, th}l!l(l |'LEE'EJ to OpEn up
an area where at present we know
almost nothing: the nature of the ge-
netic imbalances produced by particu-
lar anomalies, and the mechanisms by
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which  these produce abnormal
gprowth, whether in utero or in the
adult cancer patient. Improved under-
standing of these things would obvi-
uusl:,' have impurt,ant inlpl‘tuutions, not
merely as concerns the basic physiol-
ogy of growth but for therapy as well.
Finally, the more pathological anomal-
ies we can detect and define postna-
tally, the more we can detect pre-
natally — and thereby prevent by ter-
minating the pregnancy.

Some of these problems will no
doubt succumb, at least in part, to re-
finements of present methods, but
others will doubtless require tech-
niques not yet conceived. 5till, con-
sidering the rapid and continuing
advances in both techniques and
knowledge up to date, I should not be
surprised if the next 15 years of the
“chromosome revolution™ were as pro-
ductive, but perhaps not as exciting
as the first 15.






Chromosomal Abnormalities II:
Sex Chromosome Defects

MALCOLM A, FERGUSON-SMITH
University of Glazgow

The preceding chapter discussed some of the anomalies re-
sulting from expressions of defects occurring in the 22
pairs of autosomes. This leaves to this presentation a dis-
cussion of those chromosome disorders that result from de-
fects in the two sex chromosomes, XX in the female and
XY in the male. What is remarkable is that these two
chromosomes by themselves create more “business” for the
physician than all the other 44 together.

This comes about not because the sex chromosomes are
notably more prone to anomalies than are autosomes, and
certainly not because the consequences of sex chromosome
disorders are more severe. Rather, it is the other way
around: the sex chromosomes loom so relatively large in
the field of genetic disease precisely because their disorders
are, by and large, less damaging, so that the affected in-
dividual survives long enough to require the physician’s
attention. Considering merely the gross chromosomal
anomalies, we note, for example, that loss of a single auto-
some (monosomy ) is seldom compatible with life even in
utero; in all but an exceptional case of G monosomy the
monosomic zygote does not survive implantation, and per-
haps does not achieve it. Monosomy Y is no less lethal -
but monosomy X individuals survive not merely into the
gtstal‘iolul] |:~¢riud but, in a small but significant minnrit:,.'
of cases, beyond it and into adult life.

The contrast is even more marked with the trisomies; in
the case of the autosomes, the affected individual is invari-
ably severely mentally defective and, with the exception of
the G trisomies, most cases perish before birth or shortly
thereafter. In sex chromosome trisomies, however, indi-
viduals appear to survive to adulthood in many cases with-
out much physical or mental disability; indeed, tetrasomies
and even pentasomies, while rare, are not unknown.
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The reason for this difference is now completely under-
standable on the basis that only one X chromosome is
genetically active in human cells. Any X chromosome ma-
terial in excess of this is almost entirely genetically inactive
(see Lyon Principle, below ).

The numerical sex chromosome anomalies — those in-
volving the presence of too few or (muth more often ) too
many normal sex chromosomes — are also the most com-
mon. All are thought to represent errors of cell division
during gamete formation or early cleavage in the zygote.

During meiosis the normal 46 chromosome comple-
ment is halved, one member of each pair passing to each
pregametic cell. Since the female gametocyte has two X
chromosomes, each of the resulting ova will contain one X;
the male gametocyte, with an X and a Y, will produce
sperms half of which contain one and half the other. At
fertilization, the X sperms engender female zygotes, the
Y sperms, males. On occasion, however, through mecha-
nisms which will be described later, the distribution of sex
chromosomes goes awry. The result will be an individual
with any one of several anomalous sex chromosome com-
plements: monosomy X ( XO—Turner's syndrome ), XXY
{ Klinefelter’s syndrome}, XYY, XXYY, XXX, XXXY,
XEXX, XXXXY, and even XX XXX,

Clearly, the Y variations are much less prolific than X
variations; neither YO nor YY cells have ever been ob-
served, and it is presumed that these anomalies are incom-
patible with life even in utero. One reason is probably the
fact that the X plays a much more important genetic role
than its male counterpart. It is much larger and, as one
would expect, carries many more genetic determinants
than the Y. This we know from the many sex-linked con-
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Cells from buccal smears are used for a quick count of X
chromosomes. Chromatin negafive cell above, from normal
(XY} male, has no Barr body, showing only one X is present,

3E

Two Barr bodies in cell from anatomically normal female
show she has XXX anomaly, o condition hard o diagnose
clinically since it produces few or no mafjor abnormalities.

Single Barr body is typical in cells from normal (XX) female.
Iis small size here suggests partial deletion of one X chro-
mosome, an inference later confirmed by keryolyping.

Three Barr bodies show three inactivated X chromosemes in

cell from male patient; genotype must be XXXXY. “Invisible”
Y chromosome is inferred from individual's gross anatomy.
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ditions (color blindness, hemophilia,
muscular dystrophy, etc.), the genes
for which must, from their 50%
transmission from mother to son, but
never from father to son, be carried on
the X chromosome. Thus the X is
evidently considerably more than a
mere sex chromosome, since it carries
determinants for traits having no con-
nection with the reproductive system.
The Y, in contrast, seems to be largely
concerned with sex. The search for
Y-linked traits comparable to the X-
linked conditions just cited has turned
up only one possibility: so-called hairy
ear, a luxuriant but benign growth of
hair on the edge of the pinnae, found
principally in Asiatic Indians. This
trait is thought by some geneticists,
though by no means all, to be trans-
mitted from father to son with the Y
chromosome.

It would appear, then, that while
the Y is un:'er;'tt!js;ar],r for survival — it
is, after all, absent in half the human
race — the greater genetic “weight” of
the X chromosome makes its absence
lethal. But this in turn raises the ques-
tion of how so potent a chromosome
can be present in a double, triple,
quadruple, or quintuple dose without
destroying the organism.

The ANSWer seems to be connected
with one of the most remarkable, most
mysterious, and at the same time most
useful characteristics of sex chromo-
somes: X inactivation. In somatic
cells, for reasons we still do not under-
stand, Dnl}' one X chromosome can be
biologically active, the remainder be-
ing in some fashion “switched off.”
Nor is this merely a theoretical con-

@ @

Primary Spermatocyte
First Meiosis ——=——— =

Secondary spermatocyte

Second Meiosis —-

Spermatozoa and
Crvum=Fertilization

Zygole
First Cleavage ————

Embryo

46, XX

Maormal Female

MNOREMAL

a6 XY
MNormal Male

Normal meiosis of spermatocytes (above) produces equal numbers of “X" and Y
sperm that lead to normal offspring. Nondisjunction during meiosis (center) produces

cept. The substance of the “surplus”
X chromoesome(s) is condensed into
the so-called X chromatin or Barr
body (or bodies) which can easily be
observed through the microscope as a
small mass lying at the surface of the
cell nucleus. The X body can be ob-
served following routine histological
fixation and staining — most nuclear
dyes are satisfactory. A more sophisti-
cated staining technique using quina-
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Nondisjunction of paternal gometocyte is proved by inheritance of X-linked blood
group. Presence of Xgo gene (color) in both father and Klinefelter patient shows that
the child must have scquired one of his two X chromosomes from the father.
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crine hydrochloride and examination
in ultraviolet light with a fluorescence
microscope enables the Y chromosome
to be identified in nondividing nuclei.
The presence of one or more Y chro-
mosomes is indicated by one or more
small brightly fluorescent bodies,
termed Y bodies (see Caspersson and
Zech, Chapter Three). These derive
from the distal segment of the Y
chromosome long arm,which is het-
erochromatic and, like the addition-
al X's, believed genetically ‘inactive.

An accurate count of the sex chro-
mosome complement can, in fact, be
obtained without the laborious karyo-
typing required in most chromosome
studies; one merely stains the tissue
for X and Y bodies. The number of
fluorescent Y bodies indicates the
number of ¥ chromosomes in the cell,
and the maximum number of X bodies
per cell plus one gives the number of
X chromosomes. Thus no sex chro-
matin means XO (Turner’s syndrome);
one X body means XX (normal fe-
male); one X body and one Y body
means XXY (Klinefelter’s syndrome);
two X bodies and two Y bodies means
XEXYY; and so on.




efelter’s Syndrome

PATERMNAL MEIOTIC
NONDISILNCTION

®

47, RXY

cither XXY or XO child; during mitosiz after fertilization {right)
the result is @ moseic if XO cell line survives, oz shown here.

Thus far I have used the standard
term “inactivation.” A little thought,
however, will show that it must be in
some sense a misnomer. An X0 fe-
male can, after all, be distinguished at
a glance from a normal XX female,
even though both presumably have
but one active X; the distinction be-
tween the XXY and the normal XY
male is also clear, though again both
have a single active X.

Inactivation of some sort is surely
a reality; too many lines of evidence
peint that way. There is, for one
thing, the fact that with all the other
chromosomes (including the Y), mon-
osomy is almost invariably lethal to
the zygote. The XO condition, by con-
trast, while usually lethal, is not im-
mediately or automatically so: it is
fairly common in abortuses, and per-
haps one XO embryo in 40 survives to
term, of which the majority eventually
reach adulthood. Again, considering
the drastic results of autosomal tri-
somies (the “least” serious of which is
Down'’s syndrome ), one would expect
at least severe damage in the XXX
individual. In fact, however, few of
these women show gross anatomic de-
fects and some show no physical

Mondisjunction - ————-

45, X
Turner's Syndrome
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Gl

45, X [47, XXX
M OSEN

Individuals
have survived even tetra- and penta-
somies of the X chromosome, whereas
with the autosomes such conditions
have never been observed. On the
basis of this evidence, it must there-
fore be presumed totally inviable.
The principle of X inactivation,
most clearly outlined by Dr. Mary
Lyon and thus referred to as the Lyon

ubnurmuﬁtiu:ﬁ what&v::r.

MITOTIC MONDISIUNCTION
AT CLEAVAGE

®
a

45, X[ 47, XYY
Mosaic

Nondisjunction

Usually &t does not, producing insteed a “pure” XXX or XYY
individual. Similar processes ean occur in oociles,

h}'pq'}thr.:i'ls, presumes ﬂlat K i:nui;ti.l.'u-
tion occurs in cells at random during
early embryogenesis. For each cell
either the maternal or paternal X is
inactivated but, once the decision is
made, all the descendants of that cell
have the same X inactivated. Females
heterozygous for X-linked genes will
therefore be expected to  show
“patchy” expression of those genes in

Duplication of X chromosome normally produces two “daughter” X's with one long
and one shord arm (fop sequence). Isochromosomes, with two long or two short lines,
are thought to be formed when split occurs at right angles to normal line (bottom).
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Anomalies of inactivated X chromosomes are reflected in sizes
of chromatin (Barr) bodies. Normal body in cell is at left: loss of

their somatic cells. In sex-linked mi-
erocytic anemia, for instance, one can
actually demonstrate in blood films
from heterozygous women two dis-
tinct populations of erythrocytes —
microcytes and normal cells — reflect-
ing the activation of the “carrier” and
“noncarrier” X chromosome respec-
tively. Similar findings have turned up
in ocular albinism, choroideremia, and
in the so-called manifesting hetero-
zygotes for hemophilia. Similar dual
populations have also been demon-
strated in cell cultures from carriers
of Hunter’s syndrome, the Lesch-
Myhan syndrome, and in G-G-PD
variants — some  cells r:rs::mh!ing
those from affected males, the rest
normal ,

The most plausible explanation for
the distinction between X0 and XX
individuals is that X inactivation is

A single brightly fluorescent body, termed
Y body, is seen in the nucleus of a cell
from female patient with XY pure gonadal
dysgenests, Nucleus is stained with quin-
acrine and examined under UV h'gﬁi'.
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partial, not total. A part (probably a
small part) of the “surplus” X (or
K'.-j} remaing ;u,:tirre, 5o that the vari-
ous X anomalies actually amount to
partial monosomy, partial trisomy,
and so on. We do not know what
mechanism could partially inactivate
a chromosome in this manner — but
we know hardly more about the mech-
anisms that normally and routinely
activate and inactivate particular
genes in different cell lines of the de-
veloping embryo. We do know that
such mechanisms must exist to ac-
count for the development of strue-
hlrull}' and I‘unr:r.iu::all:; different t'ISj-
sues from cells possessing the same
genetic makeup. Obscure though its
mechanisms are, partial inactivation
does at least offer a plausible explana-
tion for the seemingly contradictory
facts just cited.

It would also explain another aspect
of sex chromosome diseases that I
have not yet noted: the frequent con-
trast between their reproductive and
nonreproductive manifestations. This
is found in both Turner’s and Kline-
felter's syndrome.

The reader may have noticed that
in discussing X inactivation I ascribed
it to somatic cells only. In fact, the
phenomenon is believed not to occur
in germ cells, from which it should
follow that the effect on these cells,
which in Turner’s syndrome, for ex-
ample, would lack half their normal
active X-chromosome complement,
should be more severe than in somatic
cells, where a good part of the “miss-
ing” chromosome would be inactive in
any case. And this is what we find.
Such individuals are sterile, as a rule.
In the entire literature, I know of only
one Turner’s syndrome patient who

!"‘

material produces an abnormally small body (center); added ma-
terial in long-arm isochromasome an u.hrmnrmﬂy large one (right).

produced a child — and she may well
have been an undetected mosaic who
had both XO and XX cells. It appears
that two normal X's are necessary for
the mormal maturation and develop-
ment of ococytes. X0 embryos ob-
tained from spontanecous abortions
possess a narmal complement of germ

Anatomically male patient has Klinefol-
ter's syndrome, characterized by small



cells, but by birth this number is al-
ready severely diminished and by pu-
berty only a handful of cocytes are
l¢ft as against the hundreds normally
present. Similarly in Klinefelter's syn-
drome, the outstanding feature of the
testicular histology at all ages is the
severe deficiency of germ cells.

In contrast, somatic abnormali-
ties in Turner’s syndrome are dis-
tinctly less consistent than the germ-
cell anomalies. The typical signs of
the condition are often listed as short
stature, webbing between neck and
shoulders, cubitus valgus, hypoplasia
of the fingernails, multiple pigmented
nevi, short 1vth metacarpals, low hair-
line, micrognathia, peripheral lymph-
edema at birth, and coarctation of the
aorta. In fact, however, on¢ or more
of these signs is missing in a sizable
majority of cases and none,except for
short stature, is present in all cases.

The contrast is |}-Er|'mps EVEN MOTE
marked in Klinefelter's syndrome. In-

CHROMOSOMAL ABNORMALITIES II: SEX CHROMOSOME DEFECTS

fertility, presumably due to the ge-
netic imbalance resulting from one
dose of the Y chromosome and a
double dose of X chromosomes in the
germ cells, is almost as absolute as in
Turner's syndrome. In the somatic
tissues, however, thanks to the partial
inactivation of the extra chromosome,
there is less g{‘:tmlii: imbalance and
physical and mental abnormality may
be minimal. Such signs as occur seem
mostly secondary consequences of ab-
normal sex hormone patterns develop-
ing at puberty; indeed the condition is
frequently not diagnosed until then.
However, in cases with more than twao
X chromosomes some characteristic
clinical manifestations are frequent.
These include severe mental retarda-
tion, proximal radio-ulnar synostosis,
prognathism, and marked tubular hy-
poplasia of the testes. Skeletal dispro-
portion becomes progressively. more
marked in the presence of additional
Y chromosomes,
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In the XXX woman, the additional
chromosome appears to interfere little
with fertility — evidently the presence
of an additional X is far less serious
to the developing cocyte than the ab-
SENCE of one — nnd its pm‘tinl inactiva-
tion ensures that it will have little or
no effect on somatic cells. The reason
for this may be that the additional X
chromosome may be lost ﬂm‘il‘lg‘ the
praliferation of the cocytes by a mech-
anism termed selective nondisjunc-
tim‘h whic]‘u 15 known to occur nor-
mally in certain small mammals. Cer-
tainly no XXY or XXX offspring of
XXX women are known. Much the
same is true of the XYY man, though
here, of course, X inactivation plays
no Pm‘t; |:-n'.:-j1.|1[:|abl:|.' the additional Y
chromosome is too small te derange
seriously the genetic mechanisms.
Concerning the higher chromosome
anomalies (XXXX, NXXY, and so
on) the rule seems to be that the
preater the excess of chromosomes,

i

6(C) X
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Vi

16— T8(E)

[T ERY

19 — 20(F) 21 - 22(G) Y

testes and gynecomastia. His karyolype reveals an apparently
normal female chromosome complement. Probable explanation

is translocation dﬂr'r'ﬂj_.{ pdi'cmnf meiosis, with X and Y chromo-
somes exchanging material. Thus one X here is presumably X .
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XX
Mormal

xxr
Ring
Chromosome

xYg-—
Small Mormal ¥

XY pi
Short-Arm
Isochromosome

Morphelogic chromosome anomalies are very varied; some have provided clues to the
genetic function of the long and the short arms. Anomalies are found in both X and

£ 0

XXqi
Long-Arm
Isochromosome

XXr(?)
Small Ring
Sex Chromosome

XY
Average Mormal Y

X¥qi
Long-Arm
Isochromosome

AXp—

Deletion of
Short Arm

XXaq-
Partial Deletion
of Long Arm

(4

XYg+
Large Normal ¥

&

XYdic
Dicentric (i.e., with
Two Centromeres)

Y; in addition, however, the normal Y has o much preater size range.
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the greater the incidence and degree
of physical and mental abnormality
that will be seen.

Here is perhaps the place to set
down some other significant but ob-
scure points connected with the major
sex chromosome anomalies. The first
has to do with height, one of the few
traits that seem to have any consistent
association with these disorders. As
already noted, X0 individuals are ab-
normally short; it now appears that
any excess of either sex chromosome
(and particularly the Y) makes for
unusual tallness — not, indeed, neces-
sarily exceeding the limits of height
distribution in the normal population,
but taller than one would expect from
the family pedigree. And again, the
greater the excess, the greater the
abnormality. The reasons for this are
wholly unknown. It does not appear
to stem from sex hormone abnormali-
ties, since the unusual height usually
manifests itself before puberty, nor
have studies of growth hormone secre-
tions in these individuals revealed any
anomalies that would account for the
fact.

At least as puzzling is the matter of
mental capacity. Some of the first
studies of these conditions purported
to show a consistent, or fairly consist-
ent, relationship between sex chromo-
some anomalies and mental retarda-
tion. (An exception was Turner’s
syndrome, in which such retardation
as exists is demonstrable only by
rather special techniques; specifically,
the sufferers tend to score normal or
nearly so on tests of “verbal 1" but
average somewhat below normal on
“performance 19.™)

It was quickly pointed out, how-
ever, that many early studies had
been carried out among inmates of
mental institutions and homes for the
feebleminded, so that the finding of
intellectual impairment was built-in;
some even went so far as to declare
that the sex chromosome disorders
had no influence on mental develop-
ment. Further research, especially on
intellectually “normal™ populations,
now indicates that the truth is some-
where in between. All the commoner
anomalies are compatible with normal
mental development. Nonetheless, the
incidence of the disorders among men-
tally deficient populations is distinctly
greater than would be produced by




chance alone — four times or more the
expected figure.

It is possible, of course, in at
least some of these conditions (XXY
and XXX, for instance) that the nor-
mal-range individuals may be those
with a better-than-average genetic en-
dowment whose potential was stunted
by the chromosome abnormality; stud-
ies of such individuals in relation to
their families’ mental ability would be
instructive but have not (so far as I
know} been made. Certainly most sex
chromosome retardates are “high-
grade,” and in no way comparable to
the idiots and imbeciles produced by,
say, untreated phenylketonuria or
autosomal aberrations. Once again,
the more extreme chromosomal devia-
tions seem to produce more extreme
and more consistent intellectual con-
sequences; some of these deviations
have been observed only in severely
retarded individuals. With most of
these rare disorders, however, the
number of cases is still so small that
any firm generalizations about them
are dangerous.

f'.h'tg: slitauld not clo&& t|'|.i5 5c¢tiun on
mental consequences without men-
tioning the so-called criminal effects
of the XYY condition. A surprisingly
high frequency {(about 4% ) of XYY's
was first shown in a group of crimi-
nals, and peculiarly violent and incor-
rigible ones at that. Again, however,
further studies have established that
the XYY condition is by no means
uncommen; in fact, its incidence is
now estimated as about 1 in 700
males. If all these individuals — at
least 50,000 in Great Britain alone —
were violent criminals, the rest of us
would not be very safe!l Paralleling
the case of mental retardation, the
XYY condition does seem, for reasons
" at present unclear, to be more com-
mon among viclent criminals, but to
consider it as some sort of automatic
criminal stigma would be wildly at
variance with the facts.

Turning now to the mechanisms
that produce numerical anomalies in
the sex chromosomes, we find, unsur-
prisingly, that they parallel those ob-
served in the autosomal disorders. The
two sex chromosomes of either the
male or female gametocyte may in one
way or another fail to separate prop-
erly at meiosis, producing gametes
with neither or with both sex chromeo-
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somes. Alternatively, after fertiliza-
tion a similar anomalous segregation
may occur @t mitosis, producing one
cell line with excess chromosomes and
another with a deficiency (i.e., X0 or
Y¥0), the latter presumably dying off
sooner or later. (See illustrations on
pages 18 and 19.)

When we come to the factors that
engender these anomalous segrega-
tions we are on less certain ground.
Maternal age might be expected to
play a part, as is known to be the case
in many autosomal anomalies, but the
data support this only in the case of
the XXY anomaly. Here, in fact, we
have been able to amass some very
detailed and refined evidence. In fam-
ilies possessing sex-linked traits (color
blindness, the Xg blood group) it
is sometimes possible to identify,
through study of the inheritance of the
tl‘ﬂit. the parent i.n w]‘nm'u [li}ndisjul!t-
tion of the sex chromosomes occurred.
Thus if 2 -cul_t]::h: of whom the mother
is Xg (a-negative} and the father
Xg (a-positive) produce an XXY son
who is Xg (a-positive), he must have
received the positive gene via an extra
X chromosome from his father (plus,
of course, the Y ); if he is negative, he
cannot have received the paternal X
but must have got two X's from the
mother. And interestingly, though not
surprisingly, in cases where the extra
X is traceable to the mother, maternal
age seems to be a potent influence,
whereas when the father is at “fault,”
parental age —either maternal or pa-
ternal — plays no apparent role in the
occurrence of anomalies.

When we consider the sources of
the XO anomaly, maternal age is
found not to be a factor, which makes
for a puzzling contradiction. The same
processes that are deemed to produce
XXY should with equal probability
produce XO. To be sure, the actual
relative incidence of the two condi-
tions is heavily biased by the immense
intrauterine mortality of the XO em-
bryo, but even allowing for that one
would expect a maternal age effect to
manifest itself in both or neither.
Even more puzzling is the fact that
studies by the methods just described
show that in some 72% of X0 indi-
viduals the single X was contributed
by the mother, ie., in nearly three out
of four cases the condition was pro-
duced by paternal nondisjunction. If

nondisjunction occurred with equal
frequency in both male and female
meiosis, one would expect twice as
many X¥O as X"O conceptions (YO
conceptions are inviable). It is possi-
ble that the greater than expected
excess of XM conceptions is influ-
enced by loss of the paternal X at
fertilization. Furthermore, even in the
minority of X0 patients where ma-
ternal nondisjunction can be demon-
strated, the age of the mothers ap-
I:H,:ﬂ]'ﬁ to follow normal distribution
patterns. More research is obviously
needed here,

It is perhaps worth noting that
autoimmune mechanisms are  sus-
pected of playing a role in at least
some sex chromosome disorders. Auto-
antibodies to various tissues turn up
relatively frequently in X0 individuals
and their parents. But we are ug:t'm
faced by the contradiction with XXY,
where a normal incidence of autoanti-
bodies has been demonstrated. This
poses in another form the question of
how a mechanism that produces
chremosome deficiency in some gam-
etes could fail at the same time to
induce chromosome excess in an equal
number {or, of course, vice versa).

Where mitotic nondisjunction occurs
at a later stage of development, when
a normal cell line has already been
established, the result may be a mo-
saic. (Indeed certain types of mosaics
—e.g., X/ X0 -may be formed even
at the first division, one chromosome
being “lost.™) In fact, the elinical ma-
terial now on record includes a
comprehensive listing of the possibili-
ties — XX,/ X0, XY/H0O, XX/XXY,
XY/XXY, etc. The actual phenotypic
manifestation of mosaicism depends
of course on the proportion of abnor-
mal cells and their location within the
body, and in fact a whole series of
gradations have been described rang-
ing from the “classic” Turner’s or
Klinefelter's syndrome to a physically
normal male or female with lowered
(or even normal ) fertility.

If the mosaic includes one cell
line with a ¥ chromosome and another
without it (e.g., XO/XY, XX/XXY)
the result may well be an intersex. In
HXE/KY and XX/ XXY mosaicism the
individual may be that rare form of
intersex, a true hermaphrodite, and
have both testes and ovaries. Some-
times the true hermaphrodite will be
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“lateral,” with an ovary on one side
and a testis on the other; in other cases
either or both gonads will be an ovo-
testis. In the case of the X0/XY mo-
saic intersex, the “ovary” will usually
be the “streak gonad™ characteristic of
Turner’s syndrome, showing only a
small bit of ovarian stroma without
demonstrable germ cells,

Umne of the most interesting types of
intersex is the XX/XY individual.
Since it is difficult to hypothesize any
very plausible meiotic or mitotic
mechanism that would produce two
lines of normal cells, it is not surpris-
ing to learn that many and perhaps all
of these persons are chimeras — indi-
viduals whose cells are derived from
more than one zygote. This most
I'liu:l}' occurs as a result of double fer-
tilization of a binucleate egg. Such
cases may show two quite distinct sets
of blood groups, reflecting two geneti-
cally distinct populations of erythro-
cytes. Interestingly, XX /XY chimeras

of this sort have been produced ex-
perimentally in mice by fusing blasto-
cysts. The result may not be merely
a hermaphrodite; in the case of a black
mouse—white mounse fusion, a black-
and-white-striped animal may be the
product.

These findings would suggest
that to get both ovaries and testes in
the same individual would require two
different cell lines, one with a Y, one
without. Against this, however, is the
fact that the majority of true her-
maphrodites have an apparently nor-
mal female XX karyotype. A possible
Ex])lu[lul‘.iun h.{'.Tl.' E(JLL][! I:I!‘ an i.l]flf'l.'-
change of material between the fa-
ther’s X and ¥ chromosomes, possibly
as a result of accidental crossing over
at first meiosis. This would produce
sperm cells containing either X, or Y,
EI'I.I'(J'I'I'IHHHI'[II.'H. F‘E!E’E“i.?.ﬂtiﬂ[l 'I'IF 4 nor-
mal ovum by the former would pro-
duce an individual with two appar-

ently normal X's whose sex chromo-
some complement was in fact XX
Random inactivation of the normal
and abnormal X would establish two
cell lines that would respectively pro-
duce ovaries and testes.

All this may sound highly specula-
tive, but there is some confirmatory
evidence, coming from the Xg blood
group studies atrﬂld}: cited. In one
case, an X X-hermaphrodite child of
an Xg (a-positive) father was found
to be Xg (a-negative), despite the
fact that it should have received the
gene in its father's X chromosome. A
plausible explanation is that inter-
:_ha:lgc in the father moved a bit of the
X, containing the blood group gene,
onto the ¥, replacing the missing bit
aof X with the Fmrt'u;;nn of the Y contain-
ing male determinants. Similar XY
interchanges might well explain
some other |1|,r.r.:r.|'I:|1g SEX Elhmmmmrm,
including XX men with Klinefelter's
syndrome and XY women with pure
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Anatomically female patient at right suffers from pure gonadal
dysgenesis; karyotype (above) is that of a normal male. In con-
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trast with XX male hermaphrodite shown earlier, this disorder
is thought to be developmental rather than chromosomal: if



gonadal dysgenesis.

The matter of interchange takes us
into the area of subtler anomalies in
which the sex chromosomes are nor-
mal in number, consistent with the
phenotypic sex, but more or less ab-
normal in structure, The most impor-
tant of these are wvarious cases of
Turner's syndrome (usually atypical
ones) in which both X's are present
but one of them is in some way incom-
plete. This may involve apparent de-
letion of part of the chromosome or an
alternative, more complex mechanism
thrmlgh which the so-called isochrome-
osome is formed. The normal X is
submedian (i.e., having a long and a
short arm) though not extremely so;
the isochromosome X, however, is
metacentric, being apparently com-
posed either of two long arms or ( very
rarely) two short arms. This is
thought to come about through mis-
division at the centromere during mi-
tosis, with the split oceurring at right

gonads fail to form, the result is a fe-
male, fﬂgﬂﬂ”&# of chromosomal sex.
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angles to the usual cleavage (see dia-
gram on page 19) to form gametes
with a long-arm and short-arm iso-
chromosome respectively.

Any condition involving loss of
even part of the X material produces
infertility — the usual streak gonad of
Turner’s syndrome — thus providing
further ('\"tdt:t‘u‘::? that two :.':Jmph'ft
X's are needed for normal develop-
ment of the vocytes. Particularly in-
teresting, however, are the somatic
differences. The long-arm isochromo-
some or the short-arm deletion pro-
duces the typical Turner’s syndrome;
somatically, it is as if the loss of the
short arm was equivalent to the loss
of the entire chromosome. By con-
trast, the long-arm deletion and the
short-arm  isochromosome, invelving
partial or even total loss of the long
arm, produce infertility but none of
the other Turner’s symptoms — short
stature, m'.q:b; w{‘:bb"lng, and the like.
Thus the somatic symptoms in Turn-
er's syndrome are due to loss of short-
arm material.

We can perhaps speculate a bit
further. We have noted earlier that X
inactivation appears to involve only a
part of the chromosome; it is also pos-
sible to show that where one X is de-
fective, it is almost aiwu}':i that one
which is inactivated; the Barr body is
|1¢_|Lic¢u,b|}' ]arg:rr or smaller than us-
ual, reflecting an excess or deficiency
of genetic material. (This “preferen-
tial” inactivation, by the way, is an-
other example of the organism’s re-
markable compensatory mechanisms
for dl::ﬂ“l]t‘_"’ with ph__\miu]ugii.: abnor-
malities.) It would therefore seem
likely that X inactivation affects pri-
marily the long arm, the loss of which
apparently produces no somatic
damage; the short arm would remain
more or less active (if present ), since
its absence produces marked somatic
abnormalities.

Similar structural abnormalities
have been found in the Y chromo-
some, and again the isochromosomes
are the most interesting. The short-
arm isochromosome (i.e., loss of the
long arm) produces an anatomically
male individual who has the short
stature and other somatic features that
would, in a female, be pathognomonic
of Turner’s syndrome. The long-arm
isochromosome (i.e., loss of the short
arm) produces an anatomically fe-
male individual who has no somatic

abnormalities. It would appear from
this, first, that the male sex determi-
nants are located mainly on the short
arm and, second, that part of the long
arm of the Y is to some degree geneti-
cally homologous with part of the
short arm of the X. However, these
conclusions must be considered very
tentative at present, since they are
drawn from observations based on
very limited material.

(I might interject at this point that
identification of some Y anomalies is
seriously hampered by marked varia-
tions in the size of the normal ‘t', which
has been found to range from about
half the size of a G group chromo-
some to a size equivalent to a I group
chromoesome. The more extreme cases,
when first observed, were thought to
indicate abnormalities, but investiga-
tion of male relatives revealed that
they are characteristic of male line-
ages and perhaps even of some re-
gional populations. It is therefore
unsafe to reach conclusions about
suspected Y anomalies without family
chromosome studies. The size of the
Y, by the way, does not affect virility.)

Enough has been said, I think, to
suggest the breadth and interest of the
information we have already acquired
from studies of sex chromosome dis-
orders, as well as some of the prob-
lems that still await solution. One of
the latter that has not been mentioned
i1s whether, and to what extent, these
anomalies predispose to disease in
later life. There is some evidence, for
example, that XO/XY mosaics are at
greater risk of developing tumors in
their dysgenetic gonads than, say,
“pure™ X0 individuals. Likewise,
there are sugpgestions that XXY
( Klinefelter's) patients may be at rel-
atively higher risk of breast cancer
{g:.-nécumasﬁn is a common feature)
than are normal males. Some of the
added risks may well result from hor-
monal abnormalities, but here too
moere information is needed, In Kline-
felter's syndrome, for instance, testic-
ular biopsies have shown consistent
and major abnormalities of the inter-
stitial cells, yet it is still not entirely
certain whether the biosynthetic path-
way for androgenic hormones is or is
not normal.

The solution to these and other
problems will doubtless come largely
through studies of larger and more
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clearly defined populations - that per-
ennial demand of human geneticists
—in particular of “normal® popula-
tions of newhorns and adults. T should
also like to make a personal plea for
greater depth as well as greater
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breadth of investigation — and report-
ing. We have already seen, for in-
stance, the important role of blood
groups in advancing our understand-
ing of meiotic nondisjunction, human
chimeras, and true hermaphrodites. I

would urge that studies on blood and
serum factors as well as on sex-linked
traits, such as the Xg blood group, in
the family pedigree be made wherever
possible and incorporated into the
published report.



Chromosome Identification
by Fluorescence

TORBIORN CASPERSSOMN and LORE ZECH

Karolinska Institute

Progress in study of chromosomes, normal and abnormal,
has been heavily dependent on our ability to identify these
structures unambiguously. The modern era in human eyto-
genetics may be said to have commenced in 1956 with
the first accurate enumeration of the human chromosome
complement, which was quickly followed by the develop-
ment of standardized criteria for identifying several in-
dividual chromosomes in terms of their size and gross
morphology. Another leap forward occurred with the dis-
covery that several other chromosomes could be identified
through labeling and autoradiography, which revealed dif-
ferences in the speed with which their b~ A replicated it-
self. Both these advances were followed by bursts of
research — which, however, were limited in each case by
the residual ambiguities in chromosome identification (see
Hirschhorn, Chapter One).

It is therefore with particular pleasure that our group
at the Karolinska Institute has been able to report the
development of a technique whereby every one of the 46
human chromosomes can be unambiguously identified.
This method, involving the staining of chromosomes with
certain Auorescent compounds and their examination under
ultraviolet light, is very much simpler and quicker (as well
as more comprehensive) than the autoradiographic ap-
proach. An additional advantage is that it yields its infor-
mation in a form readily analyzed by computer. This, in
turn, promises to open the way to automated processing
of chromosome preparations — a capability that has long
been recognized as essential if the eytogenetics of large
populations is to be studied effectively. The technique,
finally, does not merely identify individual chromosomes
but alse portions of chromosomes —an accomplishment
that can be expected greatly to expand our understanding
of such anomalies as translocations, in which a part of one
chromosome becomes attached to another.

The ultimate implications of this advance will, of course,
become apparent only over the course of many years. Al-

ready, however, work in our own and many other labora-
tories has yielded substantial scientific dividends in both
clinical and “pure” cytogenetics.

When we began our work, cytologists could identify
only 13 of the 24 different types of human chromosomes
(22 pairs of autosomes, plus the X and Y sex chromeo-
somes ). Seven of these could be singled out in conven-
tionally stained preparations on the basis of their size and
the position of the centromere, the junction of the four
arms of the metaphasic chromosome; another six could be
distinguished by means of the cumbersome autoradio-
graphic method. Regions within a single chromosome
could be identified only in very few cases — apart, of
course, from the long and short arms.

COur first attempt to resolve this impasse employed the
techniques of ultramicrospectrophotometry, This involves
illuminating a chromosome and measuring the degree to
which the spectrum of the transmitted light is changed by
the presence of D& A or by the presence of Feulgen stain,
which bhinds to b~ A. Carried out in modern, automatized
apparatus, this gives a quick reading of the amount of
DN A present. Unfortunately, however, the accuracy of
the reading depends on the size of the object relative to
the wavelength of the light used; for even 5% accuracy,
the object can be no smaller than 1 pm (10°m) — and
the smallest human chromosomes are not much bigger
than that. Moreover, the metaphase chromosome contains
a high concentration of nonaquecus material, with a con-
sequent high refractive index, producing refraction and
diffraction in the transmitted light that aggravate the
error. In fact, we found by experiment that this method
would satisfactorily identify only the largest of the human
chromosomes, giving us little more information than pre-
vious techniques.

We next attempted to refine this approach by scanning
the length of the chromosome, thus obtaining a curve
showing changing b N A concentration from one end to the
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CHROMOSOME IDENTIFICATION BY FLUORESCENCE
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All 24 human chromosome types can be identified umequivacally by treating prepara-
tions with quinacrine mustard (M) stain and examining them under a fluorescence
microscope, as can be seen at left in micrographs of the normal karyotype (original mag-
nification x2500), which have been grouped according to conventional numbering (Exp
Cell Res 62:491, 1970). The chromosomes are shown in metaphase; the original prints
were photographically enhanced to bring out the characteristic, brightly fluorescent QM
bands. Such visual examination identifies individual chromosomes and alse singles out
regions within them, but maximum precision for more detailed study is obfained by re-
cording photometrically the faint fluorescence present along the entire length of the
chromosomes. The result is to produce an individual curce for cach chromosome, as
shown above on this page. These curces of the 24 human ehromosome fypes were en-
hanced for contrast so that the precise location of even quite faint QM bands could be
determined {vertical lines above curves). By this means the curves facilitate identi-
fication of regions within the chromosomes for more detailed study (Exp Cell Res
70476, 1972). While curces (more than 30,000 examples have been studied) show some
variation from one indicidual to another, in all instances the curves for any one given
chromosome all resemble each other more than they resemble those of any other
chromosome. The curves also make possible computerized classification of chromosomes
and chromosome regions.

other. In cells of the rye plant, which
has seven chromosomes of much the
same size and shape, we found that
the curves were constant and repro-
ducible — and sufficiently different to
distinguish one chromosome from an-
other. Work with Chinese hamster
cells gave similar results and also
suggested that the curves might be
used to characterize particular chro-
mosome regions, which would, of
course, have been most desirable. Pre-
liminary studies of human chromo-
somes gave encouraging results,
though again primarily with the
larger chromosomes. However, the
method was so laborious, and required
so much instrumentation, that we de-
cided to try another approach.

Since we had already determined
that the kind of information we
wanted would mean working at the
very limit of resolution of ordinary
light microscopy, it occurred to us
that fluorescence might be the answer.
It has been known for some years that
with self-luminous objects the resolv-
ing power with a given wavelength of
light is in effect doubled. Moreover,
since we would be dealing with
emitted rather than transmitted light,
the problems of refraction and diffrac-
tion cited above would be largely
eliminated. Finally, whereas spectro-
photometric scanning involves taking
readings of a large number of points,
which then must be summed up,
fluorescence measurement would in-
volve merely determining the total
quantity of light emitted by a particu-
lar chromosome region, which can be
accomplished with much simpler
equipment.

Preliminary experiments using
small drops of a solvent containing
pNA combined with suitable fuoro-
chromes showed that it was possible
to detect fluorescence from as little as
107'% gm of the nucleic acid — a sensi-
tivity a thousand times greater than
with the spectrophotometric method,
bringing us to within one or two
orders of magnitude of the amount of
DN Ain a single gene. We then began
looking for a stain that was fluorescent
and would bind to p § A — specifically,
to its base residues. We chose this
way because conventional stains,
which bind to phosphate or carbo-
hydrate groups, had shown no signifi-
cant details along the length of the
chromosome, while there was reason
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to think that a base-binding stain
would do so.

In collaboration with Dr. Edward J.
Modest of the Children’s Cancer Re-
search Foundation, Boston, we se-
lected for our first trial the compound
guinacrine mustard (g» ), which we
believed would bind firmly to one of
the nitrogen atoms in thu.-e-r nucleotide
base guanine. When we stained karyo-
types of the broad bean plant (Vicia
faba) with o3 and examined them
under ultraviolet light, we immedi:
ately saw very distinctive banded pat-
terns on the chromosomes: work with
some other plant species vielded simi-
lar results. The bands do not show
up in all chromosomes of all plants,
but when they do they are strictly
characteristic of the particular chro-
TMOSOTTIE.

It naturally occurred to us to won-
der what these conspicuous bands —
the brightest of them is up to three
times as bright as the dark regions —
indicated. Comparison of them with
curves for b N A distribution, obtained
by the method
previously cited, made clear that they
were nof indicating DN A concentra-
tion, since this was relatively even
from one end of the chromosomes to
the other. Other experiments revealed
a certain parallelism between the
distribution of the bands and that of
heterochromating but this did not get

spectrophotometric

The first experiments in  fluorescence
identification of chromosomes were made
with plant material. Shown above iz the
largest chromosome of the broad Bean
plant (Vicia faba), which has several very
distinct QM bands; measurement showed
fluorescence of these bands fo be 2 fo 8
times more than in other parts of the
chromosome (Exp Cell Res 49:219, 1968}
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us much further, since nobody is yet
certain of just what heterochromatin
15. At this writing, in fact, we must
confess that we still do not under-
stand precisely why the bands exist.
The most important factors are two,
Firstly, the oM binds preferentially
to certain areas of the chromosome
because the pn A bases are more *ac-
cesgible™ because of variations in the
tertiary structure of the pxa helix
and /or the absence of proteins that
elsewhere block off access of om to
the bases. Secondly, the fluorescence
of the acridine compounds used is
considerably enhanced when the dye
is bound to AT-groups and quenched
when bound to ¢ c-groups.

Our very first fluorescence experi-
ments with human chromosomes made
clear that they, too, showed distinctive
individual patterns. The technique we
worked out (to anticipate a little)
involves staining with @M at a concen-
tration of 50 g/ ml for 10 to 30 min-
utes, at a pH of 6.5 to 7. The prepara-
tion 15 then washed in three changes
of buffer solution, sealed with a cov-
erslip, and stored in a refrigerator
until one is ready to examine it. { Simi-
lar I!r_'{'hni(p,m.u. can be used with several
other fluorescent compounds. How-
ever, of the 20-0dd we have tried, Qnm
remains the best from almost every
:-;tundpu'u'lt. )

For examination, the slide is illu-
minated with vv light on the stage
of a :-;]::'qﬁ:l! Uv 1'|'|'Ir.'1'n:='::n|n'., a fluores-
cence microscope, through which it
can then be either viewed directly or
photographed. G:rm:ru]l}' speaking, we
prefer to photograph, as under pro-
longed illumination the fAuorescence
fades out and cannot he restored b:,'
restaining. { This disadvantage can be
obviated by other staining methods to
be described later; these, however,
have disadvantages of their own.)
While the patterns show up in both
negative and positive prints, the latter
are generally preferable, since by
using suitable copying paper the pat-
tern contrast can be enhanced.

The actual patterns are almost im-
possible to describe in words. How-
ever, careful examination of the photo-
graphs illustrating this article should
make clear that they are quite ade-
quate for chromosoime identification.
In our experience, any cytologist or
eytologic technician can learn to iden-
tify chromesomes by this method with

only a moderate amount of practice,
The basie patterns are consistent from
one individual to another and also, so
far as we have been able to determine,
from one type of tissue to :mu::'t]w.r; at
this writing, we have compared pat-
terns in blood leukocvtes (the usual
source of cytogenetic material ), mar-
row cells, amniotic cells, and a num-
ber of human cell cultures from vari-
OUS SOUTCes.

Within this overall :'mmi:itl'm;;}'_
however, some chromosomes contain
short regions exhibiting individual
variations. These are most r.ﬂn:iipir.u-
ous on the acrocentric chromosomes
(including ¥ ) and on the metacentric
chromosome 3. Taken all lﬂgq:r.l'u:;r,
these variable regions aceount for 29
or less of the total chromosome length,
which is far too little to introduce
confusion into the identification pro-
cess. They are, however, of potential
value in themselves — notably, in the
forensic determination of kinship,
since all our experience indicates that
individual variations are inherited in
accordance with simple Mendelian
rules. It is worth noting in this con-
nection that wvariation occurs not
merely between individuals but even
TS L"”['I'l'l'l!(:l'l'li}' hﬂl“'t‘l!l't |:'Hl['|lﬂlﬂ[.;ﬂl]5
chromosomes of the same individual -
presumably reflecting differences be-
tween EJ.'lh,'.n'L:tI and 1'|'|:Jl¢r[i.‘3] -;-.hrnmm
SOMES.

While wvisual examination serves
weell g'nmtgh to ;ilrnlir}' chromosomes,
as well as to single out the variable
areas just cited, more precise and ob-
j.t."ctlx'!‘ data are ru:'qlliru:"il for an under-
standing of the ranges and kinds of
variation, as well as for other purposes
to he described later. Such data can
be obtained by measuring variations
in light output along the length of the
chromosome with a '[-l‘[:]'ll'l'i[:llll‘ called
fluorometry. For maximum precision,
OMeE UST 1Se E}H" Eh'l'{'l'l'l'lﬂ.‘i’l'll'lil_" prepara-
tion itself, but for most PUrposes it is
sufficient to use a photomicrograph,
l_'ll]{l [I:'IE 'I'I.t'il_‘l_"!i!;:l.'l"_\' {II}[JHI'H“].‘i i.‘i I'I'I.I'I'E]'I.
simpler.

The micrograph — either positive
or {occasionally ) negative — is placed
on a motor-operated microscope stage
that is illuminated either from below
(negative print) or above (positive).
The light from the micrograph is
focused on a slit diaphragm, so ar-
ranged as to be equivalent to a 0.2 x
2.5 pum rectangle in the preparation.
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By previous f-:'ciuriqm.'f it was possible to classify chromosomes
intg Eroups J'Jf i.rfﬂr'rr:rlt .IIJ'H.I_':!III Iml' g .rJIu;;gy'; o .'cr'lr_h.:.'.rnrn;' LCIE-
hers of a group hg_f :.'.:r:'rp.ﬁ-:.lnrri-;:l'r: {or -:rrr!-:lr:rdén:a;_:m;r}lr'r' analysis.
This was especially true of the C© group, which includes the X

By moving the stage, the slit can in
effect be moved along the entire length
of the chromosome; by means of a
beam-splitter, part of the light is
passed into an eyepiece within which
iz marked the orientation of the slit,
so that the operator can adjust the
photograph for proper “scanning.”
The remainder of the light is passed
into a photomultiplier and amplifier,
praducing an electric current that con.
trols the Y-input of an ordinmary XY
recorder, the X-input being controlled
by the motion of the stage.

In certain cases — e.g., if the chro-
mosome varies considerably in width
— we use a circular diaphragm with

an “equivalent” diameter of 0.2 jam,
which is moved along the length of a
single chromatid. The result in either
case 15 a curve showing the varations
in light intensity along the entire
length of the chromosome or chro-
matid. If desired, the machine can also
h‘l‘. hﬂﬂ!‘ii!f] L!E] to 3 ﬂi.gil‘l:ﬂ"l' :I[]ﬂl. I:l]JL'-
puncher, producing a series of numeri-
cal values that can be fed directly into
a4 computer.

Extensive studies of these curves,
based on more than 30,000 examples,
show  that 1]11:.:.' are hig!ﬂ}' repro-
ducible and consistent. As one would
expect from what was said earlier
about the fluorescence patterns thems-

and numbers 6 through 12, As can be seen above, such individual
separation can now be accomplished by fluorcseence, both by
visual inspection r:'fI the M bands and. even more .;ﬁq"r'lfn'[ﬂ,
from the associated fuoromeiric curces (Hereditas 67:97, 1971)

selves, there are variations in the
curve of a given chromosome from
one individual to another and often
between two paired chromosomes of
one individual, but despite these varia-
tions the curves for a particular chro-
mosome are all clearly more like one
another than like any other curve.
Moreover, the curves possess enough
detail to permit characterization of
regions within chromosomgs.

Before saying more about the
curves and what they can be used for,
we should say a word about some
other staining LL::.'hni:pw!; that are now
coming into use for chromosome
identification. There are a consider-
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Because of the difficulty in distinguishing the chromosome types
in human group C, Fourier analysis {also sometimes called har-
monic analysis) was applied to cxtract significant features of the
directly derived fluorescent functions and help establish that the

able number of these, but nearly all
of them invelve pretreating a karyo-
type preparation in some fashion (with
saline, NaOH, heat, etc.) and then
staining it with Giemsa stain.

These techniques produce banding
patterns very like those produced by
fAuorescence staining, though differing
in certain consistent respects, and in
general seem to be quite as repro-
ducible as the fluorescent bands. They
have the advantage that they are
permanent — they do not fade with
illumination, as do the fAuorescent
preparations — and can be examined
in an ordinary light microscope, as
against the specialized and expensive
fluorescence instrument. This natu-
rally represents a considerable advan-
tage for routine clinical work. As
against these advantages, the resolu-
tion is only half that of the fluorescent
image, and the Giemsa preparations
do not lend themselves well to con-
version into the intensity curves just
described. But the field of chromo-
some staining is advancing so rapidly
that we may well see before long a
method that combines most or all the
advantages of the fluorescence and
Giemsa techniques. Meanwhile, how-
ever, subsequent observations cited in
this article will refer to fluorescent
preparations unless otherwise stated.

We should alse mention, more or

a2

less in passing, that the fluorescence
patterns found in ordinary somatic
cells during mitosis can also be de-
tected in the hivalents of the germ
cells during meiosis. Since the chro-
matin in the latter is more diffuse, the
patterns are less clear and details are
lost, so that while some bivalents can
always be picked out, others, with
more subtle patterns, can only be
identified in some cells. Nonetheless,
insofar as the patterns can be dis-
tinguished, they are the same as those
found in somatic cells. More certain
identification of individual bivalents
has come with the addition of another
staining technique that permits identi-
fication of the centromere in these
cells.

Perhaps the most significant impli-
cation of these advances is what they
tell us about the distribution of chias-
mata — the areas in which the two
parts of the bivalent join to exchange
genetic material. It turns out that
these crossings do not occur at random
but rather are far more frequent in
certain chromosome regions — in par-
ticular, the ends of the long arms —
than in others. This finding should
eventually prove useful in mapping
the location of human genes on specific
chromosomes, a study still in its early
infancy. In addition, the capacity to
identify bivalents is proving of more

different patterns of the individual chromosemes were statistically
significant, Shown above iy the application of the approach to
chromosomes G {:{JJJ,:I and T, both in C group. The piiﬂiﬂnwfﬁtdﬂy
determined patterns are soen as “staircase” curces fogether with

immediate value in the study of
chromosome abnormalities.

Having achieved a means of record-
ing and characterizing chromosome
patterns objectively, we then sought
methods whereby the patterns could
be compared and analyzed automati-
cally, by computer, which is the ob-
vious approach to statistical analysis
of variations in specific patterns and
to the long-sought geal of automated
chromosome sorting. We have also
found that certain computer tech-
niques can simplify the classification
of chromosomes and (especially)
chromosome regions.

As already indicated, the curves ob-
tained from chromosome photographs
can be “digitized” into long sequences
of numbers. However, raw data of this
sort are of little use in comparing
different patterns, the more so because
the numbers doe not represent absolute
values of fluorescence but rather
values relative to a more or less arbi-
trary baseline. Moreover, this'baseline
may vary from one chromosome or
chromosome preparation to another.
What we were interested in was pat-
terns — the position of the inflection
points on the curves, the relative mag-
nitude of the peaks and troughs, and
S0 01

It seemed to us that the most profit-
able approach would be via the mathe-
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the smooth curves that evolved as the
computer wiilized (in order from left) I, 2,
3, 6, and 8 harmonically related waves
(Hereditas 67:105, 18971).

matical technique known as Fourier
analysis, which can be performed by
computer, using the digitized data as
raw material. This method depends
on the mathematical fact that any
curve can be approximated, as closely
as desired, by a series of sinusoidal
waves that are harmonically related
{meaning that their wavelengths are
in the ratio 1, 1/2, 1/3, 1/4, 1/5,
etc. ). Putting it another way, a curve
can be defined to any desired degree
of precision by a series of number
pairs, the first of each pair represent-
ing the amplitude of the harmonic and
the second, its “phase angle” relative
to the initial point of the curve. (A
complete “cycle” of a sinusoid is de-
fined as 360°, so that the phase angle
defines the point on the eycle that
eoincides with the beginning of the
curve under analysis.) We found, in
fact, that all of our curves could be
adequately described by eight com-
plex Fourier coefficients, that is, by a
sequence of 16 numbers. For more
precise definition, we added informa-
tiom on the length of each chromosome
(for analytical purposes these had
been mathematically equalized).
After some preliminary experi-
ments, we tested this analytical tech-
nique on a collection of 812 chromo-
somes. To simplify acquisition of the
raw data, we arranged to measure

CHROMOSOME IDENTIFICATION BY FLUORESCENCE

semiautomatically the reflectance of
the photographs (i.e., the amount of
fluorescence in the original prepara-
tions) at a series of equidistant points
along the chromosomes; the resulting
values were punched into paper tape,
which was then run through the com-
puter for processing. Out of a total of
912 chromosomes 802 were correctly
classified, for a gross error of about
129, which we considered very satis-
factory for a first approximation.

We were particularly encouraged
by the fact that more than a third of
the errors occurred more or less at
random, that is, chromosomes were
confused that in fact were different
even on casual inspection (e.g., 14
with 8, 15 with Y). Most of these
gross errors could doubtless be elimi-
nated by including additional data on
centromere position. Another source
of error was the fact that the chromo-
somes were classified individually, as
they had to be in this heterogeneous
collection of photographs. In normal
karyotyping, however, a computer
program could take account of the
fact that no more than two chromo-
somes of a given pattern will occur —
e.g., it could in each case pair the two
most similar patterns and reject ap-
parent correspondencies with others.

The main reason for the errors,
however, is the fact that in the actual
preparations small differences in the
degree of contraction can occur in
different parts of the same chromo-
some. The bands, though still present,
may be somewhat shifted in position.
We believe that this factor can be
corrected for by more sophisticated
programming. Altogether, we are con-
vinced that the accuracy of computer
sorting can be very substantially in-
creased, and that normal karyotypes
can be classified with a high degree of
accuracy. Implicit in this is the ex-
pectation that the computer method

can automatically and rapidly single -

out aberrant chromosomes, or at any
rate suspiciously deviant ones, in large
numbers of karyotypes. To this end
experiments are being run with an
automatic microscope and film scan-
ner developed at the Jet Prop ulsion
Laboratory in Pasadena. Preliminary
results with the C-group chromosomes
(the hardest to distinguish by con-
ventional methods) are promising,
and we are now moving on to work
with whole karyotypes.

Similar methods of computer analy-
sis proved useful in analyzing and
identifying particular regions of chro-
mosomes. For this purpose we found
it important to select precisely the
right stage of mitosis—neither so early
that the chromosomes are thin and
winding and the patterns difficult to
observe, nor so late that chromosome
contraction has squeezed individual
bands together and detail is lost. We
found that the best stage was such
that the total chromosome length
ranges from 100 to 200 gm, i.e., the
largest chromosomes are between 5
and 10 um long.

Using a large number of prepara-
tions of this sort, we first calculated
“average” patterns for each chrome-
some type. Because of the differences
in contraction within a single chromo-
some, already cited above, this gave
us only a rough picture of the banding
pattern. We then subjected these
averages to mathematical contrast en-
hancement by computer; this tech-
nique, by exaggerating the inflections
of the curves, brings out weak bands
that would otherwise be masked by ad-
jacent, stronger bands. By comparing
the contrast-enhanced individual pat-
terns and superimposing the promi-
nent bands on the average pattern
curves, we were able to map the loca-
tion and expectable strength of all the
consistently observable bands; these
can now serve as reference points for
identifving different chromosome re-
gions. At the same time, we were able
to characterize more precisely the nar-
row areas on some chromosomes
where individual variability is expect-
able.

We have also been able to put elec-
tronics to work in another way, in ex-
amining not the pattern curves but the
chromosomes themselves. This should
be particularly useful in situations
where it is necessary to examine a
large number of karyotypes, for exam-
ple in studying the effects of muta-
gens or carcinogens. For this purpose
we feed light transmitted through a
fluorescence negative (or a Giemsa-
stained preparation ) into a TV camera.
The resulting picture is displayed on
a screen in arbitrarily chosen enlarge-
ment and its contrast can be enhanced
precisely as with a home T v set. More-
over, brightness, contrast, and size can
be equalized from one chromosome or
preparation to another; these qualities,
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as already noted, vary appreciably in
the original preparations. We can fit
the camera to a microscope if we wish
to observe the original preparation.
The picture can also be scanned elec-
tronically along any chosen line. The
result, displayed on an oscilloscope,
approximates the fluorescence patterns
already cited. Finally, with the addi-
tion of a second camera, two chromo-
S0OINeES (t‘.g.r 'I'I.'H,"I'I'It_]-l_,"T:‘i l:'I'F ﬂ'll_‘ SHTIE
pair) can be displayed side by side,
thus further improving the possibili-
ties of detecting small aberrations in
the patterns.

Having recounted at some length
the methods of fluorescent chromo-
some identification and some of the
technical advances it has engendered,
it is time to discuss the practical re-
sults. In summary, these techniques
have enabled researchers to identify
extra chromosomes specifically, in-
stead of assigning them to a group of
gsimilar chromosomes; to spot minor
anomalies more certainly; and to de-
fine structural rearrangements of the
genetic material more precisely. The

Mother

following selection of findings from
our own and other laboratories sug-
gests some of the current accomplish-
ments and future possibilities.

It has been known for many years
that patients suffering from Down’s
syndrome have an extra chromosome
in the G group, but it was impossible
to be certain whether this was a third
chromosome 21 or a third 22, which
is morphologically very similar. Con-
ventionally it was called 21. Studies of
fluorescent- and Giemsa-stained prepa-
rations from patients with Down's
syndrome, in our own and other labo-
ratories, have now confirmed that the
chromosome is the smaller of the G
group chromosome pairs. Strictly
speaking this is chromosome 22, but
so firmly fixed in people’s minds is the
“fact”™ that Down’s syndrome is tri-
gsomy 21 that the numbering will be
changed. It had already been sus-
pected that the smaller G -group pair
was involved in Down's syndrome, but
the evidence of the banding patterns
makes it certain, Variations in fluores-
cence have also made it possible to

A third chromosome of the G group has long been known to be present in patients with
Down’s syndrome; whether it was a third 21 or 22 was uncertain. Fluorescent studies
have confirmed that the extra chromosome actually belongs to the smaller of the two
C-group pairs, making the trisomy conventionally “22." But since trisomy 21 has been
so firmly linked to Down's syndrome, the aumbering of the G chromosomes will be
changed. As can be seen above, this child with Down’s syndrome probably obtained his
extra chromosome from his mother, whose 21 is very similar (Hereditas 70:153, 1972),

trace the origin of the extra chromo-
some in at least one case. As already
noted, the acrocentric 21 chromosome
is one of those in which variations are
common — in particular, differences in
fluorescent intensity of the “satellite”
regions. Comparison of the 21 chromo-
somes in a Down's patient with those
of the mother and father has shown
that two of the chromosomes are very
similar to those of the mother, while
the third resembles those of the father.
It thus seems very likely that the extra
chromosome in this case originated
with the mother, probably from non-
disjunction of the two 21 chromo-
somes during the first meiotic division
of an oocyte. Further studies may
show whether nondisjunction can oc-
cur at other division stages.

Studies of the so-called I, trisomy
have confirmed the belief, also based
on autoradiegraphy, that the chromo-
some imvolved is in fact number 13
{rather than 14 or 15), whether the
defect is a “regular” trisomy or a so-
called Robertsonian translocation, in
which the two acrocentric chromo-
somes are fused into a single body.

We have also been able to throw a
certain amount of light on several
anomalous cases in which apparent G
trisomies showed a clinical picture
not typical for the well-known Down's
syndrome. Examination of two of
these cases revealed that the extra
chrnnm.ﬁm’!w, I!hm:lgh T|11'rr|}'|'m'|t':ugji_‘:]]|:.'
very similar to both 21 and 22, in
fact resembled neither of them in its
fluorescent pattern, :"'l.ppur[:ﬂ'[]}' it is
a structurally abnormal chromosome
produced by some rearrangement of
the hereditary material, though the de-
tails remain to be determined.

Fluorescent analysis has clarified
the nature of a congenital condition
hitherto described only as C-group
trisorny. While a variety of data had
made clear that the extra chromosome
was not the X chromosome, it had not
been otherwise identified. OF five such
cases that have been subjected to fluo-
rescent analysis, all show an extra,
though apparently otherwise normal,
chromosome 8. The clinical signs
show certain similarities — mainly skel-
etal abnormalities and moderate retar-
dation — in some though not all cases.
However, clinical comparisons are dif-
ficult because most of the Tlti]{ll!’ll:,'t.':
CASES ATe MOSAICS.

An area in which fluorescence anal-



LETH 15 |ii{[:'|}' to be of special value is
that of translocations. Translocations
can occur between either homologous
chromosomes (members of the same
pair) or nonhomologous ones. In both
situations, a carrier of the transloca-
tion will retain a “balanced™ comple-
ment of genetic material (though
somewhat rearranged in structure)
and will be phenotypically normal.
The offspring, however, is another
story.

If the carrier parent has a balanced
homologous translocation such as 21-
21, the offspring will either inherit
this 21-21 chromosome and the nor-
mal 21 of the other parent, or he will
inherit ne chromosome 21 from the
carrier parent and the normal 21 of
the other parent. In the first case, the
child will be trisomic for chromosome
21 and suffer from Down's syndrome.
In the latter case, the embryo or fetus
will be monosomic and be aborted. A
monosomic condition 15 generally con-
sidered too unbalanced for viability.

In the case of a nonhomologous
translocation such as 21-22, however,
the offspring may either be normal
{ having inherited the normal chromo-
some 21 of the carrier parent) or a
balaneced ecarrier like the parent, or
he may possess three chromosomes 21
{ Down's syndrome ). The importince
of this information in genetic counsel-
ing is self-evident.

An example is the case of two men-
IEIH}' retarded brothers with a con-
stellation of abnormalities resembling
acrocephalosyndactyly. In both, con-
ventional k:]t’}'u'r_r]:-iug showed that
ome of the G chromosomes had 2
larger-than-normal long arm; the same
abnormality apparently showed up in
the father who, however, was physical-
ly normal. Fluorescence analysis dem-
onstrated that the father in fact pos-
translocation in
which a portion of the long arm of
chromosome 1 had attached itself to
number 22, while the two sons had
inherited the elongated 22 but not the
curtailed 1. They thus sulfered from

l|-|.'.‘-i."il:'|j i | h-'.l | il ll:i‘.[l

a partial I!i'i:ium}' 1. On closer exami-
nation of the original karyotypes, it
became apparent that one of the fa-
ther’s 1 indeed
somewhat shorter than those of the
sons. At the next pregnancy in the
family, prenatal karyotyping showed

['Ill'\'. FITHOSOTIES  Was

that the fetus |m:~i:~ie-:-i:~iu:'d a halanced
translocation like the father — and

CHROMOSOME IDENTIFICATION BY FLUORESCENCE

Fluorescence identification has established that a congenital condition previously known
only as C-proup trisomy s trisomy &; one of five cxamples thes for studied is shown
above. All three chromosomes 8 appear grossly normal. Clinical signs wsually include
skeletal abnormalities and moderate retardation (] Med Genet 9:1, 1972),

subsequently the family’s first healthy
child was born.

It is worth noting that the fAuores-
cence analysis in this case showed not
merely the general nature of the trans-
location but enabled one to say, within
quite narrow limits, where the orginal
breakage in the chromosome 1 had
oceurred. It seems safe to say that
further work will enable us to i::ln-mif_'.'
even more subtle chromosomal rear-
rangements, including the so-called
reciprocal translocations in which two
exchange material
little or no alteration of

chromosomes
often with
their gross morphology. Already one
research group has been able to define
in detal a complex rearrangement in-
volving no fewer than three different
chromesomes. With continued
gress along these lines, we can expect

pro-

more meaningful correlations between
chromosome anomalies and the assoei-
ated clinical picture, an area in which
mich present,
There is also reason to believe that
we can begin locating genetic “mark-
ers’ on particular chromosomes.

confusion exists  at

The Philadelphia chromosome,
found in most cases of chronic mye-
loid leukemia, occurs un]!.' in i_‘:l,-:;c'ucl,
and bone marrow of patients with the
disease and therefore
sidered a genetic marker. Most au-
thorities had favored the hypothesis
that it deleted
chromosome 21; in part this was be-
cause many patients with Down's syn-
drome suffer from leukemia. Further-

sanmot I.]t" con-

wis a { shortened )

more, patients with chronic myeloid
leukemia show low levels of |:*L|]c|:-r_r1!-
alkaline phosphatase in contrast with
elevated levels of the enzyme found in
Down'’s patients. Fluorescence analy-
sis has made clear that this explana-
tien for the Philadelphia chromosome
is not correct. The simplest explana-
tion of our results is that it is a dele.
tion of part of the non-Down's G
chromosome, 22 if 21 is to be con-
gsidered the one involved in Down's
syndrome.

[t seems likely that other malignant
disorders will turn out to have specific
marker chromosomes that cannot now
be identified with conventional tech-
IﬁqLLl!"h. HL'{t'HH}', i fact, 1t has been
reported that 10 out of 12 patients
with Burkitt’s lymphoma possessed an
additional terminal Auorescent band
on the long arm of one chromosome
14.

Thus far we have spoken of anoma-
lies involving only the autosomes.
“This, however, excludes the majority
of chromosome abnormalities, which
affect the sex chromosomes.,

So far as inappropriately duplicated
(or absent) X chromosomes are con-
cerned, analysis has
added little to existing knowledge,
since these could alreadv be easily
“counted” by observing l;lh|_- 51|-|;';|[|¢~Ei
Barr bodies in stained cells, and iden-
tified in l\'.i,'ll':_n.'l.:lt}'l}l'?i |‘J:..' means of auto
radiography. Some interesting stud-
ies, however, have been done on XX
males — individuals with mmmmi_n;;u_l_]:,-

Huorescence
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In addition to conditions referable to inappropriate numbers of
sex chromosomes, clinical manifestations can be related to mo-
sarciem, such as XO0/XY: -:Ir'{.’r-nfn:'t'.-.' in size and fluerescence -

normal male genitalia and testicular
dysgenesis like that in
Klinefelter’s syndrome, but apparent-
ly without the Y chromosome present
in Klinefelter's (XXY ). These indi-
viduals, plus a number of XX herma-
phrodites, are exceptions to the gen-
erally accepted principle that male

somewhat

genitalia cannot develop in the ab-
sence of the Y ehromosome. Explana-
tions put forward include undetected
mosaicism of several sorts and trans-
location of part of the ¥ chromosome
to another locus. So far as the latter
is concerned  fluorescence analyvsis has
thrown some light on the problem.

Since the long arm of the Y is
brightly fluorescent, it should be
easily detectable if translocated. In
fact, of 13 XX males and one XX
hermaphrodite whose karyotypes have
been analyzed, none shml.'rnn}r Evi-
dence of such a translocation. It
should be noted, however, that in the
¥ chromosome it is the short arm that
is generally believed to contain the
“gex factor(s)™ essential for gonadal
differentiation — and this arm is also
only weakly fluorescent, so it might
be overlooked if translocated.

Concerning the Y chromosome, we
have learned a good deal more. It is

Translocation of penetic material can oceur either between members of the same chroma-
SONTLE PEliT {homologous) or .:'J'r'll'f:'r{';r{ Jairs. While in both siteations a balanced carrier
will be phenotypically normal, the outcome in the offspring s different. In the homo-

logous situation, the offspring u ill he either trisomic or monosemic (e, unciakle),
In the nonhomologous situation, the offspring may He normal, balanced, or possess extra
chromatin, r'.;irr:'l,'r_rh'ur fo pr;rf[ﬂ! IPISCTLE, The lI'!un:.l.l“:".l'r'lu'l' mll'rrﬂr’u;lh above demon-
strates a balanced translocation between 1 and 22 in an apparently healthy carrier father;
twe song, howecer, inherited the lf.:r”n:'r'f r'IrJ.la.l_-:r.n'h'rf 22 grel hix normal I, Ir:-l"m’.frrr'Ju_l_{ i
partial trisomy 1 that was associated with mental retardation and an acrocephalosyn-
dm'!yfy-fr'kr' .'.[lrnr.ll_r.:.l;.lg.e'_ _!"'r.e'r|.|1.|'|:,|.|'I I.'ur_rfe.l.l‘lrlrpeug in the next pregrancy .-r;ill'l:.'r o .I'Lr.n' the
fetus had o balanced translocation like the father's; a Jlr'rrfl'fl_r,l child was bom
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terns of the Y between fathers and their sons are providing new
information on these problems. In the paired micrographs above,
the karyoiype of a father is at left, that of his XO/XY mosaic son

well known, for example, that this
body can vary gr ':|t|:.' in size in nor-
mal individuals — from less than 1.5
to nearly 4 pm. Fluorescence analysis
indicates that the variation is probably
restricted to the brightly Auarescent
portion, the distal section of the long
arm, while the remainder of the body
is constant in size. This provides fur-
ther evidence that the sex-determining
factor(s) resides in the constant short
arm or the nonfluorescent part of the
long arm, since variations in the size
of the fluorescent part of the long arm
have no apparent effect on fertility or
virility. '
Fluorescence analysis  has  also
helped to remove a misconception con-
cernming the XYY anomaly. Since none
of these individuals with this anomaly
had been observed to produce XYY
sons, some geneticists had invoked a
special mechanism  that eliminated
the second Y from all spermatocytes.
Fluorescent staining, however, shows
that in fact a sizable fraction of the
spermatocytes contain two Y's, so that
in theory, at least, the individual
should be able to beget XYY sons,
and in fact cases have been reported
of XYY fathers who had an XYY son.
The current feasibility of identify-
ing small chromosomal aberrations
more accurately has facilitated studies
of the effects of ionizing radiation
and other chromosome-breaking mu-
tagens. Fluorescence analysis gives
explicit information aboiit the chroma-
somes that are involved in such radi-



at right. In cach case the Y is pointed out by an arrow and en-
.Iln'.':'_-:r.'h!' in the inset. Note the greater size and more intense _Hll-'.l-
rescence of all the paternal Y's. Karyotyping showed that the

ation-induced aberrations as breaks,
reciprocal translocations, rings, di-
centrics, and fragments.

In such work the number of meta-
phases to be analyzed is always much
greater than that required for elinical
purposes. It 15 possible to reduce
!-Trl':!L|:.' the time 1':*[]1:i1':1l for pin-
pointing karyotype aberrations, by us-
ing a Tv-based procedure for rapid
identification of and
chromosomal regions. This instru-
ment permits a twenty-fold increase
in the speed of metaphase analysis.
With the capacity to :|:'|;|l_';:r.r S0 Many
metaphases comes an oppbrtunity for

('l!l'\tlﬂlli'hlilllll!"h

statistical studies on the frequencies
of different types of chromosomal
breaks. ]

H].' this means, we have examined
approxzimately 500 metaphases, which
were obtained from X-irradiated hu-
AN Enl:||:|§|rn;:.'1{*h derived from 10 in-
dividuals. Two irradiation doses were
used, 226 rad and 56 rad. The results
are presented in the chromosome map
shown on page 38.

Unexpectedly we observed a differ-
ence in radiation-sensitivity between
different chromosomes and chromo-
somal regions. The locations of about
A80 individual breaks are plotted on
the schematic chromosome map cited
above. The regions are marked in ac-
cordance with the protocols of the
(1971) on Stan-

dardization in Human Cytogenetics.

Paris Conference

The figure also shows the sensitivities
of different parts of each individual

CHROMOSOME

r:'fI chromosome 2

chromosome, Any conclusions, how-
ever, should be drawn with great cau-
tion since the size of the investigated
material is still relatively small.

In the foregoing (l‘ihl_'l_lhﬁ.ilﬂ'l, we
have deliberately limited ourselves to
the more interesting and significant
clinical implications of fuorescence
analysis. A number of other findings
have been reported elsewhere, some of
practical significance, others of pri-
marily theoretical interest, since they
tend mainly to confirm conclusions al-
ready reached through older cyto-
genetic techmiques. Before closing,

Spermatocyte

IDENTIFICATION BY FLUORESCEMNCE

patient ai far right had a translocation incolt ing the short arm

(see also diagram below), Phenotypically T

was o normal male {Hereditas 68:317. I971 )

would like to mention
briefly some applications of fluores-

T MYEVET, We

cence analysis in the field of research.

The technique has proved itself use-
ful in itiu-11lif}'ir:g the chromosomes of
other mammals — notably, for exam-
ple, those of the mouse and pig
of which are so similar that they can-

miaost

not be identified by conventional tech-
niques. Another interesting finding
concerns the tobacco mouse, which has
14 (7 pairs) metacentric and 12 (5
pairs and X and Y acrocentric chromo-
somes. The distinet fluorescence pat-
terns in these chromosomes have con-

Cvum

Ine petient whose kﬂ.rg':rl'ypr ix ai top ri',j.,-:hl‘. i rc':'i'll'l'r-:J-:'-:.'ll translocation between the short
arm of chromosome 2 and the long arm of the ¥ was considered to have occurred de

nova in a spermatociyte, with the son inheriting the abnormal Y and the fathed's normal 2.
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The Philadelphio chromosome found in patients with chronic
.'.'.':'_.'u'.rur'_lf.l'z'r' lenkemin had been ffluu-_:lli.' to be g shortened 21 (he-
cause of the association of Down's syndrome with leukemia),
Fluorescence rJru.'I:'_r-.n' has demonstrated that I'.F||.1 |'.alr:'ll4£urr|'|'uu i5

not correct; rather, it is a deletion of the non-Down’s chromosome

firmed the belief that each metacentric
chromosome is homologous to two
chromosomes of Mus
musculus  that their
centromere. How and why this fusion
should have taken place in the course
of evolution is a fascinating but still

acrocentric

have fused in

unanswered :lllr-l..tiu:-n_
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Fluorescent identification of human
and infrahuman chromosomes should
prove of special value in the genetic
analysis of somatic cell hybrids. It has
been known for some years that cells
from different species (e.g., mouse
and man) can ke fused so that the
nucleus contains chromatin from both
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Karyotype diagram above shows chromosome breakage points after x irradiation. Ap-

proximately 350 individual breaks have been plotted (Exp Cell Res 75:541, 1972

)

7] Eroup o 20 |'_i|' the one ineolved in Down's .'.'_r;rl-e'f:r?mr' is clas-
sified 21). The photomicrographs show the Philadelphia chromo-
somie at the right of pair 22 in three patients with the discase,
Fluorometric curce of normal 22 is superimposed (dotted line) on
those of the abnormal 22's (Exp Cell Res £3:23%, 1570),

animals. In the mouse-man hybrid
cell, most of the human chromosomes
are eliminated quite rapidly, though
in no particular order. If the cell then
continues to show certain characteris-
tically human biochemical activities
[enzymes, antigens, drug resistance ),
i.e., properties not found in normal
mouse cells, it is evident that the Fenes
controlling these activities must he
located on whatever human chromo-
somels) remans m the cell. It has
already been demonstrated, for ExAMm-
ple, that the human thymidine kinase
gene is located on one of the E-group
chromosomes. It should be obvious
that the more precise chromosome
identifications made possible by fluo-
rescence staining and related techs-
niques can greatly facilitate the job
of relating specific biochemical proper-
ties to specific chromosomes. This is
the essential prerequisite for any ex-
tensive mapping of human genes.

Since fuorescence staining is only
about three vears old, a great many
of its possible applications and <im-
plications are still to be explored. We
believe, however, that what has al-
ready been accomplished with its aid
demonstrates its remarkable Lttili!f' HE
a tool for unlocking the secrets of
heredity.




Oncogenic Implications of
Chromosomal Instability

JAMES CERMAN
The New York Blood Center

Cytogenetic analysis very often reveals abnormalities in
the affected cells in human cancers. Abnormal mitotic fig-
ures, abnormal numbers of chromosomes per cell, and
abnormalities of chromosomal structure are to be found
in most instances of human leukemia as well as in solid
tumors. Most observers view these changes as a single
phenomenon and but one expression of the uncontrolled
cell growth that characterizes cancer, without assigning
them an etiologic role. Others feel that a shifting chromeo-
somal complement could be of importance in the evolution
of the tumor. Nonetheless, the possibility has not been
ruled out that chromosomal change may be a primary
event in some human malignant disease. Mutation involy-
ing one or more genes could prove to be the essential cel-
lular change that converts a normal cell to cancer or that
permits emergence or progression of at least some forms
of cancer. One possibility is that once a specific mutation
has occurred, affected cells might be more susceptible to
conversion to cancer by an unrelated oncogenic factor.
Then again, perhaps the role of viruses in relation to
chromosomal change is such that the latter permits a viral
genome to combine linearly with a cell’s own genome,
initiating conversion to cancer.

In considering the problem stated by the title of this
paper, three observations deserve consideration:

1) Many human cancers appear to arise from a single
cell; often this cell has one or more chromosomes differing
in morphology from any in the complement of the affected
individual’s noncancerous cells.

2) Chromosomal instability, i.e., an increased number
of disrupted and rearranged chromosomes, characterizes
the cells of certain persons who are, beeause of some en-
vironmental situation, at an increased risk of cancer.

3) Several rare genetic disorders, to be discussed here
in some detail, which are characterized both by chromo-

somal instability and an increased risk of cancer, share
with well established “causes of cancer™— certain forms of
radiation, certain chemicals, and certain viruses — the abil-
ity to produce increased numbers of cells having de novo
chromosomal rearrangements.

Before documenting these three observations, however,
a certain technical limitation should be mentioned. Only
limited information is obtainable from the standard meth-
ods of preparing cells for cytogenetic study. Subtle rear-
rangements often go undetected, a situation that may be
changed when technical advances, such as quinacrine
fluorescent or Giemsa banding techniques (see Caspers-
son and Zech, Chapter Three ), come into wider use in the
study of cancer. Even taking this technical limitation into
account, it would appear that chromosomal abnormalities
are not invariably present, either in human or nonhuman
cancers, including some of the most extensively studied
experimental tumors. Conceivably, it may be that in some
cancers no abnormalities will be detectable by any means
because two separate classes of cancer exist, both exhibit-
ing similar clinical manifestations and pathology but with
alterations in the chromosome complement involved in only
one class. Once this possibility is acknowledged, it be-
comes possible to examine with greater objectivity the
concept that chromosomal changes in a single cell may
be associated with the development of a particular cancer.

In part this concept rests on work by cytogeneticists
establishing the presence of distinctive marker chromo-
somes in many human cancers, that is, one or more chro-
mosomes differing in morphology from any in the com-
plement of the patient’s unaffected cells, present from cell
to cell in the cancer. Such marker chromosomes result from
structural rearrangement, either intrachromosomal or in-
terchromosomal. These are most often translocations, de-
letions, or inversions (see Hirschhorn, Chapter One ). The
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new chromosome configuration is not
only stable enough to permit it to pass
successfully through mitesis but the
cell's genome, although altered, per-
mits cellular proliferation. In this case
a cytogenetically distinct subpopula-
tion of cells develops and may be
identifiable amidst the host's normal
cells.

It is well known that additional
abnormalities, particularly abnormal
mitotic fipures and cells with extra or
missing chromosomes and sometimes
additional chromosomal rearrange-
ments, are often also evident, but the
marker chromosome tends to be the
constant finding from cell to cell of
the mutant subpopulation, detectable
both at the primary site of the cancer
and in its metastases. When examined
by standard cytogenetic techniques the
marker usually appears unique to a
given putient‘s cancer. Thus, although
two patients may have similar can-
cers in terms of pathology and clinical
expression, as a rule there is little
apparent similarity in the marker
chromosomes seen in both cases.

The important exception is chronic
myelogenous leukemia, inasmuch as
the same marker, the Ph' chromo-
some, appears in the neoplastic cells
of nearly all (close to 0% ) patients.
{In contrast, note that although this
distinctive chromosomal abnormality
has been associated with chronic mye-
logenous leukemia, usually no marker
chromosomes, or for that matter any
other chromosomal aberrations, have
been associated with acute lympho-
cytic leukemia.) As it happens, the
abnormality in chronic myelogenous
leukemia, affecting the long arm of
one of the smallest of the chromosomes
{number 22), is especially well lo-
cated for microscopic recognition (see
Caﬁi]-u rsson and fech, f."h:![:ltr.r Three).
Conceivably, specific markers appear-
ing in other forms of leukemia or solid
tumors are being overlooked because
of the technical limitations referred to
earlier.

Since chromosomal rearrangements
are essentially never seen in the com-
plements of unirradiated eells of non-
malignant tissues, the presence of the
same marker chromosome from cell to
cell throughout the cancer cell popu-
lation strongly suggests that this pop-
ulation is derived from a single cell
that also had in its complement the
same marker (or markers).
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As soon as the association of dis-
tinctive marker chromosomes and can-
cer was recognized, several investi-
gators concluded that many cancers
evidently originate in a single cell in
which some chromosomal changes had
occurred. For example, C. E. Ford,
studying the cytogenetics of primary
reticular neoplasms in the mouse, ob-
served that many of them represented
clones of cells containing one or more
marker chromosomes. By analysis of
these markers, he could trace develop-
ment of neoplastic cell populations by
proliferation from one ancestral cell.
Atkin, performing cytogenetic stud-
ies in women with different types of
cancer (including adenocarcinoma of
the ovary and carcinoma of the cervix
and the body of the uterus), found
that for any one case there usually
was a stem line with the same abnor-
mal chromosomal complement from
cell to cell.

Other data of a noncytogenetic na-
ture appear to confirm the single cell
origin of at least some cancers. I refer
to studies aimed at tracing the origins
of neoplasms in individuals having
two or more genetically distinct types
of cells. As is known, women normally
have two cell types by virtue of fixed
genetic inactivation (occurring early
in embryogenesis) of one of the two
X chromosomes in each somatic cell.
A similar inactivation has been demon-
strated for several X-linked gene loci,
including the one for the enzyme
glucose-6-phosphate  dehydrogenase.
In a woman heterozygous at this locus
with one normal and one variant al-
lele, both the normal c-6-pp allele
and the variant will be expressed in
a mixture of her cells in tissue cul-
ture. However, a single cell or clone of
cells will show only one of the two
enzyme tvpes. Linder and Gartler
found this to be the case with uterine
fibroid tumors: any one tumor exhibits
only one type of G-6-r b in a heterozy-
gous woman, but her different tumors
will have different types. When this
thesis was tested by Fialkow and co-
workers in women with chronic mye-
logenous leukemia, a sampling of
blood cells showed only one enzyme
type, suggesting that all the blood
cells were descendants of one cell. The
same proved true for Burkitt's lym-
phoma and most other types of tumors
tested.

But if cancer frequently appears to

arise from a single cell manifesting a
new chromosomal complement, is
such a chromosomal rearrangement a
primary factor in the conversion of the
progenitor cell to cancer? The find-
ings suggest that it may be; however,
available knowledge does not yet al-
low us to state unequivocally that the
first cell to qualify as cancer is the first
cell in which the chromosomal re-
arrangement occurs. Furthermore, if
it should be, it is unclear whether the
chromosomal rearrangement precedes
or follows the cellular event constitut-
ing malignant conversion. If both
events oceur simultaneously, it is un-
clear whether they are one and the
same, a8 some suggest, or mutuall}r
dependent but separate, as favored by
others. For example, the mutation
might alter the cell in such a way that
another factor could take over genetic
control.

While the sequence of events and
their significance remain to be deter-
mined, the point essential to our dis-
cussion is that a chromosomal muta-
tion iz often present in the single cell
from which all cells that can be
sampled in an established cancer seem
to have been derived. Instead of specu-
Ia,ting further on the pﬂs&ihlt relation-
ships involved, let me direct your atten-
tiom to the rare genetic disorders men-
tioned above, in which cancer is seen
to develop with unusual frequency —
disorders also characterized by in-
creased chromosomal instability and a
tendency to the formation of new
chromosomal arrangements. They are ~
Bloom’s syndrome, Fanconi’s anemia,
the Louis-Bar syndrome, and, prob-

The possibility that chromosomal mutation
may have a major role in emergence of
some human cancers is supported by the
presence of chromosomal disruptions or
rearrangements, such as those depicted
schematically at right, in the complements
of many cells from patients with genetic
dizsorders in which cancer decelops with
unusually high frequency. For example, in
Bleom’s syndrome a characteristic cyfo-
genetic lesion seen in blood  cells dividing
in vitro is @ symmetrical quadriradial (Qr)
figure apparently produced as result of
chromatid in!ercﬁangc fﬂﬂﬂlm'ng brmkdgc
at corresponding  sites on  homologous
chromosomes (upper left). Qr's invelving
nonhomologous chromosomes (upper right)
have been associated with Fanconi's anem-
ia. Other types of chromosomal anomaly or
rearrangement are shown in lower panel.
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Examples of the types of chromosomal breakage and rearrange-
ment seen in three of the discases discussed are given above. The
first four photos show the Qr fipures characteristic of Bloom's
syndrome. Figures 1 and 2 were made with cultured Blood lym-

ably in the same class, xeroderma pig-
mentosum. What light can a con-
sideration of these rare disorders shed
on the cancer problem, and especially
on the role, if any, of chromosomal
mutation 1n conversion of a normal
cell to cancer?

Bloom’s Syndrome

Individually, these genetic condi-
tions admittedly are rare; collectively,
!'IﬂlW-C'\"UF, ti'l:!_‘,:!r' TI'IE.I.}' prove L h[_! MeEm-
bers of a group of conditions more
common than realized, a possibility to
be elaborated on later. In our labora-
tory, the most extensive studies in this
connection have been on the genetic
disorder referred to as Bloom's syn-
drome, named after David Bloom who
in 1954 recognized it as a clinical en-
tity and described its cardinal features
—stunted growth and sun-sensitive
telangiectatic lesions on the face.
Growth retardation, the most con-
spicuous feature of Bloom's syndrome,
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begins in utero and continues through-
out the affected persom’s life. Maxi-
mum height has exceeded five feet in
only one of the recorded cases. Af-
fected individuals bear a striking
physical resemblance to each other
because of the characteristic facial
appearance (small and narrow) and
head shape ({dolichocephalic) as well
as the telangiectatic lesions usually
present in butterfly distribution on
the face.

Although in some patients the fa.
cial lesion may be relatively mild, rep-
resented by little more than telangiec-
tasia about the lips, more often it is
severe and ugly, with a brilliant ery-
thema extending over the malar areas,
cheeks, and nose. Sun sensitivity re-
sults in an accentuation of the lesions
in the summertime. Minor anatomic
defects may be present but intelligence
is usually not impaired.

My interest in this disorder dates
from 1960 when cytogenetic analysis
was performed in a 10-year-old girl

o

phocytes, 3 and 4, with cells taken directly from a patient’s bone
marrow. The resemblance between the tiwo pairs indicates that
the abnormalities obserced in culture preparations are present in
o, In ﬁgurc.'s 5, 6, and 7, eultured fyrrlph::rym.-z from Fanconi's

referred to me by Dr. Bloom. Exami-
nation of the girl'x g:ullur::{l I_!.rn![:llm-
cytes showed the normal dipleid
chromosome complement; however,
chromosomal disruption and rear-’
rangements were evident in an abnor-
mally large proportion of cells. This
unexpected discovery spurred a search
for other individuals showing this
syndrome; a similar cytogenetic dis-
turbance, to be described more fully
later, was demonstrated in them also.
At present we are following close
to 40 affected families, representing
virtually all known cases of the dis-
order. According to the findings con-
cerning the number of affected sibs
and the frequency of parental consan-
guinity, transmission of Bloom’s syn-
drome is best explained in terms of a
single autosomal recessive gene, which
I call &l. The affected homozygotes
may thus be described &0/8l, carriers
of the gene & /4, and all others 4+ /4,
The disorder has been identified pre-
dominantly in individuals who are of



anemia show chromatid disruptions, com-
plex interchanges, and triradials. Figure 8,
with its triradial, is from a paticnt with,
Laouis-Bar syndrome.

Eastern European Jewish ancestry.

As clinical features of Bloom's syn-
drome were analyzed, several new and
significant features were recognized.
For one thing, during childhood there
is a predisposition to infection, which
probably explains the condition’s hav-
ing gone unrecognized in the pre-
antibiotic era. Subsequently this pre-
disposition subsides, but a severe dis-
turbance in immunity remains demon-
strable. In all patients studied so
far, the concentration of one or more
of the circulating immunoglobulins
(usually IgA and IgM) has been
found decreased; in those few tested,
delayed hypersensitivity has not been
demonstrated. Further immunologic
study is clearly indicated, to include
heterozygotes as well as homozygotes,
because in a number of the former
also, concentrations of circulating im-
munoglobuling are depressed,

It is not known how — or if — the
disturbance of immunity in patients
with Bloom’s syndrome relates to
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another observation of paramount im-
portance, the affected person’s pre-
disposition to develop cancer. Two of
the three patients in Dr. Bloom®s
original report were to succumb to
acute leukemia, one at age 13 and the
other at 25. Among the first 45 cases
about whom we have learned and who
have survived early childhood, nine
instances of cancer have oecurred. One
39-year-old man developed two pri-
mary cancers, 2 squamous cell carci-
nomsa of the upper esophagus and an
adenocarcinoma of the sigmoid colon.
Two other men have also developed a
cancer of the alimentary tract after
the age of 30.

It is now clear that the occurrence
of cancer at this frequency cannot be
a ecoincidence, and it is tempting to
suggest that the tendency of cells ho-
mozygous for the bl gene to undergo
chromosomal abnormalities may be of
importance in this cancerous predis-
|H1.tiiti:011. The pattern of these cyto-
genetic abnormalities has been re-
peatedly confirmed. In both blood
lymphocytes and skin fibroblasts in
tissue culture, an increased number
(0.5%—11%) of cells display chroma-
tid interchanges, the most character-
istic cytogenetic lesion being a quad-
riradial configuration (Qr), derived
from two chromosomes and having
four arms, each arm consisting of
portions of the sister chromatids of
one of the two chromosomes,

Usually the Qr seen in Bloom's syn-
drome is composed of two homologous
chromosomes; the four-armed figure
formed is strikingly symmetrical, with
its two centromeres in opposite arms
and equidistant from the point of
crossing and with the opposite arms
equal in length. The chromosomal
sites affected by these lesions are not
randomly distributed throughout the
cell complement but instead affect cer-
tain chromosomes and certain regions
preferentially. In addition to this Qr,
b1/ bl cells at metaphase usually mani-
fest other, nonsymmetrical Qr's at a
frequency definitely greater than in
cell cultures derived from normal in-
dividuals. This applies as well to tri-
radial and more complex interchanges,
dicentric chromosomes and acentric
chromosomal fragments, and to vari-
ous chromatid lesions such as gaps,
breaks, and sister chromatid reunions,
At anaphase there are increased num-
bers of cells with chromatin bridges

and lagging fragments of chromatin;
in the nondividing cell, distorted nu-
clei and micronuclei are a frequent
finding and result from the disturbed
segregation of aberrant (i.e., poly-
centric or acentric) chromosomes at
anaphase and telophase.

It should be stressed that the mani-
festations of increased chromosomal
instability and its sequelae seen in
I/ bl lymphocytes and skin fibroblasts
can be observed, thl;)ugh in lower fre-
quency, in cell cultures derived from
heterozygotes and, very infrequently,
from normal subjects as well, provided
enough cells are examined. This find-
ing would suggest that the bio-
chemical defect in Bloom's syndrome
{ whatever it is) affects an enzymatic
reaction intimately involved in chro-
mosomal metabolism, and that the re-
action, rather than being absent or se-
verely deficient, proceeds more slowly
than normal. Because of the sun sensi-
tivity in Bloom’s syndrome it was
thought that the enzyme affected
might have something to do with re-
pair of ultraviolet-light-induced dam-
age to DN A; if so, the defect might
precipitate  chromosomal rearrange-
ment by allowing for more openings
in the cellular p & A strand at a critical
phase in the cell cycle. However, so
far we have been unable to obtain
evidence for a deficiency of any en-
zyme involved in repair of U v-induced
damage.

In any case, the high frequency of
chromosomal rearrangements in
Bloom’s syndrome leaves little doubt
that, although many cells in a prolifer-
ating tissue will die from genetic im-
balance, at least a proportion of cells
undergoing a major change in genetic
constitution should be capable of con-
tinued proliferation. These should
give rise to clones of cells each having
a mutant chromosomal complement
characterized by a new, marker chro-
mosome. Hauh and Soukup found
evidence for the presence of one such
clone of cells growing in a diploid cul-
ture derived from bi/bl skin fibro-
blasts.

Following division of a cell that had
contained an equal and symmetrical
Qr, theoretically the two daughter
cells could possess genomes different
from each other and from all other
somatic cells in the body; that is, by a
process functionally equivalent to
crossing-over, the cells would have
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Diagrams suggest sequence whereby chro-
matid interchange (2, dashed line) between
homologous chromosomes (1) resulting in
formation of symmetricel Qr figure (3]
could yield progeny genetically different
from parent cell strain and homozypous for
all genes distal to the point of exchange
{4, 5). Alternatively, the progeny might be
like the parent cell (B) or merely show new
position of alleles (7).
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become homozygous for all genes of
the affected chromosome distal to the
point of exchange. Though retaining
a balanced and complete human ge-
nome, each daughter cell, and its
progeny, would lack certain alleles
present in all the other cells. If this is
actually the case in vivo in Bloom’s
syndrome, evidence for antigenic or
enzymatic mosaicism should be de-
monstrable, if an adequate search
were made.

The cytogenetic findings described
in reference to Bloom’s syndrome cells
in tissue culture do not necessarily
apply to cells proliferating in vive,
but if they do, this could account for
some of its clinical features. For ex.
ample, poor survival among daughter
cells receiving the more abnormal
chromosomal complements could re-
late to the severe growth retardation
characteristic of Bloom's syndrome.
Evidence that chromosomal instability
does occur in vivo was obtained when
we examined cells aspirated from the
bone marrow of a &1/ bl seven-year-old
boy and found increased numbers of
cells with dicentric chromosomes, tri-
radial configurations, and other com-
plex exchange figures. { The one other
marrow we have been able to examine
appeared normal. )

In the course of our cytogenetic
studies of Bloom's syndrome, similar
chromoesomal aberrations in dividing
Iymphocytes have been identified in
dividing lymphocytes from all those
examined, i.e., from most of the known
affected individuals, including three of
those who went on to develop cancer.
This probably means that the chromo-
somal instability has little to do with
the cancer itself, but does it not pro-
vide a predisposing background?

Faneoni's Anemia

The situation is, in some ways,
similar in Fanconi's anemia, another
rare genetic disorder, which combines
a functional defect in the bone marrow
with major anomalies of solid struc-
tures including the skeleton, heart,
and kidneys. Actually there are not
many clinical similarities between
Bloom's syndrome and Fanconi's ane-
mia. The latter may be associated with
growth retardation, but not to the
same degree. Brownish skin pigmen-
tation is prominent but more exten-
sive and of different distribution than

the café au lait spots often observed
in Bloom’s syndrome.

Since Fanconi’'s anemia has been
recognized far longer (since 1927),
more cases, probably around 200,
have been studied and described. As
in Bloom’s syndrome, an increased in-
cidence of parental consanguinity and
of affected sibs of both sexes points to
a recessive transmission. The genetics
has not been well studied, however.

The hematologic dysfunction asso-
ciated with Fanconi’s anemia is severe
and affects all elements of the bone
marrow. Pancytopenia and bone mar-
row hypoplasia usually become symp-
tomatic between the ages of 4 and 12
and tend to progress until the child's
death from hemorrhage or other mani-
festations of bone marrow failure. Re-
cently, hormone therapy and other in-
terventions have been used to amelio-
rate the hematologie disorder.

Although some detailed reviews of
Fanconi’s anemia, including one by
Fanconi himself, do not refer to an
increased incidence of leukemia, the
generally accepted view now is that
the risk is definitely increased. While
this view is based on relatively few
cases, considering the infrequency
both of leukemia and of the syndrome
itself, the number of affected persons
with leukemia appears sufficient to
indicate an association. An importamt
possibility that has long intrigued
clinicians observing this disease is that
cancer risk may also be increased in
relatives of affected individuals, pre-
sumably heterozygous for a Fanconi’s
anemia gene, and supporting evidence
was recently provided by Swift and
coworkers.

Given the severity of the hemato-
logic abnormality in Fanconi's anemia,
any predisposition to leukemia might
not be fully expressed because, at
least in the past, few patients have
survived for long after the appearance
of panmyelopathy. If a neoplastic cell
line iz to emerge and replenish the
marrow, obviously it would have to
do so before the patient succumbs to
hemorrhage or overwhelming infec-
tion. Will prolongation of life in Fan-
coni's anemia by hormonal therapy be
associated with increasing numbers of
leukemics?

Some cytogenetic comparisons bear
mentioning in reference to Fanconi's
anemia and Bleom's syndrome. The
increased chromosomal instability in
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Because of their characteristic facial appearance as well as the
presence of telangiectatic lesions, wnrelated individuals with
Bloom's syndrome bear a close physical resemblance to one an-

Fanconi’s anemia was first reported
some eight years ago by Schroeder,
on the basis of her studies of cultured
blood lymphocytes. We have observ-
ed this in skin fibroblast cultures as
well. On first inspection the chromo-
spmal abnormalities seem similar to
those in Bloom's syndrome; there cer-
ta'inl}r are mnny bnEu]ﬂi u!‘td rearrange-
ments. Recently, Schroeder and I
jointly evaluated the cytogenetic dis-
turbance in the two disorders and con-
cluded that the patterns of chromao-
somal disruption and rearrangement
aredifferent. Whereas chromatid inter-
changes and remrrangements, chiefly
the equal symmetrical Gir, predomi-
nate in Bloom’s syndrome, in Fan-
coni’s anemia a relatively higher pro-
portion of cultured cells show chroma-
tid gaps and breaks. When Qr's occur
in Fanconi’s anemia, nonhomologous
chromosomal regions are usually af-
fected; moreover, sites of lesions are
fairly randomly distributed through-
out the chromosomal complement.
Genes responsible for the two dis-
orders obviously have different effects
clinically, and a difference in the pat-
tern of chromosomal instability is not
unexpected.

Using bone marrow aspiration

studies to evaluate the degree of chro-
mosomal instability occurring in vivo,
Schroeder found an increase in mitotic
and nuclear aberrations during meta-
phase in a few patients as well as ana-
phase bridges, fragmented chromo-
somes, and micronuclei. Using serial
cytogenetic analysis of aspirated bone
marrow, she also detected and fol-
lowed the proliferation of a pseodo-
diploid clone, ie., a cell population
with 46 chromosomes but with some
chromosomal rearrangement. In ex-
amining skin fibroblast cultures de-
rived from a case of Fanconi's anemia,
Young detected two clonal subpopu-
lations, each with a mutant chromo-
somal complement, growing among
cells with normal complements. In
these patients there was no association
with leukemia. All that can be said at
present is that clones of cells contain-
ing a clearly aberrant chromosomal
complement but exhibiting no malig-
nant characteristics are associated
with a disorder carrying an increased
risk of cancer. Moreover, like the stem
lines of established cancers, these
clones evidently originate from a
single cell containing a stable chromo-
somal rearrangement,

In attempting to elucidate the rela-

other. A key feature shared is their small stature, resulting from
growth retardation beginning in utero and continuing throwghour
life. Maximum height almost never exceeds five feet,

tionship between Fanconi’s anemia
and leukemia, Todaro used simian
virus {sv) 40 to infect diploid fibro-
blastic cell lines either homozygous or
heterozygous for a Fanconi's anemia
gene. In such cell lines, as compared
with control cultures, monolayers of
cells planted on the surface of a cul-
ture dish showed a greater number of
localized areas undergoing rapid and
disarrayed proliferation. Whereas in
control cultures 1.6 to 5.1 areas of
“transformation”™ appeared for every
10,000 cells, the number increased to
20.1 to 28.2 per 10,000 among cells
carrying one gene for Fanconi’s ane-
mig; in cells containing two Fanconi's
anemia genes it increased to 41.4 to
79.7 per 10,000, Although these pro-
liferative responses termed “transfor-
mation” may not always be assumed
to represent malignant conversion,
what is of interest is that while the
changes cccur most readily in cells
from the affected homozygote, they are
also seen in cells of normal individu-
als. Response in the heterozygote is
intermediate between the two. Thus,
the difference is not in the kind of in-
teraction between the virus and the
cell but in the frequency with which
it occurs. -
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The Louis-Bar Syndrome

Now to the consideration of a third
disorder associated with chromosomal
instability and cancer and sharing cer-
tain additional features with the other
two. It is conveniently referred to as
the Louis-Bar syndrome, for the phy-
sician who wrote about it in 1941,
but is more often given the unwieldy
and only partially descriptive term,
ataxia-telangiectasia syndrome. Per-
haps 200 cases have been referred to
in the medical literature. Both its ge-
netic aspects — again, the mode of
transmission appears to be autosomal
recessive — and  its clinical features
have been adequately defined only
within the past few years.

Typically, individuals homozygous
for the gene responsible appear normal
at birth, but cerebellar ataxia becomes
evident within a few months, often
when the child begins to walk. Around
the same time, or later, telangiectases
appear in the bulbar conjunctivas.
Both the ataxia and telangiectasia
tend to be progressive. The latter af-
fects other regions including the face,
neck, antecubital fossas, hands, and
knees. Within a few years confine-
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Identification of this reciprocal translocation (1 = 13) in several cells of fibroblast line
from a patient homozypous for reroderma pigmeniosum gene indicates derivation of
mutant clone from single cell in which translocation had eceurred, The other cells in

ment to a wheelchair or bed is neces-
sitated by the neurologic deterioration
and general debility; during this pe-
riod mental faculties may wane as
well. At autopsy there is evidence of
deterioration and loss of cells of the
cerebellar cortex. There may be a
general stunting of growth, and, as
puberty approaches, evidence of ovar-
ian or testicular hypoplasia may be-
come apparent. Persons with the
Louis-Bar syndrome have an immu-
nopathy and are unusually subject to
infection, most often involving the
sinuses and lungs and tending to re-
sult in bronchiectasis. Pneumonia in
adolescence is a common cause of
death. Low values for both IgA and
IgE are reported, as is impairment in
delayed hypersensitivity and in the
rejection of skin homografts. Histo-
logic studies have revealed major ab-
normalities in the thymus and lymph
nides.

When cancer develops in associa-
tion with the Louis-Bar syndrome it
is likely to originate in lymphoid
reticular tissue. An accurate estimate
of its frequency is not possible on the
basis of available data, but there re-
mains no doubt that these patients are
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culture had a normal complement of chromosomes.

at a greatly increased risk.

An association of the Louis-Bar
syndrome and chromosomal instabil-
ity was first noted by Hecht and co-
workers in 1966, who cited “a high
frequency (20% to 30% ) of chromo-
some breakage in vitro.™ The chromo-
somal abnormalities characteristic of
the Louis-Bar syndrome have eluded
complete definition, largely for techni-
cal reasons, however. Adequate num-
bers of lymphocytes in metaphase are
difficult to obtain, in part because only
a small proportion of circulating lym-
phocytes will divide in culture in re-
sponse to phytohemagglutinin, The
presence of absolute lymphopenia in
these patients compounds the problem.
Nonetheless, evidence for pseudodip-
loid clones with rearranged chromo-
somes — similar to  those seen in
Bloom's syndrome and Fanconi’s ane-
mia — has been reported by at least
two investipators (Hecht et al and
Pfeiffer).

Xeroderma Pigmentosum

In the three genetic disorders con-
sidered thus far, chromosomal insta-
hility leading to chromosemal muta-
tions has been documented by direct
cytogenetic observation in individuals
homozygous for the responsible genes.
In Bleom’s syndrome and Fanconi's
anemia similar abnormalities have
been shown in heterozygotes as well.
In a fourth genetic disorder, xero-
derma pigmentosum, a tendency to
chromosomal instability has not been
shown directly. However, clones of
cells with pseudodiploid complements
have been observed growing among
normal skin fibroblasts in tissue cul-
ture, suggesting that at some earlier
time a tendency to chromosomal dis-
ruption and rearrangement may have
existed, perhaps when the cells were
exposed to ultraviolet light. The de-
tection of such mutant clones was
made in our laboratory using a fibro-
blast cell line derived from nen-neo-
plastic skin of a young man homozy-
gous for the abnormal gene. (Like
the other genetic disorders we have
been discussing, classical xeroderma
pigmentosum is transmitted as an
autosomal recessive trait, but recent
findings indicate the existence of gen-
etic heterogeneity.) Among some 200
cells examined, most appeared to have
a normal diploid chromosomal comple-



ment, as was true of the patient’s blood
lymphaocytes. No evidence of increased
chromosomal instability was found,
but eight of the cells examined showed
the presence of reciprocal transloca-
tion. These translocations were both
unusual and similar enough to permit
the conclusion that two pseudodiploid
subpapulations of cells, each with an
abnormal and unique chromosomal
complement, were proliferating in the
predominantly diploid culture. Since
then, five new fibroblast cell lines have
been derived from new biopsies from
apparently noncancerous skin of the
same patient; distinctly aberrant pseu-
dodiploid clones have been detected in
two of them.

In affected homozygotes, the major
clinical consequences of xeroderma
pigmentosum  all appear related to
ultraviolet light exposure. At birth the
skin seems normal, but severe changes
associated with sun exposure are usu-
ally evident by age three and are pro-
gressive thereafter. The cornea also is
susceptible to severe damage. Freckles
of varying size and color appear in ex-
posed areas of skin and are accom-
panied by telangiectasia, increasing
dryness and atrophy, and numerous
keratoses. Histopathologic study docu-
ments the presence of hyperkeratosis,
marked atrophy of the dermis with ir-
regular proliferation of some layers,
dilatation of vessels, and increased
pigment accumulation. Skin cancers,
sometimes of multiple types, usually
cause death before age 30. Frequently,
basal cell and squamous cell epithelio-
mas appear in such large numbers
that it is surprising the patients sur-
vive as long as they do. Both benign
and malignant tumors of ectodermal
and mesodermal origin also emerge
with increased frequency.

As noted above, a tendency to
chromosomal  disruption and  rear-
rangement is not characteristic of
xeroderma  pigmentosum  in cells
grown under ordinary laboratory con-
ditions. However, eertain biochemical
findings iu this disorder, to be sum-
marized now, suggest that more than
the normal number of rearrangements
would be expected if the cells should
receive 1 v damage. { The experiments
to demonstrate this conclusively re-
mrzin to be done: ) On exposure of cells
{ from normal persons as well as from
persons with xeroderma  pigmento-
sum) to uv light, dimerization of
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Sensitivity to UV light responsible for clinical consequences of xeroderma pigmentosum
appears to result fram failure in cellular repair mechanisms following light exposure. In
normal situation, UV EXpasure results in dimerization of d-d'fdccn:l' pyrimidinc residues
in cellular DNA, followed by action of & UV-specific endonuclease and an cxonucloase
to break DNA strand and excise dimer (1 and 2). Formation of new bases and closure
of strand are effected by a DNA pnlymcmsc and by Iig:m: {3 and 4). Functional form
of UV-specific endonuclease is lacking in xercderma pigmentosum,
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adjacent pyrimidine residues in cellu-
lar px A may occur. Normally these
lesions are reparable in the dark, with
four steps involved in the repair se-
guence: 1) breakage in a single
strand alongside the dimer by the
action of v v-specific endonuclease;
2) excision of the dimerized pyrimi-
dine by the action of exonuclease; 3)
filling the gap with new intact bases
by the action of a pN A polymerase;
4) closure of the opened strand by the
action of ligase. The assumption has
been that completion of one step is
required for the next to take place.
Cleaver postulated that uvv damage
associated with xeroderma pigmento-
sum resulted because the normal se-
guence of these steps was interrupted;
in eells derived from patients with
xeroderma pigmentosum he found a
fallure 1n repair replication, from
which it was possible to conclude that
step 3 was not being taken. But, was
the b A polymerase defective, or had
an earlier step not been taken?

In studies with Setlow and Regan,
skin fibroblasts derived from our pa-
tient referred to above were examined
in reference to step 2 — exeision of the
dimerized pyrimidine. Essentially no
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dimers were excised after v v irradia-
tion; in comparable experiments with
normal skin cells, most of the dimers
were removed within 24 hours of ir-
radiation. Xeroderma pigmentosum
cells were then examined in reference
to step 1 and found deficient, presum-
ably because they lack a functional
form of wvv-specific endonuclease.
Taken together, the biochemical and
clinical observations in reference to
xeroderma pigmentosum suggest that
accumulation of dimers in cellular
DN A, resulting from the enzyme de-
fect, may be largely responsible for
the extreme U v sensitivity. Are the
multiple skin cancers regularly seen
in patients with this disorder perhaps
explainable on this basis, i.e., are they
due directly or indirectly to the accu-
mulation of unexcised nx~ A lesions?

One of the unknowns is whether
the tendency to dimer accumulation in
the b~ A chain predisposes to chromo-
somal rearrangements, That vv ir-
radiation of mammalian cells will
break chromosomes has long been
known. Now we know that it dam-
ages X A by dimerization of pyrimi-
dine. It seems reasonable therefore
to suspect that the dimers and the visi-
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The presence of marker chromosomes in human cancers 5 exemplified (M) in casc of
seminoma of the testis studied by Atkin and Baker. Markers tend to be unique to a givén
patient’s cancer, despite similar clinical expression and pathology. However, chronic
myelogenous leukemia is associated with the same marker in almost all cases.
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ble breaks are related to one another
in some way, Persistent (unrepaired)
aberrant bonding of bases in a DN A
strand would appear to be a reason-
able starting point for an abnormality
related to faulty chromosome duplica-
tien during the next S-pericd of the
cell cycle; without better understand-
ing of the molecular events accom-
panying alteration of chromosome
structure, further details of the pro-
duction of chromatid aberrations are
difficult to describe. What can be said
is that observations thus far are con-
sistent with the interpretation that un-
excised U v-induced pyrimidine di-
mers may result in increased numbers
of chromosomal rearrangements, and
that some of these rearrangements are
stable and result in a nonlethal altera-
tion in the genome so that they can
be retained as marker chromosomes
in the complement of a cell that be-
comes the progenitor of a mutant
clone. This should happen more often
in xeroderma pigmentosum than in
normal cells; it would explain the ease
with which we detected pseudodiploid
clones in our cell lines.

The critical question then becomes
whether a cell with such a chromeo-
somal rearrangement could become
the progenitor of a cancer stem line.
It is a question that must be asked
in reference to all four of the genetic
disorders discussed, for although in
each disorder a different biochemical
mechanism predisposes to cancer, it
may also be true that as a group these
genes predispose to development of
chromosomal mutations and that this
is the important feature they have in
common. All may thus increase the
likelihood of a specific mutation that
in itself may constitute conversion to
cancer or serve as an integral part of
the conversion process.

Environmental Factors

Having said this much about these
genetic disorders in which chromo-
somal anomalies are accompanied by
increased cancer risk, it becomes easy
to perceive the parallel they offer to
environmental situations in which an
association has been firmly established
between mutation and oncogenesis.

The feature in common? Increased
chromosomal instability, displayed by
cells taken from many persons be-
longing to groups with a high risk of



cancer by virtue of their exposure to
such environmental Factors as certain
chemicals (e.g., benzene) or ioniz-
ing radiation. Undoubtedly the best
known example is provided by the
Japanese survivors of the atomic blasis
in 1945, in whom mortality from leu-
kemia is significantly higher than ex-
pected statistically (see Adelstein,
Haos I-']'I'AI.PR.-‘.(!'FFC]-Z,J:L|1[J;1_r}' 1973).
Among this population, chromosomal
disruption and rearrangement have
been observed to oceur with increased
frequency by two independent investi-
gating teams (A. D, Bloom et al and
Ishihara and Kumatori). Conducting
cytogenetic studies among survivors
of atomic irradiation in Japan and
near Bikini, they found evidence for
the presence of pseudodiploid clones
of blood lymphocytes proliferating
among normal diploid cells in some
of these individuals. On the basis of
the unigqueness of the marker chromo-
somes in such clones, it was concluded
that in each case the affected cells
were descendants of a single cell in
which a rearrangement had taken
place.

Among individuals exposed to in-
tensive ionizing radiation for either
diagnostic or therapeutic purposes, a
similar pattern has prevailed. For ex-
ample, an increased incidence of leu-
kemia has been recorded among ar-
thritic patients who at one time in
their treatment received x-irradiation
of the spine. A marked increase in
chromosomal  abnormalities — chro-
matil gaps, breaks, rearrangements,
new  abnormal chromosomes, and
clones of circulating lymphocytes with
a stable chromosomal rearrangement
—was recorded among nonleukemic
patients once irradiated for this pur-
pose. Children who during infancy re-
ceived x-ray therapy to shrink the
thymus have also been shown to have
an increased incidence of leukemia.
Older radiologists appear to have had
a shorter life span, as compared with
other medical specialty groups, with
a higher incidence of leukemia and
cancer at least partly responsible.

From such findings the significance
of the chromosomal instability and the
ensuing new and stable chromosomes
remains unclear, because, as indicated,
they may be present without cancer.
At the same time there must be some
explanation for the fact that the same
populations show chromosomal abnor-

ONCOGENIC IMPLICATIONS OF CHROMOSOMAL INSTABILITY
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Environmental situations predisposing to cancer are assoctated with chromosomal aber-
ration, apparent here in four lymphocytes from Hiroshima A-bomb surciver studied by
A, D. Bloom et al. Presence of same structural inversion in all suggests that cells are mem-
bers of a mutant clone descended from a single cell containing a stable rearrangement.

malities and an inereased expectancy
of cancer. The well-known fact that
many viruses, including many asso-
ciated with cancer, are capable of dis-
rupti,ng chromosomes also bears men-
tioning here.

As already noted, part of the dilem-
ma in relating chromosomal abmor-
malities to cancer — in all these situa-
tions —is lack of knowledge as to
whether a mutation present in the es-
tablished cancer’s cells was present at
the time conversion occurred in the
original cancer cell. If it was, theoret-
ically the cell undergoing conversion
by virtue of the mutation could be the
progenitor of all cells of the cancer,
all of which in turn would contain the
mutated chromosome. One possibility
is that the original cell could have
been part of a nonmalignant clone
bearing a rearrangement, one predis-
posed to conversion because of the
chromosomal abnormality. Another is
that thc 1,‘::1! tm'lw.:rting to Cancer
might have had a normal chromosome

eomplement but that mutation bestow-
ing a proliferative advantage occurred
in one of its descendants because of
the increased karyotypic instability
known to characterize established can-
cers. The chromosomal mutation would
then represent a step in the evolution
of the cancer but not have a part in
the initial conversion. The latter pos-
sibility may seem less plausible since
it requires changes to occur in two
steps; on the other hand, the possibil-
ity of multiple steps in cancerogenesis,
at least one of them being mutation,
appears to be a tenable hypothesis to
some investigators (for example,
Knudson and coworkers ). C. E, Ford,
Grouchy, Ohno, and others have ad-
vanced as possible explanations for
the emergence and changing clinical
features of cancer an evolution of the
cancer’s karyotype through repeated
structural and numerical changes.
Regardless of how chromosomal ab-
normalities and cancer prove to be re-
lated, the genetic disorders under dis-
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cussion warrant consideration from
another viewpoint: Although the rar-
ity of the disorders has been empha-
sized, the genes responsible are really
not that rare when they are lumped
together and viewed as a group
that, admittedly in divergent ways,
shares the ability to result in chromo-
somal instability. Suppose the fre-
quency in the population of each dis-
order were in the range of 1:1 mil-
lion, which is surely an underestima-
tion. Even so, from what is known of
their mode of inheritance the fre-
quency of heterozygous carriers of
each gene would come to 1:500,
bringing the carrier rate for one of
the four to 1:125. If there are sey-
eral more genes with a similar effect
on chromosomal stability, the carrier
frequency and the incidence of can-
cer in the population may well ap-
proximate each other. There is every
reason to assume that there are other
genes predisposing to chromosomal
rearrangement, although identifying
them might prove difficult since their
expression may require special condi-
tions, as suggested by the findings in
xeroderma pigmentosum. To borrow
a term from the microbial geneticist,
such genes may be “conditional mu-
tants.”

Further studies must be oriented to-
ward heterozygotes as well as homo-
zygotes in reference to diserders as-
sociated with chromesomal instabil-
ity. Our cytogenetic ohservations in
heterozygotes for the gene for Bloom's
syndrome (b!/4) indicate this, as
do Todaro's indings in 5 v-40-infected
cultures of cells heterozygous for the
Fanconi's anemia gene. Also, accord-
ing to Cleaver, some heterozygotes for
the xeroderma pigmentosum gene
manifest diminished endonuclease ae-
tivity. Further studies of the heterozy-
gotes are also required to determine
whether they as well as homozygotes
are at inereased risk of cancer.

In considering these and other find-
ings it should be borne in mind that
as a rule neither human nor other ani-
mal cancer is associated with single
gene inlu:ril:uu;i:; r::tt]'mi‘, the gcl'l&l'ﬂl-
ity of cancers appears dependent on

the genetic makeup at multiple loci
and on an interaction of the tissues
with environmental factors; i.e., on
polygenic inheritance. If this inter-
pretation is valid, the predisposition to
cancer may be likened to that for cleft
palate and many common congenital
anomalies: it may be a “quasi-continu-
ous” trait that is or is not expressed
clinically depending on whether the
combination of genetic and environ-
mental factors exceeds a critical thresh-
old. Given homozygosity for an over-
riding single gene, as in Bloom’s syn-
drome or Fanconi's anemia, cancer
may develop regardless of the “dose”
of cancer-related environmental fac-
tors. On the other hand, an x-ray tech-
nician exposed to irradiation may be
at increased risk even though he might
have a relatively weak genetic pre-
disposition. Viewed this way, the in-
dividually rare genes we have been
discussing could well have a place in
the polygenic, multifactorial system
determining cancer in man. If so, their
effect presumably would be to predis-
pose to chromosomal mutation; at
least at present, that is the only fea-
ture we know they share.

In summing up, I should like to
reemphasize the diversity — and dispar-
ity — of the chromosomal changes seen
in cancer. Chromosomal instability ap-
pears characteristic of cellular systems
from which cancer is likely to emerge;
but only sometimes does a clinical can-
cer actually develop. That this un-
usual tendency to chromosomal dis-
ruption and rearrangement is to be
found in populations both environ-
mentally and genetically predisposed
to cancer suggests strongly that it
forms a background from which can-
cer will emerge with increased fre-
guency. In many human cancers there
is a stem line with an abnormal chro-
mosomal complement; in others, there
is no evidence of such a stem line or
of any chromosomal aberration. These
markers appear to differ from one pa-
tient to another (except in the case of
chronic myelogenous leukemia) al-
though both patients may have the
same type of cancer. The great fre-

quency with which marker chromo-
somes are found suggests they are im-
portant; in contrast, their regular ab-
sence from some types brings up the
possibility that two classes of cancer
exist, in only one of which is chromo-
somal mutation of significance. In es-
tablished cancers there may be a var-
ied assortment of numerical and struc-
tural abnormalities in different cells,
and at the same time there very often
can be demonstrated one or more
unique marker chromosomes present
from cell to cell. A tendency to abnor-
mal mitosis has long been recognized
as characteristic of cancer by patholo-
gists. It doubtless explains the vary-
ing number of chromosomes per cell
in a population of cancer cells. [ sug-
gest that this process is a different one
from the tendency to chromosomal dis-
ruption and rearrangement spoken of
above, and also from the transmission
of the marker chromosomes that char-
acterizes cancerous stem lines, but
that the chromosomes are involved in
all three may explain the degree of
confusion extant in our understanding
of the role of chromosomal changes in
cancer.

It would appear to me to be a mis-
take to discount an essential role for
chromosomal abnormality just be-
cause the cytogenetic findings are
complex and sometimes confusing.
One could imagine a parallel confu-
sion in reference to mongolism at.a
time before its chromosomal basis
(trisomy 21) was recognized. What
if such a patient had developed leu-
kemia, as mongols frequently do, and
been treated by x-irradiation? A cyto-
geneticist studying the case would
have identified not only an extra chro-
mosome in all cells (the trisomy ) but
probably a different aneuploid sub-
population in cells of the bone marrow
and blood (the leukemic cells). He
might also have found evidence of
chromosomal disruption and rearran-
gement in lymphocytes in culture
(from the radiation). If intent on a
single explanation for the findings, he
would have had difficulty in finding
one. If he had offered one, would it
have been correct?
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Inherited Hemoglobinopathies

C. LOCKARD CONLEY and SAMUEL CHARACHE

Johns Hopking University

In examining the large area of genetic disease, the hemo-
globinopathies are a logical place to start. They present
significant public health problems in some areas of the
world, and from the standpoint of pathophysiology they
are of unique importance. In most of these disorders, not
only can we identify the specific abnormality of hemo-
globin synthesis or of the hemoglobin molecule itself, but
we can inferentially pinpoint the precise “lesion” in the
genetic mechanism which produces it. In a number of
instances abnormal molecular structure can be directly
related to abnormal function and in turn to the production
of clinical symptoms. This clarity of understanding dem-
onstrates that such genetic concepts as “dominant” and
“recessive”™ are descriptive abstractions that must be inter-
preted in the light of quantitative measurements of the
biochemical processes involved in inherited traits.

Genetics, as the biochemist sees it, is largely concerned
with the synthesis of proteins, whether these be the quan-
titatively important body constituents such as hemo-
globin, the equally vital regulatory proteins — enzymes and
hormones —or others including immunoglobuling and bind-
ing proteins such as transferrin. Genetically determined
differences among individuals are thought to stem from
differences in the structure of specific proteins or in the
rates at which they are produced.

The hemoglobin of the normal adult (Hb A) contains
four amine acid chains — two “alpha” chains, each with
141 amino acid residues, and two “beta™ chains, each with
146 residues; descriptively it is identified as @, 8.. ("The
red cells of normal adults also contain a minor component,
Hb A, consisting of alpha and delta chains, whereas the
hemoglobin of the fetus and newborn is predominantly
Hb F, consisting of alpha and gamma chains.) The com-
plete primary structure of each of the polypeptide chains
has been established.

The properties of any protein are determined by the
number, identity, and sequences of its amino acid residues.
The information which specifies these features is encoded

in the helical molecules of b~ A (deoxyribonucleic acid )
lodged within the chromosomes. This coded information,
transferred to the eytoplasm by molecules of “messenger”
RN A (ribonucleic acid), supplies a template upon which
amino acids are assembled on the ribosomes, a process
similar to the snapping together of a string of poppit beads.

In the past decade, biochemists have worked out
the details of the code itself. Each amino acid is specified
by a “codon” —a sequence of three of the nucleotides
{adenine, guanine, cytosine, and uracil) of messenger
RN A. Thus the codon v U U (a sequence of three uracils )
specifies the amino acid phenylalanine. The code is said
to be “degenerate” because certain amino acids are speci-
fied by more than one codon. Mevertheless, in most cases
a change in a single nucleotide within a codon will specify
a different amino acid. Thus the abnormality of sickle
hemoglobin can be accounted for by a change in a single
purine base in the codon which specifies the sixth amino
acid of the beta chain (cAA — cua, glutamic acid —
valine ). Such a change constitutes the simplest — and pre-
sumably therefore the most probable — type of genetic
mutation and accounts for most of the inherited abnor-
malities of hemoglobin. Rarely, two amino acid substitu-
tions occur in a single polypeptide chain, as in Hb Cyy, e
presumably two independent mutations occurred within
the same gene (a gene is that portion of a strand of DN a
that determines the structure of a single polypeptide.)

In a few abnormal hemoglobins (e.g., Hb Freiburg and
Hb Gun Hill) amino acid residues are actually missing from
a polypeptide chain. This type of abnormality can be ac-
counted for by loss of a segment of py A (“deletion” of
part of the gene), presumably as a result of nonhomologous
crossing-over of chromosomes. A hemoglobinopathy of no
clinical importance but of great theoretical interest is
“hereditary persistence of fetal hemoglobin,” an anomaly
that can be explained by deletion of two closely linked
genes (those for the beta and delta chains ). Persons homo-
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molecule, of course, includes two alpha and fwo beta chains, or a
total of 574 amino acid units.) Indicated at their appropriaie
positions are the substitutions or deletions responsible for the ab-

Sequences of the 141 amino acid residues in the alpha and the
146 in the beta chains of normal human hemoglobin (HEB A) are
shown schematically on these pages. (The normal hemoglobin

zygous for this condition synthesize
neither of the two normal hemoglobins
of the adult, and their hemoglobin is
exclusively fetal in type. The hemo-
globins Lepore, Miyvada, and Py,
are fascinating because they contain
portions of both the normal delta and
beta chains; their production can be
explained by loss of pxa from seg-
ments of adjacent genes, with forma-
tion of a “fusion” gene.

a4

The thalassemias are disorders of
hemoglobin synthesis in which one or
the other polypeptide chain of hemo-
globin is produced at a retarded rate.
Those chains which are produced have
a normal structure. The cause of the
abnormality -has not been identified
with certainty but is associated with
insufficient messenger RN A.

The clinical manifestations of the
hemoglobinopathies are determined

by both the quantities and properties
of the molecules produced. The prop-
erties in turn are related to the struc-
ture of the polypeptide chains. To
each of the four globin chains is at-
tached a “heme” group, a porphyrin
ring structure containing an atom of
iron. In one view, the major function
of the globin chains and the heme
rings is to adjust the environment of
these four iron atoms so precisely that
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normal hemoglobing naemed. Many other abnormal hemoglobing
have been identified, most of which do not affect the functioning
of the hemoglobin molecule, This rendering emphasizes (but is

not necessarily a complete listing of) those in which the mutations
produce clinical symptoms. A table of syndromes associated with
such hemoglobin abnormalities appears on page 58.

they can reversibly combine with oxy-
gen under normal physiclogic condi-
tions. In addition, the particular fash-
won in which the globin chains and
their heme rings are bonded together
lends unusual stability to the mole-
cule. Oxygenated hemoglobin has one
stereochemical conformation called
*R,” or “relaxed.” Deoxyhemoglobin
has another called “T.” or “tense,” be-
cause of extra intramolecular bonds

which form and bind the alpha chains
together more tightly than in the “R”
state. The “T™ conformation is further
stabilized by 2.3 diphosphoglycerate,
an organic ion present in high concen-
tration within red cells, which can
bind together the beta chains of de-
oxyhemoglobin,

If these precise stereochemical re-
lationships are disturbed, abnormal
oxygen binding and decreased stability

may result. Three examples may be
cited: a) In the variety of thalas-
semia in which insufficient alpha
chains are produced, a relative excess
of beta chains accumulates and the
chains combine to form Hb H (3,).
Altheugh the beta chains are individ-
ually normal, the structure of the
molecule 15 deranged. Hb H has an ab-
normally high affinity for oxygen,
which cannot be released to the tis-
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1)

Tactoids shown at left are composed of deoxygenated Hb 5 in a stroma-free preparation;
resemblance to sickled red cells (same enlargement, dght) confirms it is the hemoglobin,
not the cell, that causes the deformation of the erythrocytes in sickle cell anemia. These
illustrations are from a study by Dr. John W. Harris,

sues. The hemoglobin is not only
physiologically useless but is very un-
stable, tending to precipitate within
the red cells and cause their premature
destruction. b) In hemoglobins IRai-
nier and Bethesda, bonds which nor-
mally stabilize the “T™ conformation
of deoxyhemoglobin can no longer be
formed. As a result, the *R™ conforma-

tion becomes a more favored state: at
any given oxygen pressure Hb Rainier
will be more oxygenated than Hb A.
These same bonds are in part respon-
sible for the pH dependence of oxygen
affinity, and as a result Hb Rainier
and Hb Bethesda exhibit a diminished
Bohr effect. ¢) Binding of 2,3 di.
phosphoglycerate  to  deoxygenated

Blood from Hb 8 homozygote has sickled forms amid normal (left); when same blood was

treated with reducing agent, deoxygenation caused all the enythrocyles to sickle (right).
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gamma chains of Hb F is less avid
than to the beta chains of normal
Hb A. The “R™ (relaxed) conforma-
tion of fetal hemoglobin is favored,
since the intramolecular bonds which
bind the “T™ conformation together
are weaker. Because fetal blood has
a greater oxygen affinity, persons
homozygous for “hereditary persist-
ence of fetal hemoglobin,” whose
blood contains only the fetal form,
obviously will manifest enhanced
blood-oxygen affinity. Release of oxy-
gen to the tissues is decreased, and
polycythemia ensues, in such indi-
viduals and in carriers of Hb Rainier
and Bethesda, as a sequel to the com-
pensatory increase in erythropoietin
production.

Such striking abnormalities, how-
ever, make up only a small proportion
of the hemoglobinopathies. At first
glance, one might suppose that a
change in any one of the 574 amino
acid residues of the hemoglobin mole-
cule would render it incapable of func-
tioning normally. Actually, substitu-
tions on the external surface have little
effect on molecular function, presum-
ably because the altered side chains
protrude outwards, rather than to-
ward the interior of the molecule
where the heme rings are buried.
Many amino acids are similar in size
and charge, and these can be substi-
tuted one for the other even within the
interior without disastrous conse-
quences resulting.

That certain amino acids are essen-
tial for normal molecular function is
suggested by comparing the hemo-
globins of different species of animals:
seven residues are “invariant™ in all
species examined, indicating that
these may be of critical importance.
Hence it is noteworthy that significant
clinical abnormalities have resulted
when nlu:tﬂﬁ{)n nc{:urn‘:d at some uf
these sites, as in the Hb M syndromes.

Four of the hemoglobins M are pro-
duced throngh substitutions at the in-
variant histidine residues on either
side of the iron atom in the heme ring.
Ordinarily this atom is in the reduced
or ferrous state, which permits revers-
ible binding of oxygen. The presence
of oxygen tends to change the iron to
the ferric form, producing methemo-
globin, a compound that cannot com-
bine reversibly with oxygen. But the
erythrocytes contain enzymes design-
ed precisely to reverse that process, so



that nearly all hemoglobin iron is nor-
mally in the ferrous state. In the hemo-
globins M, substitution of tyrosine for
histidine renders ferric iron so stable
that those enzymes cannot reduce it.
Methemoglobinemia in heterozygotes
does not seriously compromise oxygen
carrying capacity of the blood, but it
does produce striking cyanosis. The
homozygous condition has not been
encountered and presumably would
be incompatible with life.

In another hemoglobinopathy, met-
hemoglobinemia is conditional rather
than absolute. Hb Liirich involves re-
placement of one of the invariant his-
tidine residues by arginine rather than
tyrosine. Under normal conditions,
heterozygotes show no unusual symp-
toms, aside from a slightly shortened
life-span of the erythrocytes. When
such patients are given sulfonamides
or other oxidant drugs, methemoglo-
binemia develops; moreover, the hem-
oglobin denatures and precipitates,
which produces fulminant hemolytic
anemia.

Hemoglobins Chesapeake and
Malmi have increased affinity for oxy-
gen. Their discovery led to the recog-
nilium uf ant:the:.r crllﬁi;,'l] area of the
molecule, the interface between the
alpha and beta chains. Substitution
here may lead to increased :Lmjlit}‘ for
oxygen, but the stereochemical mecha-
nism of this effect is still unclear.
Carriers of both hemoglobins are poly-
evthemic. Since hemoglobin Malmi
is very difficult to detect by electro-
phoresis, it becomes clear that meas-
urement of oxygen affinity is a neces-
sary part of the investigation of all
patients with unexplained polycy-
themia.

Study of patients heterozygous for
Hb Kiln and certain other abnormal
hemoglobins led to recognition of the
entire “heme pocket” as another criti-
cal region of the globin chain. Substi-
tutions of amino acids lining this crev-
ice by others that are too large, or
which alter the distribution of electric
charges, or which permit formation of
abnormal cross links within the mole-
cule, decrease its stability. Precipita-
tion of hemoglobin within the red cell
is associated with hemolytic anemia.

In general, mutations on the surface
of the molecule are by all odds the
least serious. Of the more than 60
that are known, only a rare one is
ordinarily harmful in the heterozygous
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When deozygenated, molecules of Hb S stack together to form rod-like structures
(fibers) that tend to cluster together in parallel arrays. This molecular aggregation is
respomsible for sickling. Whether the fibers form in cell-free solution (as shown in this
electron micrograph at 46,000-fold magnification - the bar is one micron long) or in
sickle cells themselves, the morphologic appearance is the same. Each fiber is approzi-
mately 170 A in diameter and interfiber distances are constant. {Courfesy John F.
Bertles and Johanne Dibler, Columbia Universiiy)

state and only three are known to be
harmful to homozygotes. Oddly
enough, it is one of these, Hb S, that
is both the most common and in some
respects the best understood of all
hemeoglobinopathies. Rather than pro-
ducing an intramolecular dysfunction,
abnormal reactions befween molecules
of Hb 5 in the red cells of homozy-
gotes result in a distinct disease —
sickle cell anemia,

This disease was discovered by the
late J. B. Herrick, who in 1904 made

an office examination of a Negro stu-
dent recently arrived from the West
Indies. Under the microscope, the
young man’s blood showed a number
of peculiar crescent-shaped erythro-
cytes. Herrick kept his patient under
observation for the next six years, by
which time the man had displayed
many of the manifestations we now
recognize as typical of the disease. He
presented his findings at the 1910
meeting of the Association of Ameri-
can Physicians, but his paper stimu-
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Clinical Manifestations Associated with Some Abnormal Hemoglobins

Digoreler Absnormal Hb Structural Change Conments
HEMOLYTIC ANEMIA H alpha, beta, — beta, Unstable hemoglobin eccurring in some forms of
alpha-thalassemia; precipitation of hemoglobin and
hemolysis are accelerated by certain drugs
5 beta 6 glu— val Forms molecular aggregates when deoxygenated,
producing sickle cell anemia in homozygotes
C beta 6 glu—=lys Low solubility lessens plasticity of red cells, caus-
ing hemolytic anemia in homozygotes
E beta 26 glu—=lys Mechanisms unknovwn
D Punjab beta 121 glu— gln
Zitrich beta 63 his— arg Unstable hemoglobin precipitated by certain drugs,
producing hemolytic anemia in heterozygrotes
Toring alpha 43  phe—= val
Bibba alpha 136 leu— pro
Savannah beta 24 gly— val
Genova beta 28 len— pro
Hammersmith beta 42 phe—»ser
B”*:f':'] beta 67 val = asp Unstable hemoglobin causes congenital nonsphero-
Christchurch beta 71 phe—+ser cytic hemolytic anemia in heterozygotes; precipi-
Shepherds Bush beta 74  gly— asp tated hemoglobin tends to form inclusion bodies
Borls beta 88 len— arg within red cells, under certain conditions
Santa Ana beta 88 leu— pro
Sabine beta 91 len— pro
Kiiln beta 98 val—+met
Casper betn 106  len— pro
Wien beta 1300 tyr= asp
cyanNosis due to M Hoston alpha 58 his—tyr
methemoglobinemia T alpha 87  his—tyr
M saskatoon beta 63 his — tyr Methemoglobin causes eyanosis in heterozygotes;
Milwaukes beta 67  val— gln some nlso have evidence of hemolytic anemin
T Hyde Park beta 92 his — tyr
Freiburg beta 23 val deleted
cyaxoss due Kansas beta 102  asn—thr Decreased oxygen affinity of hemoglobin causes
increased cyanosis in heterozygotes
deoxyhemoglobin
POLYCYTHEMIA J Capetown HIFIh:II. a2 arg = g]u
Chesapenke alpha 92 arg— len
Olympia beta 20 val— met
Malmi beta 97 his—gln Increased oxygen affinity of hemoglobin hinders
Eempsey beta 90 asp— asn release of oxypen to tissues, cansing compensatory
Yakinia beta 99 asp — his polycythemia in heterozygotes
Hiroshima beta 143 his—asp
Rainier betn 145  tyr=+cys
Bethesda beta 145  tyr—his
ANEMIA due to Seattle beta 76 ala—glu Decrensed oxygen affinity of hemoglobin enhances
suppressed Yuoshizuka Beta 108  asn— asp release of oxygen to tissues and inhibits production
erythropoiesis of erythropeietin
HYDROFPS FETALIS Barts alpha., gamma., — Unstable hemoglobin with high oxygen affmity oc-

gamma

curring in high concentration in stillborn fetuses
with homozygous alpha-thalassemia



lated no discussion, A few years later,
a 5t. Louis anatomist found that sick-
ling could be induced by placing a
patient’s blood sample under a sealed
cover slip. This procedure became the
standard test for the sickling phenom-
enon, but for 10 years nobody specu-
lated on why it occurred under these
conditions.

In 1927, Hahn and Gillespie, two
Indianapolis physicians, observed a
child with sickle cell anemia, the first
case in which splenectomy was re-
ported. Stimulated by this case, they
conducted, with homemade equip-
ment, an extraordinarily sophisticated
study that showed sickling was caused
by reduction in exygen tension and
pH in the blood. Moreover, it was the
hemoglobin that was responsible; ery-
throcyte “ghosts,” from which the
hemoglobin had been extracted, would
not sickle.

Since sickling depends on low oxy-
gen tension, it occurs predominantly
on the venous side of the circulation,
throughout the body but especially in
the spleen, where the slow movement
of low-oxygen blood gives sickling
time to develop. The result can be a
vicious cycle: the relatively rigid
sickle eells block some capillary chan-
nels, which further slows the flow of
blood, which permits further reduc-
tion of the oxygen tension, which pro-
duces more sickle cells, and so on. The
rigid and deformed erythrocytes are
rapidly removed from the circulation,
giving rise to chronic hemolytic ane-
mia. Even more important, sickled
erythrocytes block small blood vessels,
producing infarcts in various organs
and giving rise to painful “crises,” de-
structive lesions, and premature death.

Epidemiological studies revealed
why the trait is so common among
Megroes, It was found to be peculiarly
prevalent in the moist areas of west
and central Africa— precisely the areas
that were the center of the American
slave trade. Specifically, the incidence
of the trait (as high as 50% in some
communities) showed a high correla-
tion with the presence of the malig-
nant falciparum form of malaria. It
has since become apparent that hetero-
zygous sickle cell trait is a positive
advantage in these regions, because it
partially protects the erythrocytes
against invasion by the falciparum or-
ganisrm How this occurs is unknown.

ickle cell trait does not reduce the
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Q, affinity of normal hemoglobin is compared with that of HE Chesapeake, in which it
iz increased — hindering release to tissues and stimulating erythropoiesis — and with
that of Hb Kansas, in which O, affinity is decreased, causing eyanosis in heterozygotes.

incidence nor the severity of malaria
in adults, but it evidently gives some
protection to infants, improving their
chances of surviving their first attack
of falciparum malaria — and thereby
developing antibodies that can par-
tially protect them against further in-
fections with the endemic disease. The
protective effect of sickle cell trait ex-
plains the persistence of an otherwise
disadvantageous mutation that in
malaria-free regions would have been
eliminated quite rapidly by natural
selection. It also explains how Negro
communities survived and thrived in
an environment European colonizers
described, with some justice, as “the
white man's graveyard.”

Long considered a “racial charac-
teristic” of Negroes, sickle cell trait
has also turned up among some Medi-
terranean peoples — though its inci-

dence is considerably less. It seems
to be particularly prevalent in areas
such as Greece, Sicily, and Turkey,
where malaria is or was endemic; al-
ternatively, however, it may simply
reflect a gradual drift of genes north-
ward from tropical Africa. It even
turns up occasionally in people of Eng-
lish stock, presumably as a result of
intercourse between the Mediterra-
nean world and northern Europe.
Elucidation of the molecular basis
of sickle cell disease began in 1945
with a Pullman-car conversation be-
tween the great clinical investigator
William B. Castle and the distin-
guished chemist Linus Pauling, in the
course of which Castle remarked on
the evidence for some sort of molecu-
lar alignment or orientation in sickled
erythrocytes. Subsequently, Pauling
and his associates, using the then rela-
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tively new technique of electrophore-
sis, were able to show that sickle cell
hemoglobin was in fact abnormal.
Subsequent studies managed to iden-
tify the abnormality as due to a spe-
cific substitution at a particular point
on the beta chain.

Other investigators, meanwhile,
found how the abnormal hemoglobin
(Hb S) produces abnormal cells.
When deoxygenated, Hb S is insolu-
able, and in the high concentration in
which it occurs in red cells forms
boat-shaped liquid crystals. These
“tactoids,” which can be seen with the
light microscope, deform the red cell
and produce the rigid sickle-shaped
erythrocyte. We can now put together
a picture of how the abnormal mole-
cules behave. The substitution of va-
line on the surface of the molecule
provides two reactive sites, one for
each beta chain; when the molecule is
deoxygenated these sites react with
complementary sites on adjacent mole-
cules producing linear strands. Sec-
ondary reactions bind these fibers to-
gether to form twisted cables. These
linear arrangements, which are in a
sense  polymerized hemoglobin, can
actually be seen when sickle cells are
examined under the electron micro-
scope. The alignment of the molecules
can also be shown when sickle cells
are subjected to a strong magnetic
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In the family whose pedigree is shown at left, despite their
homozygosity for HE 8 the propositus and his nicce, both of
whom had the Memphis trait, had only a mild form of sickle cell
anemia, suggesting that Hb Mmph:r'.: may be protective. Mem-
bers heterozygous for Memphis-8 were clinically identical with
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field: the ordered alignment of the
iron atoms causes the cells to line up
with reference to the magnetic lines
of force, rather like iron filings.

The concentration factor explains
why sickle cell disease is inherited as
a “recessive™ heterozygotes do mot
have enough Hb 5 to aggregate under
normal conditions. With closer exam-
ination, however, one finds that “dom-
inant” and “recessive” really depend
on how one looks at things. From the
molecular standpoint, sickle cell trait
is a “co-dominant,” since heterozy-
gotes produce both Hb § and Hb A
{the proportion of Hb S is somewhat
less than half, because — for unknown
reasons — it is synthesized at a slightly
slower rate ). From the cellular stand-
point, sickle trait is a *dominant,”
since all of the red cells of the hetero-
zygote will sickle when anoxic condi-
tions are present.

And from the pathologic stand-
point, the trait is essentially “reces-
sive,” since sickle cell disease ordinar-
ily occurs only in homozygotes. But
under rare circumstances even the
red cells of sickle trait heterozygotes
undergo intravascular sickling and
produce clinical manifestations. For
instance, a number of Negro soldiers,
while being airlifted over the Rocky
Mountains, developed acute abdom-
inal pain which was traced to infarc-

e
- 0 o

)ﬂ'r z 3 4

;

m Hb Zunch Heterorygote [l] Studied - Marmal

A-§ heterozygotes. C trait appearcd in third generation, frans-
mitted (it must be assumed) by unstudied father. Hb Ziirich pre-
disposes to hemoglobin instability in presence of certain drugs.
In family shown, IH-1 had acute hemolytic anemia during sul-
fonamide therapy, 11-2 during urinary tract infection. I-2 was

tion of the spleen. The precipitating
cause was mild anoxia (the planes
were not pressurized ) which, though
harmless to normal individuals, was
sufficient to induce sickling in these
heterozygotes, though they had pre-
viously shown no symptoms of the
disease.

Untoward effectshave been observed
in heterozygotes suffering from cya-
notic heart disease (eliminated when
the defect was surgically corrected},
in acute alcoholism or narcotic over-
dose, and under anesthesia, where
they presumably result from decreased
ventilation and acidosis. Since sickling
is dependent upon deoxygenation of
hemoglobin, the “expression” of the
gene (another genetic abstraction) is
influenced by environmental factors
that affect intracellular oxygen ten-
sion, including, for example, local
conditions of blood fow.

Further complexities arise when we
find that the “dominance” or “reces-
siveness” of sickle cell trait can also
be modified by the presence of other
mutations. There are, for instance,
individuals who are heterozygous also
for Hb C, Hb Dpyppan or Hb Oy 0y In
homozygotes, the first two of these
produce a rather mild hemolytic ane-
mia {0, ., homozygotes have not been
encountered ) ; heterozygotes (A-C, A-
D, or A-0) show no symptoms what-
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juundiced in youth, 11-3 and -4 had
neonatal jaundice, -3 neither joundice
nor hemolytic anemia. Heterozygosity for
bath Hb § and Hb C (right) is more detri-
mental than heterozygosily for S alone.

ever. But individuals heterozygous for
both sickling and one of these other
mutations (5-C, 5-D, or 50) are
sicker than heterozygotes of any one
of them, or even than the C-C or D-D
homozygotes; in the case of the 5-D
and 5-0 combinations, the results are
almost as serious as in the homozy-
gous sickle cell anemia (5-5). In
these instances, the second abnormal
hemoglobin interacts with Hb S and
enhances the tendency of red cells to
sickle; the clinical manifestations are
those of sickle cell anemia.

So here we have three instances in
which, pathologically speaking, two
different “recessive” genes add up to
one “dominant™ trait. The reasons are
still obscure. Probably significant is
that Hb C, D5 and O, involve
surface modifications of the beta
chain, like Hb 8 itself (Dp,,p,, and

Oy, representing  different  mu-
tations at beta-121: glu = gln and
glu = lys respectively ). By contrast,
individuals heterozygous for both
sickle trait and for hereditary persis-
tence of fetal hemoglobin (5-F) show
no evidence of anemia or other clinical
disorder, though their blood contains
approximately 70% Hb S. Fetal hemo-
globin does not interact with Hb 5 te
foster sickling, and the red cells of
these persons do not sickle at physio-
logic oxygen tensions.

Even more remarkable are the ef-
fects of other mutations on homozy-
gous sickle cell anemia. A Saudi
Arabian child with both sickle cell
anemia and o-thalassemia exhibited
almost no clinical manifestations, and
two American homozygotes with un-
usually mild symptoms were found to
be carriers of hemoglobin Memphis.
In the first instance, the complex
genetic picture was clarified only
after careful study of the proposita’s
family; in the latter, amino acid
analysis of the “normal™ alpha chain
was needed to detect a hidden second
gite of amino acid substitution. Ewi-
dently, q-thalassemia and Hb Mem-
phis trait can provide a degree of pro-
tection against what would otherwise
be a more serious disease —in effect
decreasing the “penetrance” of a harm-
ful gene.

More simple, from the genetic
standpoint, are such conditions as Hb
Ziirich and Hb Chesapeake. Like Hb
S, these abmormal molecules are in-
herited as co-dominants, meaning that
in heterozygotes both the abnormal
and normal hemoglobin are present.
But since the abnormal reactions to
which they are subject are purely in-
tramolecular, high concentrations of
the abmormal molecules are not re-
quired to exert pathologic effects. As
a result the conditions are inherited
as dominants,

INHERITED HEMOGLOBINOPATHIES

Naote, however, that with Hb Ziirich
the matter of expression also enters.
The molecule is abnormally sensitive
to oxidative denaturation but not to
the point where this occurs sponta-
neously at an appreciable rate. A nec-
essary condition is the presence of an
oxidant drug or other disturbance in
the immediate cellular environment.

An important reason for the rapid
development of knowledge of the
hemoglobinopathies is that the abnor-
mal protein molecule is itself the im-
mediate cause of the patholegic mani-
festations. In the majority of genetic
diseases, however, the defective pro-
tein is an enzyme, incapable of per-
forming its normal catalytic function.
The result is deficiency of its usual
product or a buildup of its usual sub-
strate. In either event the result is
pathologic, but the actual biochemi-
cal lesion (which in many cases has
not even been identified) may occur
at two or three removes from the ini-
tiating enzymatic abnormality.

One naturally wonders, therefore,
whether as information increases other
genetic diseases may have the elegant
simplicity of the hemoglobinopathies.
In one respect, however, tlu_-:,r can be
said to foreshadow a necessary and
{one hopes) inevitable development.
In any inherited disorder, be its mech-
anisms simple or complex, our under-
standing cannot stop with the fat
statement that the condition is “domi-
nant” or *recessive,” that it does or
does not “express” itself fully, and so
on. We need to determine precisely
what processes are involved in domi-
nance or recessiveness; precisely why,
and under what conditions, expression
does or does not take place. Such
knowledge can open the way to thera-
peutically blocking the expression of
an otherwise harmful gene and con-
ceivably even to counteracting it
genetically.
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Inherited Enzyme Detects

W. EUGENE KNOX

Harvard University

Taken in its literal sense, the phrase “inherited enzyme
defects” defines an area of pathology that is both too large
and too diverse for useful discussion. The reason lies in
the biochemical nature of heredity itself, which is based
on the control of protein synthesis by px A in the cell
nucleus. So far as we now know, proteins are the only body
constituents whose structures are hereditarily determined.

It follows, then, that all hereditary diseases can be
grouped into two broad categories. In the first, the path-
ology is the direct eonsequence of some error or inadequacy
in protein synthesis; presently the best known exam-
ples are the hemoglobinopathies, in which the body syn-
thesizes hemoglobin that is qualitatively or (in some
cases) quantitatively inadequate to perform its normal job
of oxygen transport (see Conley and Charache, Chapter
Five). The second category includes all other genetic dis-
eases, Le., those in which the pathologic process occurs
at least one remove from the primary protein abnormality.
The latter is presumed to involve one or more of the body’s
enzgymes or enzyme-like substances — the proteins that
catalyze the myriad biochemical processes involved in nor-
mal physiologic functioning.

But this presumption, though logical in terms of what
we now know about heredity, is still only a presumption.
In many genetic diseases the specific enzyme defect, as-
suming it exists, is not yet known; in some, which result
from the deletion or duplication of an entire chromosome
(e.g., Down's syndrome ), the enzyme defects involved and
their biochemical consequences must surely be of extraor-
dinary complexity. For simplicity, therefore, I shall devote
this article chiefly to conditions in which the enzyme defi-
ciency has been identified and in which the biochemical
sequelae of that deficiency are at least reasonably well
understeod.

An enzyme performs its catalytic function by binding a
molecule of some substrate compound, plus on oceasion
another atom or group of atoms, to “active sites™ on its
own intricately structured protein chain. The binding, it

is thought, distorts the substrate molecule in such a way
that it loses part of its substance; alternatively, by forcing
it into a particular spatial relationship with another atom
or radical, the enzyme causes the two to join together. The
presence of electrical charges at the active sites may also
I}]:l:.' ] 'E]:LT'; in these transformations. In this MAnner, the
enzyme quickly mediates a chemical reaction which in its
absence, and at the moderate temperatures, pressures, and
concentrations typical of living organisms, would take
place very slowly or not at all.

A change in even one of the amine acid residues that
make up the enzyme molecule could render it structurally
incapable of performing its catalytic function. But not
every change is a catastrophic one. Like the hemoglobin
molecule, enzymes can undergo considerable variation
without completely losing their functional properties; with
enzymes, indeed, a degree of variation appears to be the
rule rather than the exception. Different organs of the
body are known to produce “isozymes” — enzymes that are
chemically different but functionally identical, or at any
rate identical enough to do the sapis chemical job in the
same way.

If, however, the enzyme molecule is changed too radi-
cally by a genetic mutation (or, of course, if it is not pro-

" duced at all), catalysis cannot take place. In most heredi-

tary enzyme defects we do not as a matter of fact know
whether the enzgyme is structurally inadequate or missing
altu.‘_:gi&l:l'u:r. Fl;,'ur fflativ{':'l:,-' few l‘::l'l?.!.f'['l"L-Eﬁ do WE even knu-w
the complete molecular formula; nearly all our enzyme
tests are purely functional ones, showing only that the
enzymatic reaction in question is or is net proceeding at
a normal rate, but not why. From a pathologic standpoint,
however, the distinction between a defective and a missing
enzyme is trivial, since the result in either case is the same:
no catalysis. The outcome is either a buildup in body levels
of the substrate or a deficiency in the product of the enzy-
matic reaction, or a combination of the two.
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This picture of enzyme function
helps to explain why, of the known
hereditary enzyme disorders, Very
nearly all are recessive conditions,
manifesting themselves pathologically
only in homozygous individuals. He-
terozygotes, with one defective gene,
do in fact show a reduction in body
enzyme levels to something like 509
of normal, but so efficient are these
biocatalysts (a single enzyme muole-
cule can process up to 100,000 mole-
cules of substrate a minute) that éven
the reduced level is adequate under
maost conditions to avert pathologic
C[JI'IHE"’I'.]IJ.E[!{‘.!.‘?E. .

Tao put sorme flesh on these gq‘l]{'rnli-
ties, let us now consider some specific
enzyme disorders. A good one to start
with is phenylketonuria (rK1:). On
the one hand, we know a great deal
..Ih'l."ll “. L‘]ﬂ'lll..l.rl {l W Iﬂ:l I'II.._II'I‘.' t_"ll.f‘p'ml_,
diseases; on the other, there is still a
lot we would like to know (see Guthrie,
Chapter 22, Hsia and Holtzman,
Chapter 23, and Howell, Chapter 27.)

The condition was first described in
1934, when the Norwegian clinician
A. Fplling published a report on 10
patients, several of them siblings who
had the characteristic combination of
severe mental retardation and excre-
tion of phenylpyruvic acid in the ur-
ine. Over the next 20 vears, further
research (notably by G. A. Jervis)
established the following fundamental
facts about the disease:

1) It is recessively inherited
through a single autosomal gene.

23 It is characterized IJ],' the accu-
mulation in the body of large quanti-
ties of the amino acid phenylalanine.

3) The aceumulation results from
the body’s failure to oxidize phenylal-
anine taken in the d!{J to another am-
ino acid, ty rosine.

4) 'The failure, in turn, is caused
by inactivity of the liver enzyme phen-
:.'lalnn'm:r h}’(lr{lx}'lﬂse, which 1n nor-
mal individuals presides over this oxi-
dative reaction.

5) The major pathologic effect of
these metabolic abnormalities is inter-
ference with the development of the
central nervous system during early
childhood. Cytologically, this is mani-
fested only very subtly, perhaps by
disordered myelination of nervous tis-
sue; neurologically, it is manifested by
the obvious and severe retardation al-
ready mentioned.

Given these facts, there was one
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obvious possibility for rational treat-
ment of the disease: strict limitation
of phenylalanine intake, at least dur-
Llllg ﬂ:ll_'. l,'l'“']'.lr' !.r:::l.rs. I'III".I:!IL"" .ﬂi]'l:]r[):ll:h I'lﬂs
in fact vielded good results, especially
with the development of simple tech-
niques for early case finding (testing
of newborn infants' blood for excess
phenylalanine is now mandatory in
some hospitals ). Early and consistent
treatment can prevent or at least
markedly ameliorate the irreversible
retardation that is the hallmark of
rkv. To fully understand the ra-
tionale for this therapy as well as to
provide background for some of its
still problematical aspects, we must
now look for a moment at some details
of phenylalanine metabolism.
Phenylalanine is one of the “essen-
tial” dietary amino acids, ie., the
human bedy cannot synthesize it. In
normal individuals, a modicum of the
phenylalanine intake is incorporated
into various body proteins, but the
bulk of it is oxidized to tyrosine. Since
it can be manufactured from phenylal-
anine, tyrosine is mot in the “essen-
tial” category but is in any case a
normal constituent of dietary protein.
The tyrosine, whether derived from
phenylalanine or directly from food,
is further processed in the body into
the pigment melanin, into the neuro-
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humors epinephrine, norepinephrine,
and dopamine, and inte the hormone
thyroxine. It also, of course, plays a
role in protein formation. Only a frac-
tion of tutal l:..‘rlt:l:‘i'ilit: is ul:iﬁh‘:d in these
ways, however; the remainder is bio-
logically degraded and ultimately en-
ters into the energy-vielding citric
acid cycle,

In the patient with ¢ ku, phen-
ylalanine cannot follow its normal oxi-
dative path into these varied reactions
involving tyrosine. As phenylalanine
accumulates in the blood it is gradu-
ally metabolized through various sub-
sidiary processes — notably, that lead-
ing to phenylpyruvic acid = but these
“leaks™ are too slow to hold blood con-
centrations down to anything like nor-
mal levels.

Since phenylalanine is essential for
the formation of body protein its com-
plete elimination from the diet would
clearly interfere with growth, and this
is precisely what happened in some
early experiments with diet restric-
tion. Such “overtreatment” even led in
some instances to the breakdown of
already formed proteins. The system
became flooded with phenylalanine,
producing severe epileptiform seizures
such as are not uncommon in un-
treated r KU patients. Present prac-
tice, therefore, is to lower intake of
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This simplified and abridged map of the main metabolic path-
ways of phenylalanine and tyrosine illustrates how enzymatic
abnormalitics appear to be incolved in three genetic discases
{PKU, albinism, and alkaptonuria) and possibly in a vitamin de-
ficiency state (scurcy). A functional deficit in phenylalanine
hydroxylase is responsible for PRU (see page 67). Melanin is
a metabolite of tyrosine and the pigment's absence in albinism

the amino acid to the amounts needed
for normal growth. The actual criter-

ion is provided by blood assays, which
are held to slightly above the normal
phenylalanine level (about 2 mg% )
ta provide a margin for error. The diet
also includes extra tyrosine to replace
what would normally be provided by
phenylalanine oxidation. I know of no
conclusive evidence that this is in fact
necessary, but the rationale — to keep
the body chemistry as near normal as
possible in all respects — is certainly
sound enough.

Despite all we have learned about
r kU, including development of a rea-
sonably effective treatment, we still do
not know precisely how its metabolic
defects actually damage the body.

As already indicated, there is no
very persuasive evidence that the low-
ering of body tyrosine levels is directly
harmful, especially since in the nor-
mal as well as the affected individual
much of the tyrosine in the diet is sim-
ply utilized for its energy content.
There is a good deal of evidence, how-
ever, that both excess phenylalanine
and perhaps some of its abnormal
metabolites can derange a number of
physiologic processes by inhibiting
the action of the enzymes that catalyze
these processes. It is quite certain, for
example, that ¢k U lowers the body’s
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pro-ductiun of melanin b}' interfering
with one or more of the metabolic
steps by which that substance is man-
ufactured from tyrosine. Untreated
P KU patients typically show low mel-
anin levels in skin, eyes, and hair;
their coloration, though never reach-
ing frank albinism, is noticeably
lighter than what would be expected
from comparison with their families.

Similar interference with other
paths of tyresine metabolism may per-
haps lower production of epinephrine;
rather more certainly, the body’s pro-
duction of another neurchumeor, sero-
tonin, is reduced through interference
with the metabolism of tryptophan, a
compound somewhat like phenylala-
nine itself. These neurohumoral dis-
orders may help to account for some
of the secondary neuropsychiatric
symptoms seen in the disease: agi-
tated behavior, museular hyperactive
reflexes, hyperkinesis, tremors, and
(as already noted) seizures. An addi-
tional or alternative cause of these
manifestations may be certain metabo-
lites of phenylalanine itself; in the con-
centrations characteristic of untreated
P K U, these appear to possess pharma-
codynamic activity. Phenylethylamine,
for example, stimulates the sympa-
thetic nervous system.

But all of these abnormalities, since
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may be a result of o genetically determined “lack™ of tyrosinase.
The excretion of p-OH phenylpyruvic acid in scurcy patients is
believed sequential to accumulation of the substrate due to enzy-
matic inhibition. In alkaptonuria, the “missing” enzyme is homo-
gentisic acid oxidase; the result is accumulation of the acld, Color
bands indicate the enzymatic abnormalities, resultant substrate
derangements, subsequent diseases and their manifestations,

they are dependent on high phenylal-
anine levels, should be reversed when
phenylalanine intake is reduced, and
in fact many are. Most noticeable,
perhaps, is a jump in melanin output,
shown by darker hair growth when
treatment is instituted. The main fea-
ture of the disease — ¢ 5 5 damage and
its resultant retardation — is not rever-
sible, however. This fact points to the
existence of some additional patho-
logic mechanism.

The most plausible explanation of
what this mechanism might be derives
from a rather simple fact about PKU
patients: despite the relatively enor-
mous quantitics of phenylalanine in
their blood (up'to 30 times normal),
total serum amino acids are within
normal limits. Necessarily, then, the
quantities of other amino acids must
be subnormal, and indeed assays have
shown this to be true, with levels
ranging from 85% normal for valine
to only 50% normal for arginine.

It has been hypothesized, therefore,
that brain damage occurs because the
cells of the infant’s immature and
rapidly growing brain are presented
with a highly abnormal pattern of am-
ino acids, with the result that the
enormous proportion of phenylalanine
crowds out other essential nutrients in
whole or in part. The brain thus can-
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not grow normally; in particular, mye-
lin is not formed or if formed is defec-
tive and breaks down.

What is not wholly clear is why
these abnormal growth processes
should affect only the brain. It should
be stressed that no other tissue abnor-
malities have ever been demonstrated
in rru. Doubtless the explanation
is tied in with the fact that the brain
alone, among the body’s major organ
systems, continues to undergo biologic
differentiation for several years after
birth. At least a hint is provided by
the Fact that tooth enamel formed dur-
ing the same period is often thin
(hypoplastic). A fuller elucidation can
be expected to come with advancing
knowledge of brain growth in general
and myelin formation in particular.

The hypothesis, correct or not, is
consistent with some other facts about
P K 1. For one thing, the disease, while
unquestionably genetic, is not congen-
ital; brain damage in the untreated
patient definitely develops after birth
and not before. We know that in

8
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|  Essential Amino Acids
The large excess of phenylalaning in phenylketonuria depresses

all infants the phenylalanine hydrox-
ylase system in the liver matures post-
natally; only when it fails to mature,
as in P KU, does brain damage occur.
For another, once brain differentia-
tion is complete, at around age six, the
dietary regime can be eased or even
discontinued without, so far is
known, any further serious effect on
brain structure or function. Such indi-
viduals are usually not normal in all
respects and are affected by the re-
versible effects of excess phenylala-
nine, but their intellectual faculties
seem to suffer no deterioration. One
can only conclude that the physiologic
maturation of the brain renders that
organ immune to the irreversible type
of phenylalanine damage. 3
Having summed up the important
facts we have learned or suspect about
£k, let us now turn to some of the
facts we do not yet understand. Most
of these have to do with treatment for
the disease and with its therapeutic
results. At one time there was con-
siderable dispute over whether dietary

___—:F—
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chemical milieu for the cells. Graph shows amino acid levels as
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the levels of most other amino acids, creating a highly abnormal  percent of normal (analyses by F. Lenneweh and M. Ehrlich),
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restriction of phenylalanine was even
worthwhile. Further experience, how-
ever, has convinced nearly all clini-
cians that it is. There seems no doubt
that treatment can turn children who
would have led an essentially vege-
table existence into individuals of nor-
mal or near normal intelligence.

Yet I should stress that this conclu-
sion is based essentially on averages.
Treated children can be expected to be
noticeably more intelligent than un-
treated ones, but within bath groups
there is a considerable range of varia-
tion and a degree of overlap between
them. Treated p K v patients are some-
times well below normal intelligence,
while very occasionally some untreated
ones are intellectually normal. And we
still have not clearly identified all the
factors responsible for the variations.

One obvious variable is the prompt-
ness with which treatment has been
instituted, and here there seems to be
no doubt that the longer treatment is
delayed the more irreversible intellect-
ual impairment patients undergo. But
the correlation is far from perfect, so
that clearly there are other factors.
Another obvious possibility is the level
and consistency of dietary control as
measured by blood phenylalanine lev-
els — but the relationship between
serum levels and intellectual impair-
ment has thus far been demonstrated
much less clearly than one could wish.

Again, one might think that, other
things being equal, treated vk v chil-
dren of intelligent parents would be
more intelligent than those of dull
parents — yet again the relationship is
far from clear. I must say myself,
however, that I would not expect to
see such a relationship where brain
damage is considerable; it seems un-
likely that an imbecile child of bright
parents would necessarily be a “bright
imbecile.”

Even among the children in whom
treatment has produced normal intel-
leetual Eunctiuning. (at least so far as
this can be measured by standard 15
tests), not all are “normal.” Frequently
they show clumsiness, anxiety, sleep-
lessness, hyperactivity, and sometimes
the behavior patterns classified under
the rather loose term “autistic.” Some
of these phenomena are doubtless
purely psychologic reactions to fam-
ily tensions produced by the presence
of a seriously ill or endangered child
or to the necessity for living on a pecu-
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Pedigree of Causation in Phenylketonuria
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The defect in phenylketonuria is in the gene that codes for phenylalanine hydroxylase.
The direct result is failure of the enzyme’s substrate, phenylalanine, to be metabolized
to tyrosine. Depicted are the varied results of the accumulation of phenylalanine, the
alterations in its metabolic pathways, and the decreased production of tyrosine,
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Partial List of Hereditary Enzyme Deficiencies

Disease

Enzyme

Mafor Consequences

FHENYLEETONURTA

l‘hm}'la]:nin: h}'dmx}']mﬂ:

Mental {I{:ﬁl:il.mf_}'

ALEAPTONURIA

I [n‘mngtnﬁﬁﬁt{-‘ OXYEENASE

Arthritis

ALBINISM T}' rosinase

Disturbed vision

GALACTOSEMIA

Gal-1-P uridy! transferase

Cirrhosis, cataracts,
mental deficiency

ADRENOGENITAL
SYNDROME

21-steroid hydroxylase

Virilism, salt loss

VON GIERKE'S

Glucose-6-phosphatase

[Irpatnr:nnl gl:.rcugcnusis

FPENTOSURIA

Kylitol dehydrogenase

None

FORFPFHYRIA
{ intermittent acute )

Porphobilinogen deaminase

Abdominal pain, pa ral}':i's -
psychosis

MAFLE SYRUFP URINE

Keto acid decarboxylase

MNeurologic damage,
infantile death

HISTIDINEMIA Histidase

Speech defect, mental
retardation

HOMOCYSTINURIA

Cystathionine synthetase

Mental retardation,
dislocated lenses

TAY=-3ACHS

liar regimen. Others, however, are
probably nonintellectual sequelae of
various sorts of subtle brain damage,
phenomena that are known to exist but
of which our understanding is woe-
fully insufficient.

Most remarkable of all are individ-
uals in whom untreated r KU appar-
ently has produced little or no intel-
lectual impairment. There exist some
30 attested cases (all, of course, either
predating the development of effective
treatment or discovered too late for
treatment) with 1¢'s ranging from
60 to 107; of these, nearly one third
fall within the normal range of 50-.
By contrast, the median 1¢ of un-
treated PR U patients is around 20.
Psychologically, none of these “high-
grade” phenylketonurics are normal,
but intellectually they are normal
enough to pose something of an etio-
logic problem,.

Enzymatically, few of them have
been found to be in any way atypical;
all who have been tested show essen-
tially no phenylalanine hydroxylase
activity. Nonetheless, some may rep-
resent a genetic variant and have un-
expectedly low plasma phenylalanine

G8

Hexosaminidase A

Progressive neurologic
deterioration

levels, but the majority do not, nor is
there any clear relationship between
the level and the measured 1¢. Famil-
inl studies have turned up a sizable
number with typical PK U relatives,
providing further evidence that the
mutant gene involved is in no way
anomalous.

There are, however, a number of
cases in which high-grade pKU pa-
tients have high-grade p kv relatives
— enough to suggest the possibility, in
these cases at least, of some familial
genetic factor that in some way mod-
erates the normally destructive effects
of the enzyme defect. A less severe
type of defect in the same gene may
also exist. Or it may be, for example,
that some other genetic anomaly has
given them other, more effective, mech-
anisms for disposing of excess phen-
ylalanine. Instances of two genetic
wrongs making a right — of one muta-
tion cancelling or ameliorating the
effects of another — are anything but
common, but they are not unknown;
examples exist among the hemoglobi-
nopathies,

The final problematic factor with
P K U is when, if ever, to terminate the

dietary regimen. In general, at around
age six one reaches a point of dimin-
ishing returns so far as intellectual
function is concerned; by that time,
as previously noted, brain develop-
ment is essentially complete, and the
patient’s intellectual capacities can be
expected to maintain themselves even
in the face of high serum phenylala-
nine levels. From this standpoint, one
might well consider sparing the pa-
tient and his family the tension, incon-
venience, and expense of continuing a
diet from which essentially all natural
proteins must be eliminated.

There remains the seemingly incon-
testable fact, however, that pathologic
serum levels of phenylalanine possess
psychotropic activity, either |:Iirvy:':t'i}1
or indirectly, via the compound’s ab-
normal metabolites, This activity and
its behavioral manifestations (rest-
lessness, short attention span, and the
like) nonetheless shows much varia-
tion from patient to patient — again,
for unknown reasons. Thus in each
individual case one must experiment
to balance the gains from normalizing
the social environment against the
possible losses from “drugging” the
patient with “endogenous” phenylala-
nine or phenylalanine metabolites.

Turning now to some other enzyme
diseases, we note that one of them
shows a distinct biochemical parallel-
ism to prU. In alkaptonuria, the
problem is again the abnormal build-
up of a particular substrate due to the
inactivity of the enzyme that would
normally process it. Moreover, the
substrate itself, homogentisic acid, is
chemically akin to phenylalanine and
tyrosine, and is in fact a metabolite
of the latter. Homogentisic acid is an
intermediate compound in the meta-
bolic sequence whereby tyrosine is
converted to acetoacetic acid, which in
turn is oxidized in the citric acid cycle
to yield energy. In alkaptonuria, how-
ever, the enzyme, homogentisic acid
oxidase, is inactive, so that serum con-
centrations of the acid are markedly
increased.

Much of the acid is eliminated in
the urine, and its presence there is
diagnostic even in infancy. In some
cases diagnosis is actually made at
that time, since under certain circum-
stances the urine is abnormally dark,
or turns dark on standing, or diapers
are stained. But frequently the condi-
tion is detected only much later in life



as the result of more certain indica-
tions. One of these is ochronosis, the
deposition of a blackish pigment in
connective tissues, notably the sclera,
ear cartilages, and especially the joints
and tendons. This substance is be-
lieved to be a polymer resembling
melanin, which is itself a polymer of
another tyrosine metabolite,

h'fl,,ll'.'l:l pRg iy o !i'l."!'l'iulll‘i [I'I.:I:!'I l]l'.i'l.l'(]]'lﬂ}ji!i
per se, which at worst amounts to a
cosmetic blemish, is the gradual de-
\.'l,']ﬂl]‘[l'l.l:'frlt of ulk:hplﬂnuric arthritis.
This eomes about through damage to
the joint tissues, either from the och-
ronic pigment or the homogentisic
acid itself; the exact mechanisms are
not known.

Interestingly, alkaptonuria was one
of the diseases cited by Garrod in his
historic series of lectures on inborn
errors of metabolism. As early as
1902, he suggested that the disease
was teansmitted as a single, recessive
Mendelian trait —a 11}'|K11|I!I'Fji.5 that
has since been thoroughly proved.

Thus far, no treatment has been
developed for alkaptonuria. In theory
its manifestations could be prevented
by lifelong limitation of tyresine and
its precursor, phenylalanine, from the
diet. But the metabolic paths leading
from tyrosine are so diverse and so
physiologically important that such a
step would almost certainly cause
more trouble than it prevented. A few
Elh}'ﬁi:;ians have r|::|1<11'|!r.-.| g'u-u-ti results
by simply limiting distary protein, but
their cases are too incomplete to be
conclusive. (Supervision for a mini-
mum of 40 years after childhood
would be required.} And of course
many cases are not diagnosed at all
until the arthritis manifests itself, and
sometimes not even then,

This fact points up a serious prob-
lem invoelving all the hereditary en-
zyme diseases, along with many other
genetic disorders: their great rarity.
PKU, though one of those more fre-
quently seen, has an incidence of
something like five per 100,000; alkap-
tonuria is only about one tenth as com-
mon. Thus the average physician may
well see no more than one PRU pa-
tient in a lifetime and not a single
alkaptonurie. The medical researcher
is also handicapped; our relatively
complete knowledge of rru reflects
chiefly the fact that before treatment
was developed its victims were largely
concentrated in institutions and spe-
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In the adrenogenital syndrome, the hereditary absence of one step in adrenal steroid
symthesis - 21-hydrozylation of 17-hydroxyprogesterone = diminishes glucocorticoid pro-
duction and climinates its normal inhibitory action on pituitary ACTH release. Excess
ACTH therefore exerts more of its normal tropic action on the adrenal, leading to
hyperplasia and excess steroid synthesiz that is diverted by the enzsyme block into

&lt:!'ru,l_;r:m'f.' steroids. Cortisone administration SUPPTESSes theve abnormalifies.

cial schools, of whose population they
made up a small (about 1% ) but still
detectable fraction. In alkaptonuria
and many other conditions this “con-
centration factor™ operates in a very
limited way if at all. A certain num-
ber of arthritics do tend eventually to
wind up in custodial institutions of
various sorts, but the incidence of al-
kaptonurics among them is still prob-

ably a good deal less than one per
thousand.

A certain contrast to both ¢ K v and
alkaptonuria is provided by albinism,
where the physiologic problem is not
accumnulation of the enzymatic sub-
strate but deficiency of the product.
There are several Ly pes of this disease,
with different modes of inheritance,
but the most severe form { complete or

Aceumulated blackening that occurs in all cartilages and tendons of alkaptonuric pa-
tienits can be seen in E-Uaymr-ah'f woman af the insertions of the rectus muscles on both
sides of the eyeball. Her nose, ears, and tendons also appeared blue through the over-
lying skin, and she had the typicel arthritis in the spine and large joints.
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This unusual family of albinos - father (top), son, and daughter — were circus performers
in the early part of the centuny; the apparently normal wife and mother presumably
carried the gene for albinism. The family was included in one of the carliest definitive
studies of the heredity of human albinism (C. B. Dacenport, ]. Hered. 7:221, 1916).
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oculocutaneous albinism) is inherited
as an autosomal recessive. In patients
with this condition the body is incapa-
ble of synthesizing the pigment mela-
nin, which, as noted earlier, is a
metabolite of l}-'ru.‘iim'._ The exact
mechanism is still uncertain; some
possibilities are inucl'u'i!}' of tyrosin-
ase, the enzyme that mediates two of
the metabolic steps between tyrosine
and melanin, inhibition of melanin
formation itself, or a defect in the “ac-
tive transport™ mechanism that carries
tyrosinge from the serum into the mel-
anophores, where melanin is synthe-
sized. [The active transport Fenetic
disorders, a quasi-enzymatic group of
diseases, are discussed in detail in
Chapter Eight.]

Whatever the precise mechanism,
it does not appear to interfere with
other metabolic processes involving
tyrosine. That substance shows no
tendency to pile up in the bodies of
albinos, nor do they show deficiencies
in any of its other metabolites {dopa,
::E!i.a'lt:[:l]'lr'l:l'lr., th}-‘n:—xim:, ete. ).

It should be noted in passing that
the presence af the E:Iu'n}'hulmﬁmr-
tyrosine metabolites in all three of
these diseases does not mean these
metabolites are particularly prone to
such disturbanees. Their prominence
is something of an artifact. Garrod
pointed out that the aromatic com-
pounds involved here are ones that
give rise to colored products in the
test tube, Hence they possess a high
“seientific '\"l.‘iihmt:.'.“ There is no rea-
son to suppose that the body’s aro-
matic compounds are peculiarly prone
to metabolic derangements, but good
réason “'I'I:.' H'I,I:{'h 1!~:rr:t:|1g:r::|1.|::|::|t.li. “'I'!llll{l
be more likely to be noticed early on.
With the development of more refined
analytical and detection methods, the
“aromatic predominance™ in genetic
di!‘iﬁuﬂf |:]iJ!i HT(.‘E[['F ]t'.‘i-f-i.'l‘.'l'll!![!.

."i!‘j 2 ﬁI'IEII E!‘."’..‘I'I'l'li]ll!! EIF i_."'l'l:".}"ll'll'.
disorders, let me cite one of what
might be called a composite type, i.e.,
one in which the pathology involves
both a pileup of substrate and a de-
ficiency of product. The adrenogenital
syndrome 15 a disease (more accu-
rately, a group of E;l(]!:i!‘l_\.-‘ related dis-
eases) in which the metabolic flaw
deranges the synthesis of adrenocorti-
costeroids. A number of different de-
fects can oceur, each one presumably
reflecting a different enzyme defi-



ciency. Though the defects have been
identified the enzymes have not.

In the commonest form, the meta-
bolic block limits or prevents synthe-
sis of the 21-hydroxysteroids, one of
which is aldosterone, A conspicuous
physiologic result is salt loss, some-
times to a life-threatening degree; this
may be aggravated by a buildup of
the immediate precursors of the 21-
hydroxysteroids, such as progester-
one, some of which are thought to act
as aldosterone antagonists. In another
form of the disease, interestingly, a
different metabolic defect produces an
accumulation of a powerful salt-re-
taining steroid, with resulting arterial
hy pertension.

Rather more serious than accu-
mulation of the progestins (which at
worst merely reinforces an existing
pathology ) is a more complex meta-
bolic derangement affecting the pitui-
tary. Normally, synthesis of the 21-
hydroxysteroids, like that of many
other hormones, is regulated by a
feedback system involving that gland.
Hizh serum levels of the steroids in-
hibit the pituitary’s production of
A¢TH, which reduction in turn cuts
back hormone synthesis by the adrenal
cortex. But when 21-hydroxysteroids
are not being synthesized, Ac T H pro-
duction rises. The result is an increase
in those adrenocortical activities that
are not metabolically blocked. The
effect is to stimulate synthesis of the
21-deoxysteroids, some of which serve
as precursors for testosterone and
other androgens. It is these which en-
gender the precocious and progressive
virilization that is a hallmark of the
disease.

Given this analysis, treatment
should in principle be fairly simple:
replacement of the hormone(s) whose
deficiency leads, directly and indirect-

ly, to most of the pathologic sequelae.
In practice, however, this approach
has given only moderately good re-
sults. As a group, the corticosteroids
possess extraordinarily diverse prop-
erties, and the biosynthetic pathways
that connect them (normal or abnor-
mal) are of natorious complexity. Our
ability to manipulate their output with
precision is therefore still much less
adequate than we could wish.

Summing up the enzyme defects as
a group, we have seen that we can
sometimes prevent or ameliorate their
consequences either by reducing in-
take of the enzymatic substrate (as in
rEuU) or by supplying the missing
enzyme product (as in the adreno-
genital syndrome ). What are the pros-
pects for improving therapy of the
“treatable” defects and for extending
it to others?

To begin with, at present there is
no chance of curing any of these dis-
orders, since the underlying enzyme
problem cannot be corrected. Specu-
lations about “gene surgery,” whereby
defective genes would be replaced by
normal ones, must for the foreseeable
future be relegated to the realm of
science fiction. What might seem to be
a more plausible approach would be
to supply the missing or inactive en-
zyme exogenously, but the practical
barriers to this are for the present in-
surmountable. Merely to obtain the
needed enzyme in therapeutically use-
ful quantitiecs would be difficult
encugh; to get it intact to the proper
site of action in the body (in r K U, the
liver, for example) would be well-
nigh impossible. And even if we as-
sume that these two formidable prob-
lems could be overcome, there remaing
the fact that to the individual suffer-
ing from an enzyme defect, the normal
enzyme is a foreign protein which is
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rejected by the body.

A more productive approach, I be-
lieve, would focus on the other factors,
whether of heredity or environment,
influencing the degree to which a
given metabolic disorder can actually
damage the body. We have already
seen that in some pKU patients the
brain develops normally or near nor-
mally despite the presence of ordinar-
ily destructive levels of phenylalanine.
Parallels to this anomaly exist in other
genetic diseases,

A particularly striking example is
diabetes. We know that there 1s a
strong familial component in this con-
dition, yet we also know that there is
enormous variation in the time when
this genetic predisposition expresses
itself in frank diabetes. Some individ-
uals develop the disease in childhood
or adolescence, some in middle life,
and some —even with the most sus-
picious sort of heredity — not at all. If
we knew why, we might be able to
defer development of the disease in-
definitely in all potential diabetics.

Progress in this direetion, or in
other aspects of genetic disease, will
require much research. Moreover, the
rarity of most enzyme or presumed
enzyme defects (diabetes, of course,
being an outstanding exception ), will
necessitate the closest collaboration
and pooling of information among dif-
ferent investigators. Finally, the prob-
lems of genetic disease, perhaps more
than any other area of pathology,
require an interdisciplinary approach;
their elucidation must draw on the
skills of the geneticist, biochemist,
and nutritionist no less than that of
the clinician. Only with this sort of
many-sided approach can we hope to
bring these obscure, complex, and
fascinating groups of ailments under
control.






Vitamin-Dependent Genetic Disease
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For the practicing physician, extensive reading in the area
of genetic disease can become a rather depressing business,
since it repeatedly reminds him of the limitations of his
art. Whether one considers the visible abnormalities of the
chromosomes or the invisible mutations that engender
metabolic errors, very few of the resulting disorders are
treatable at all, and even in the few that are, treatment
can seldom do more than ameliorate the damage. From
this standpoint, the vitamin-dependent genetic disorders
constitute a rather cheering contrast. In principle, and by
definition, all of them are wholly correctable, and prin-
ciple is increasingly being translated into therapeutic prac-
tice. Quite apart from this, however, they are worth read-
ing al.'hmlt hl,‘:l:auﬁl‘:i as with B0 'I:'IIH.II}" gcn:tin: abm}tmalities,
study of the abnormal has advanced our knowledge of the
normal = in this case, the metabolic and biochemical func-
tioning of vitamins.

Discovery of the vitamin-dependent disorders dates
from 1954, when A. D. Hunt and his associates reported
on the case of two infants, siblings, who suffered from
violent convulsive seizures that responded only to large
amounts of vitamin By (5 to 25 mg/day — the normal
infant requirement is 0.5 mg or less). This condition has
since been documented in nearly 40 other cases, and in all
pedigree studies have shown the anomaly was inherited.

In the subsequent 17 years, the list of vitamin-dependent
derangements has expanded to more than a dozen, involy-
ing six different vitamins (B, for reasons [ shall mention
later, is involved in no fewer than six). All of them are
alike in being inherited, in involving one or another speci-
fic biochemical abnormality — to be further characterized
below — and in responding only to pharmacologic doses of
the vitamin in question (doses ranging from 10 to 1,000
times the physiologic requirement). Since the first condi-
tion (inheritance) cannot always be demonstrated unam-
biguously, the other two are of particular importance in
distinguishing the vitamin dependencies from the acquired

vitamin deficiencies. The latter typically involve not one
but several biochemical abnormalities, and respond to
physiologic rather than pharmacologic doses.

Current knowledge of the inherited vitamin dependen-
cies is summed up in the table on page 76. In connection
with this, it is worth emphasizing that though in all cases
the biochemical abnormality is correctable, clinical im-
provement does not necessarily ensue. Thus in homocys-
tinuria, for example, the high serum and urinary levels of
homocystine can be normalized with large doses of vitamin
Bg, but the ectopia lentis, osteoporosis, and skeletal and
¢ N 5 abnormalities characteristic of the disease remain.

I should emphasize, however, that the youngest homo-
cystinuric treated thus far had already reached the age of
15 at the time of treatment. It is quite possible that we
may have here a parallel with phenylketonuria, in which
the biochemical abnormality must be treated within the
first few weeks of life if irreversible ¢ m 5 damage is to be
prevented. The hope that similar prompt action could pre-
vent or minimize the irreversible effects of homocystinuria
is strengthened by clinical results in another vitamin-
dependent condition, methylmalonic aciduria.

The very limited experience with homocystinuria and
other vitamin-dependent anomalies limits our ability to
answer many questions about both their genetic and their
epidemiologic aspects. In general, and with two notable
and interesting exceptions, all of them seem to be inherited

*as autosomal recessives, i.e., an affected individual must

be homozygous, inheriting the defective gene from both
parents. The exceptions are familial hypophosphatemic
rickets and B.-responsive anemia, which are transmitted
as X-linked traits. A woman affected by one of these will
be heterozygous, with one normal and one mutant X
chromosome, and will therefore transmit the disease to
half her sons and half her daughters. An affected man,
by contrast, will transmit it with his X chromosome to all
his daughters but never to a son, who of course receives
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only the Y chromosome from his
father.

Here is perhaps the place to men-
tion another curiosity among the vita-
min-dependent anomalies: cystathio-
ninuria. The first reports of this condi-
tion associated it with severe clinical
signs such as acromegaly. As further
reports came in, however, it began to
appear that the association must have
been fortuitous. At present, we know
of no clinical syndrome consistently
associated with the urinary abnormal-
ity, and, in fact, many cystathioninu-
rics show no clinical signs whatever.

Individually and even collectively,
the vitamin-dependent conditions seem
to be quite rare, though at present the
case material is too limited to permit
more than the roughest guess at their
incidence. It is conceivable, however,
that, as with some other metabolic er-
rors, our improved knowledge of what
to look for may eventually reveal that
some of them are more common than
it now appears.

Much of the research on vitamin-
dependent anomalies has concentrated
on their mechanisms. Fundamentally,
like all other inborn metabolic errors,
they are thought to result from defects
in protein synthesis, i.e., in the manu-
facture of enzymes or enzyme-like
substances. But because of the pecu-
liar and often complex biochemical in-
teractions in which vitamins partici-
pate, identification of the actual defect
is often difficult.

Many and perhaps most vitamins,
including all those implicated in the
anomalies under discussion here, serve
as “coenzymes”: substances whose
presence is required if a particular en-
zyme is to perform its catalytic func-
tion in facilitating metabolic proc-
esses. Here is the first source of com-
plexity. Enzymes proper are quite
specific in their functions: Most of

Extracellular

them are thought to catalyze one and
only one reaction. Vitamins, by con-
trast, are seldom if ever so limited.
Vitamin B,,, for example, has been
shown to be involved in at least five
different reactions with five different
enzymes, though three of these have
been demonstrated only in microor-
ganisms. Vitamin By may be involved
in as many as 50.

The second complexity arises out of
the fact that most and perhaps all vita-
mins that act as cocatalysts do so only
after being chemically modified from
the form in which they enter the body.
Thus vitamin B, is taken into the
body in the form of pyridoxal, pyri-
doxine, and pyridoxamine, all of
which have been isolated from food-
stuffs and from extracellular fluids.
In the cell, however, it must be trans-
formed into pyridoxal phosphate
(PLP)}. In this process it picks up
the phosphate group from adenosine
triphosphate (AT P) with the help of
a specific enzyme quite different from
the enzymes with which the ¢ L F sub-
sequently “cooperates.”

Having gotten into the cell and
there been transformed into its “ac-

tive” form, the vitamin must still join

with the proteinaceous part of “its”
enzyme (called the npcenz}'me} to
form the metabolically efficient holo-
enzyme, Exactly what happens here is
poorly understood. What seems cer-
tain is that the coenzyme becomes
bound to the apoenzyme, thereby
modifying its structure. It may be that
the coenzyme molecule forms part of
the “active site” that reacts with the
enzyme substrate; alternatively, the
binding of the coenzyme may alter the
shape of the apoenzyme’s protein
chain, forming the active site else-
where, A third possibility has emerged
from work on the enzyme tryptophan
synthetase in Escherichia coli, in

Intracellular

f B
CHO ATE
HO — CH20H
H3C s
Kinase
Pyridoxal

ADP

Pyridoxal Phosphate (PLP)

Ingested form of vitamin B, (pyridoxal, shown, pyridozine, or pyridoxamine) iz meta-
Bolically inert until it is concerted to its coenzyme form, PLF, within the cell,
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which PLP serves as a coenzyme.
The enzyme proper is known to be
composed of two polypeptide chains
while the pLp, it is thought, may
serve as a sort of “glue,” binding the
two chains together.

From the preceding discussion,
it will be clear there is a wide vari-
ety of ways in which a hereditary mal-
function in protein synthesis could
hinder or block the activity of the vita-
min as coenzyme. First, the malfunc-
tion might involve the protein respon-
sible for the active transport of the
vitamin into the cell. If the vitamin
does not get into the cell at all, or
hardly at all, one would expect a
breakdown of all the reactions involy-
ing that vitamin, so that the symptoms
would approximate the broader spec-
trum of vitamin deficiency rather than
those of vitamin dependency (though
the condition might still respond to
high vitamin dosages ),

Rather less speculative is a defect
in the enzyme that transforms the
vitamin from its dietary to its active
form, e.g., from pyridoxine to rLP.
This particular defect, indeed, is al-
most certainly not a case in point, for
the reason just mentioned above: A
failure to form pLP would derange
many enzymatic reactions rather than
the single ones that are characteristic
of the Bg-resistant conditions. A more
likely candidate is vitamin-D-resistant
rickets. This vitamin — more accu-
rately, its modified form — is required
to activate the protein that transports
calciom from the intestine into the
blood, Since patients with the disease
show no reduction in vitamin D levels
either in the serum or intracellularly,
it is possible that the conversion mech-
anism is at fault. Conversely, the de-
fect could involve the apoenzyme
rather than the coenzyme, i.e., because
of a mutant apoenzyme structure, the
coenzyme does not bind to it readily,
necessitating high concentrations of
vitamin D if the holoenzyme is to be
formed in physiologically adequate
quantities,

Our data on vitamin-D-resistant
rickets is not yet adequate to differen-
tiate between these two possibilities.
In the case of another vitamin-depend-
ent condition, methylmalonic aciduria,
a number of recent studies, in our
laboratory and elsewhere, have pro-
vided a rather more certain picture of



eV

Substrate

Apoenzyme

Coenryme

;

Subsirate

}

Apoenzyme

|

Coenzyme

y

Substrate

Apoenzyme Subunits

Coenzyme .

Having been converted into its coenzyme form within the cell,
a vitamin may act metabolically by the mechanisms diagprammed
above: 1) It may provide a portion of a substrate combining site;

the mechanism involved, For this rea-
som, and because the disease is of con-
siderable intrinsic interest, I should
like to discuss it at some length,
Beginning in 1967, clinical reports
began appearing of children with se-
vere metabolic ketoacidesis and de-
1-'1,:|n|nntl:|la| retardation. A clué to the
metabolic defect came from the find-
ing of high methylmalonic acid
{(Mma) levels in the urine —up to
5 gm/24 hr. This suggested that vita-
min By, might be involved, since the
same urinary abnormality (though to
a much less marked degree ) had been
reported in cases of pernicious anemia.
However, none of the children showed
low serum levels of H.-_:.., nor did tht:.-'
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have megaloblastic anemia or any
other signs of B, deficiency.

The following year, an infant suf-
fering from this condition was admit-
ted to our hospital. At eight months,
he was seriously underweight and had
an 1 ¢ estimated at 50. Seeking to pin-
T.J-::int tIH: rm:talmlir_ 1']‘!:$::u:r-:.'l|::|:'1 W per-
formed a number of tests. Both the
ketoacidosis and the excretion of
M M A were aggravated by administra-
tion of L-valine, which iz a specific
metabolic precursor of methylmalo-
nate. This suggested that the meta-
bolic block involved the conversion of
MMA into succinic acid, in which
form it can pass into the citric acid
eycle for normal oxidation. The con-
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2) it may alter the configuration of “its" apoenzyme and therehy
facilitate attachment of the substrate; or 3) it may unite apoen-
zyme subunits to permit substrate attachment.

version is known te be important in
regulating the body’s acid-base bal-
ance, which would explain how its
blockage could produce acidosis; in
addition, the accumulation of MM A
might itself produce toxic effects.

Confirmation of our hypothesis
came from in vitro tracer studies of
the child’s leukocytes: They could not
oxidize either Iﬂf&lh}'lnmlun:it:: or Its
immediate precursor, propionate, to
carbon dioxide, yet they oxidized suc-
cinate normally. It occurred to us to
try the effect of large B,. doses. We
found that the child responded to
parenteral administration of 1,000
pg/day (the normal requirement is

ril
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Vitamin-Dependent Inborn Errors of Metabolism

| Vitamin Dose
Vitamin Clinical Normal Patient Biochemical
Required Disorder Manifestations Requiremenit Requfrement Basfs
Thiamin (B, ) Thiamin-respon- Megaloblastic 20 mg/ duy Unknown
sive anemia anemia
Branched chain Slow development 1 mg/day 10 mg/day Defective branched chain
ketoaciduria ketoacid decarboxylase
Pyruvic Intermittent cerebellar 100 mg/ day Defective pyruvate
acidemin ataxia carboxylase
Micatinamide Hartnup disease Intermittent cerebellar 5-10 mg/ day 40-200 mg/ day Defective intestinal ab-
ataxia; mental sorption of tryptophan
retardation
Pyridoxine (B} | Infantile convul- Clonie amd tonic 10-25 mg/day Unknown
sHns sEizEres
Nolinked anemin Microcytic, hypochronic = 10 mg day Unknown
anemia
Cystathioninuria Prabably none 1-2 myg (eday 200-400 mygday Defective eystathionase
Xanthuorenic Mental retardation 5-10 mg day Defective kynureninase
aciduria
Homocystinuria Eetopia lentis; D5-500 myg | day Defective cystathionine
arterial and venous synthetase
thromboses: mental
retardation
Hyperoxaluria Caleium oxalute 75-400 mg/ day Defective o-ketoglutarate:
renal caleuli glyoxylate carbolignse
Biotin Propionic Metabolic ketoacidosis 10 g dlay 10,000 pg day Defective propionyl-CoA
acidemia carboxylase
Cobalamin (B, .} | Methylmalonie Metabolic ketoacidosis 1 pg/day S00-1000 pgr(day Defective synthesis of
aciduria B, . coenzyme
Calciferol (DY Familial hypo- Rickets; short stature 400 umits | 50,000 200,000 Defective renal reab=orption
phosphatemic day units/day af phosphate
rickets

thought to be less than lug/day).
The ketoacidosis was abolished and,
indeed, could not be re-precipitated
even by oral loading with r-valine.
MM A excretion, which had ranged
from 800 to 1,200 mg/day, dropped
to 200 to 300 mg/day. The ability of
the leukocytes to oxidize propionate
increased measurably.

We placed the infant on a low-
protein diet to reduce valine intake
and minimize the need for medication,

MH4F

Methyltransterase

though additional courses of Bjs
therapy were still required from time
to time. After one year on this regi-
men, the boy had reached normal
weight for his age and his 1¢ had
risen to 100. (It is worth noting that
similar encouraging results have been
reported in two of the By-dependent
conditions: infantile convulsions and
pyridoxine-responsive anemia. )

The outcome in this case, in addi-
tion to being therapeutically gratify-
ing, confirmed our belief that B;. was

Homooysteine

Methylcobalamin

=» Methionine

5'- Deaxyadenosylcobalamin (DBCC) =

Methylmalanyl CoA

MdA-CoA Mutase

= Succinyl CoA

In man By is needed as coenzyme in the two reactions shown. Synthesis of methioning
requires methyltransferase, methyltetrahydrofolate (MH.F), and methyleobalamin. Iso-
merization of methylmalonate to succinate is specifically catalyzed by mutase and DBCC.
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implicated in the disease. It did not,
however, establish the locus of the
metabolic fault. To discover this, we
had to give further consideration to
the biochemistry of B,

The precise form in which B,
normally enters the body is unknown.
Cyanocobalamin, the commonest com-
mereial form of the vitamin, is almost
certainly an artifact of the procedures
used to manufacture it; it has never
been isolated from animal tissues.
Several investipators have established,
however, that the cyanide (cN7)
group is but one of several alternative
radicals that can attach themselves to
the cobalt atom, and that it is the iden-
tity of these radicals that determines,
very specifically, the vitamin's ability
to act a5 a COENZYmE In a FIVEn reac-
tion. Thus (to consider the two reac-
tions known to occur in mammalian
systems) the remethylation of homo-
cysteine to methionine —a reaction
whose biochemical significance is still



obscure — requires  methylcobalamin;
the isomerization of methylmalonate to
succinate, on the other hand, requires
5'-deoxyadenosylcobalamin (pBCC).

We have been able to show that the
biochemical defect in methylmalonic
aciduria manifests itself in ecultured
fibroblasts from affected individuals,
and refined analysis of these cells in-
dicates that the concentration of
pece is less than 10% of normal.
High B,. concentrations in the
growth medium, however, move the
level of enzyme activity (i.e., the eells’
capacity to oxidize propionate) to-
ward normal, indicating that the apo-
enzyme is quite capable of function-
ing if it receives a sufficient amount
of coenzyme.

Ewven this, however, does not amount
to conclusive proof of the defective
mechanism. In theory this could be
obtained by administering pnBCC to
the cell. If it could be shown that ab-
normal cells are “normalized” by
physiologic levels of pBcc but re-
quire 100 to 1,000 times the physio-
logic level of the vitamin itself { which
ig in fact the case), we could be cer-
tain that it is the conversion of the
vitamin to pBcc that has gone
wrong. Unfortunately, this particular
experiment is impaossible, owing to the
fact that o B cc will not cross the cell
membrane. Recently, however, we
have shown that cultured fibroblasts
from one patient were unable to con-
vert vitamin By, to necc. This ob-
servation lends strong support to the
thesis that in this disorder the basic
defect involves the enzyme that con-
verts the vitamin to its specific coen-
zyme form.

When we turn to the third possi-
ble area of metabolic malfunction —
reduction of the apoenzyme’s capacity
to bind its coenzyme — the obvious
cases in point are the Bg-dependent
disorders. All six of these conditions
are clinically and chemically distinct,
and in four of them the condition has
been traced to the malfunction of a
specific enzyme (in the other two, the
identity of the enzyme, while sus-
pected, has not yet been proven). In
all of these conditions, moreover, B,
participates in the same active form:
pyridexal phosphate. It would seem a
safe inference, then, that in none of
these conditions can the p L p-forming
system be at fault, since the resulting
disorder would reflect malfunction of

VITAMIN-DEPENDENT GENETIC DISEASE

all the L r-dependent enzymes rather
than a single one. The presumed al-
ternative is that in each case the spe-
cific apoenzyme is defective, i.e., its
molecule binds the prLr molecule
very slowly or very loosely.

Some support for this hypothesis
has come from in vitro experiments
with liver homogenates from eystathi-
oninurics and from patients with xan-
thurenic aciduria, another By-depend-
ent condition. In both cases, the rele-
vant enzymes (cystathionase and
kynureninase, respectively) are only
feebly active, but are restored to near
normal activity by in vitro addition of
P L P. Such iz not the case, however,
in some patients with homocystinuria,
where in vitro studies indicate that
the relevant enzyme, cystathionine
synthetase, cannot be activated by
even the highest concentrations of
P L P, Yet these patients do demonstra-

MNormal Metabolic Pathway

Propionate —— Methylmalonate ——=  Succinate

Methyimalonic Acidurnia

Propionate — =  Methylmalonate

bly respond to the vitamin in vivo,
raising some very interesting possibili-
ties that I shall discuss in a moment.

Thus far, the possible mechanisms
I have set forth are all explicable in
terms of the law of mass action. A
defect in the transport of the vitamin
to the cell could be overcome by “satu-
rating™ the transport mechanism with
high extracellular concentrations of
the vitamin (though, as will be re-
called, this mechanism seems unlikely
in most cases on grounds of insuffi-
cient specificity — it would be expected
to derange several vitamin-dependent
reactions, not one). Similarly, a par-
tial defect in the enzyme that converts
the vitamin to its active form could be
compensated for by saturating the
enzyme with vitamin. Finally, a re-
duction in the apoenzyme’s capacity
to bind its coenzyme, assuming it re-
tained some binding capacity, could

e Bk
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If normal major pathway of propionate catabolism in man is blocked by defects in
synthesis of mutase apoenzyme or B coenzyme, methylmalonate accumulates and is
excreted in the urine (ahove). When J'argf. doses of B were given fo an infant with
B -dependent me!hyfmhuic acidiiria, urinary methylmalonate fell and propionate-
. oxidation by the child's feukm:'yfe's increased markﬂdl'y, az shown in gmpﬁ below.
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Several types of hiochemical defects could lead to vitamin {fe;mrtch’.'rmr , schematic sug-

gests. These include: 1} defective transpo
to coenzyme; 3) defective formation of h

be overcome in the same manner: In-
creased intracellular concentration of
coenzyme would tip the balance be-
tween binding and breaking and
thereby raise the concentration of the
holoenzyme toward normal levels.
Defects in apoenzyme structure
would also account for some reported
cases that, though clinieally indistin-
guishable from certain vitamin-de-
pendent conditions (e.g., homocysti-
nuria, methylmalonic aciduria), do not
respond even to hercic vitamin dos-

rt of vitamin into cell; 2) defective conversion
oloenzyme due fo apoenzyme mutation,

ages. Presumably, the apoenzyme de-
fect in these ].:alitnt:i is of such sever-
ity that holoenzyme function cannot
be restored by even pharmacologic
doses of coenzyme.

One would indeed expect, by anal-
ogy with the hemoglobinopathies,
c:v:rntu:dl}r to discover a whole spec-
trum of enzyme defects, whose char-
acter and severity would depend on
the site and nature of the mutant al-
teration to their protein chains: An
alteration of the binding site for the

1 Substrate 2
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Appenzyme Coenryme
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Why some mutations of the same apoenzyme respond to pharmacologic doses of vitamin

and some do not is hypothesized above.
holoenzyme formation may be restored by

If mutation alters coenzyme binding site (2),
saturating with coenzyme; if mutation deletes

stihstrate b;'ud'fug site (3), no amount of coenzyme can improve holoenzyme function.
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coenzyme could either reduce the
binding capacity (vitamin-dependent)
or make binding totally impossible
(vitamin-resistant ). An alteration of
the active site could render the en-
zyme partly or totally inactive but un-
responsive to additional vitamin in
either case,

We are still left, however, with the
puzzling problem of homocystinuria
cases that respond to By in vivo al-
though the enzyme in their tissues
cannot be activated in vitro. The most
plausible explanation, though still
anly a hypothesis, is that dosage with
the vitamin somehow
alternate biochemical pathway for
“processing™ homocystine. We know
that such alternatives exist in relation
to the SulfIJr-cm'Ll.'!'lning :amin:;- :-u,:il;l:li
generally, and given the great versa-
tility of B; (or rLP) as a coenzyme,
it is not unlikely that enough of it
could set one or another of them go-
ing. This hypothesis opens up two im-
portant considerations,

On the one hand, it should infuse
an extra measure of caution into the
experimental treatment of homocysti-
nuria. It is one thing to activate a
normal enzymatic process that for one
reason or another is failing to Funetion
(as in methylmalonic aciduria). It is
something else again if, the normal
enzymatic system being irretrievably
damaged, we undertake to activate an
alternate and ]’}[‘.Th:!'[]!‘j normally non-
functional process. While doing so
n]ig}lt correct the immediate biochem-
ical abnormality, it might alse gener-
ate abnormalities on its own,

On the other hand, the “alternate
pathway™ hypothesis opens up some
very exciting, if still very tenuous,
t]"::rrapcut'l{. prospects, If we can cor-
rect the biochemical defect in homo-
cystinuria by pharmacologic means
(as we apparently can) and do so
safely (still to be determined ) despite
the apparent total inactivity of the
ENZYMeE, it is surely conceivable that
administration of other drugs— not
necessarily  vitamins — could correct
other inborn metabolic errors that are
presently untreatable. Thus our find-
ings in the quite narrowly specialized
field of vitamin-dependent anomalies
may yet turn out to possess important
implications in much broader areas of
genetic disease—a prospect that would
naturally be enormously gratifying to
researchers in the field.

activates an






Genetic Defects n
Membrane Transport Mechanisms
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SCRIVER

MeGill University

In all forms of genetic disease, as in most areas of disease
penerally, medicine maintains a twofold interest. On the
one hand, it investigates the etiology and biochemistry of
these inherited conditions with a view to treating and/or
preventing them; on the other, it examines the same phe-
nomena for clues to the nature of basic physiclogic proc-
esses, employing the abnormal (“nature’s experiments”)
to elucidate the normal.

As repards the very specialized group of metabolic
anomalies called the inborn errors of membrane transport,
research has almost inevitably been dominated by this
second area of interest. As a group, these conditions are
of usually minor clinical importance; all of them are guite
rare, and though a few produce severe and last ng dam-
age, others seem fairly easily controllable and sorie wholly
benign. What makes them worth writing abcut is the
light they have thrown on the complex nature of mem-
brane transport and, through it, on the nature of a key
aspect of cellular biology, the cell membrane.

To understand the significance of membrane transport
in its various forms, both normal and abnormal, we must
first say something about the cell membrane itself. The
distinguished Soviet biologist A. 1. Oparin, in discussing
the origin of life on earth, has noted that a key step in that
process must have been the physical separation of organ-
isms (or proto-organisms) from their environment, since
without such separation it is hardly possible to conceive
of even the simplest organism as existing in any stable
way. Whatever may have been the original means by
which this separation was attained (Oparin himself has
speculated extensively about it), present-day organisms
characteristically do so, at least in part, by means of the
exterior (plasma) cell membrane. This is the case as re-
gards both unicellular organisms and the individual cells
of multicelled creatures such as man (though for such
cells “the environment” is in most cases not “the outside
world” but the body’s other cells or its extracellular fluids).

The plasma membrane must necessarily perform a dual
function. On the one hand, it must separate the interior
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constituents of the cell from the exterior environment,
Ll'u’.ﬁ“.h:.' pn:n.'iding a locus where those constituents,
Lhr{ulp;h their concentration :m[j their Ilrﬁ!{i.l'l.'li.l}', can in-
teract with one another to maintain the processes of life.
On the other hand, it cannot set up a total separation, since
cells (with a few exceptions, such as bacterial spores and
the like) must participate in a constant exchange of chem-
icals with the environment, taking in oxygen and nutrients
and giving off wastes and other products of eellular me-
tabolism. It is here that the membrane transport mecha-
nisms enter the pitlur-&_

Parenthetically, it should be noted that consideration
of the plasma membrane by no means exhausts the subject
of cell membranes. The interior membranes of the cell -
11|,1|;;hr:,1r1 I}rsusum:lll 111itm;:]'n:mdrial, and s0 on — are no less
!*55g:|1t55|| to 1L5 funﬁ‘_ﬁnn ti:an thl,'. plazmm ||'u:rmhrm'|f:,,
ti]ﬂuﬁ'l'l ﬂ'l!:i!' prnp::rl'.ius arc a5 }"Et 1E"i!i “-'f“ knﬁ“‘“. MQ“}'
findings concerning the plasma membrane — specifically
including those of its transport mechanisms — appear to be
at least partially applicable to other cell membranes.

'The notion of a membrane that both separates and does
not separate is, of course, not new to biology. In the form
of the “semipermeable” membrane, it has been known for
at least a century, while the osmotic processes by which
the solvent diffuses across such membranes have been
extensively studied and measured. Passive diffusion of the
solute requires a chemical gradient, with compounds dif-
fusing from regions of high concentration to those of low
concentration. However, experiments as early as the turn
of the century established that such mechanisms simply
could not explain the actual behavior of transport into
living cells. Any number of key compounds — sugars,
amino acids, sodium and potassium ions, and so on — could
be shown to enter cells at rates far faster than could be
accounted for by simple diffusion; in most cases, indeed,
the movement was actually against a chemical gradient,
a process analogous to water flowing uphill.

To explain these phenomena it was necessary to postu-
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late a “conjugate driving force” (a term used by Schultz)
that could “pump” molecules or ions into (or, in some
cases, out of ) the cell against a gradient. Many years of
experimentation have established that there are in fact at
least twe such mechanisms, each of which involves a
carrier or site that first binds the solute. One, called ex-
change diffusion, is a sort of revolving-door effect whereby
the movement of a substance in one direction helps to
power the movement of another substance in the opposite
direction; this occurs, for example, in certain kinds of ion
transport through the membranes of nerve cells. In most
cases, however, the transport is driven by a metabolic
process of the cell itself which is somehow coupled (con-
jugated) to the transport site; this mechanism is active
transport.

In summary, the metabolic function of active transport
is twofold: first, to take substances that are in relatively
low concentrations outside the cell and put them into it
in high enough concentrations for the cell’s chemical proc-
esses to operate efficiently; second, to remove certain prod-
ucts of cellular metabolism from the cell rapidly enough
so that they do not “back up” and bring the cell’s chemical
activities to a halt. Mechanisms of this sort possess obvi-
ous evolutionary advantages, which doubtless explains
why they are found in cells from microorganisms to man.
By means of active transport, for example, certain marine

organisms are known to concentrate trace elements in sea
water by factors of thousands and even tens of thousands.

The structure of the membrane that carries out these
remarkable activities is by no means as clear as we could
wish. It has been known for a long time that the plasma
membrane contains both proteins and lipids, the latter
being the barrier to transport of water-soluble metabo-
lites, and until quite recently it was thought to consist of
an extended layer of lipid molecules in parallel array, with
hydrophobic tails pointed to the center of the membrane
and polar heads facing outward; it was thought that pro-
teins were adsorbed on their outer surfaces. Recent experi-
ments, however, have cast considerable doubt on this sim-
ple, lamellar model first proposed by Davson and Danielli;
it now seems likely that the structure of the membrane it
a good deal more complicated and is, moreover, in a con-
stant state of movement, turmeoil, and physical rearrange-
ment, in the course of which molecules are in some fashion
transported through it

Az we have implied earlier, the actual transport process
involves two components: a mediative agent, which *rec-
ognizes” and binds specific species of molecules, and a see-
ond component, which in some way couples energy to
the mediator, altering its physical confermation and thus
moving the molecule through the membrane. Of the coup-
ling component relatively little is known; the mediators
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Patterns of inheritance of the inkorn error of amino acid transport
known as “hereditary iminoglycinuria.” Two mutant penes canse
abnormal excretion of proline, hydroxyproline, and glycine. Sub-
jects with only one mutant allele are either normal or excrete an

excess of glycine alone.| Two mutant alleles aceount for  the
autosomal recessive iminoglycinuria trait | which either is a
homozygous phenotype or the result of a “genetic compound”™
{two different mutant alleles at one gene locus),
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point to existence of different characteristics af their respective renal transport systems.
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saturation at any level tested,

in a few cases, however, have been
identified quite definitely as transport
proteins — macromolecules with mo-
lecular weights on the order of
30,000. In many respects they resem-
ble enzymes, in particular with regard
to their specificity of action. Just as an
enzyme is “keyed” to unite with and
transform a particular substrate com-
pound, so the transport proteins are
keyed to bind to and transport their
own specific substrates. And just as
the presence or absence of particular
enzymes in a cell ensures that only
certain chemical transformations wall
take place, so the presence or absence
of particular transport proteins on—or
in — the cell membrane ensures that
only certain specific substances can
readily enter or leave the cell.

When a given substrate binds to
cither a transport protein or an en-
zyme, different parts of the substrate
molecule are recognized by the trans-
port and enzyme proteins. This seems
plausible since the purpose of the two
types of binding is quite different: en-
zymes transform the substrate chemi-
cally, while transport proteins move
the substrate, usually without altering
it chemically, from one place to an-
other, The two processes thus confer
a high degree of selection and spe-
cificity to the molecular traffic which
is allowed by a cell.
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Experiments have also established
the existence of certain similarities
between transport proteins and en-
gymes, Just as certain engymes can
bind to several different substrates
{ almost invariably elose chemical rel-
atives of one another) so, it would
seem, can certain transport proteins.
For strict accuracy, however, we had
best refer to them, now and hereafter,
as transport sites on the plasma mem-
brane rather than proteins, since so
far as the “multipurpose” sites at least
are concerned, we do not know at
present whether one or several pro-
teins are involved.

Many of the experiments in ques-
tion involve the kidney — both human
kidneys in vivo and rat kidneys in vivo
and in vitro. As is well known, the
mammalian kidney helps maintain the
chemical balance of the body's fluids
not simply by excreting “undesired”
substances into the urine but also by
reabsorbing certain  “desired” sub-
stances from the “raw™ urine; it is re-
absorption, rather than excretion, that
plays the primary role in regulating
urine concentration of such sub-
stances as water and salts in accord-
ance with the body's changing needs
and, perhaps not incidentally, helps to
conserve various nutrients and other
substances that otherwise might be in
short supply. Amoeng these are the

amine acids, which, derived from di-
etary protein, circulate in the plasma
and other fluids until they enter cells.

Many of the kidney's reabsorptive
processes, in particular those involy-
ing the amino acids, involve active
transport. It will be seen, therefore,
that under certain circumstances the
concentration of a given amino acid
in the urine (measured by elution ion-
exchange chromatography) can pro-
vide an inverse indication of how ade-
quately the transport mechanisms
that handle that acid are functioning:
the higher the urine concentration,
the less (proportionately) is being
reabsorbed in the renal tubules.

One group of experiments concerns
the mutual inhibition of amino acid
transport within certain classes of
these compounds. If, for example, a
normal person is “loaded” with pro-
line intravenously, his urine soon
shows a marked rise in proline con-
tent, indicating that the plasma load
of proline has overtaxed the capacities
of the renal reabsorptive transport
system. In addition, the urine shows a
very marked rise in hydroxyproline
and also a significant though smaller
rise in glycine, strongly suggesting
that these compounds must be trans-
ported, to some degree, by the same
class of sites that handle proline. Simi-
lar mutual inhibition, implying simi-
lar “shared™ transport sites, has been
found for the amino acids lysine, orni-
thine, and arginine and for several
other amino acid groups.

Another set of experiments seeks to
define the efficiency and capacity of
transport sites in terms (again in-
verse ) of renal clearance rates at dif-
ferent plasma concentrations. As one
would expect, each amino acid has its
own unique clearance relationships,
indicating that the transport mecha-
nisms operate with different speci-
ficity on different acids — a further bit
of evidence for the enzyme-like spe-
cificity of transport proteins (or sites)
already alluded to.

In addition, however, one finds a
marked difference in some overall pat-
terns of clearance at different concen-
trations. Proline, for example, shows
an exceedingly low clearance rate —
i.e.,is reabsorbed almost completely by
the tubule — at plasma concentrations
up to 0.75 mM, which is well beyond
the usual physiclogic range (0.1 to
0.3 mM ). Above this level, however,



the clearance rate rises precipitously,
indicating that the proline transport
sites here become effectively saturated.

With phenylalanine, by contrast,
the clearance rate at physiologic
plasma levels is at least 10 times that
of proline, implying a proportionally
lower reabsorptive (and, thus, trans-
port) efficiency, but shows no change
at levels up to 2.5 mM. Clearly, then,
while the efficiency of the phenylala-
nine transport sites is markedly lower
than those of the proline sites, their
overall capacity must be much
greater, since phenylalanine shows no
signs of overloading at more than
three times the proline overload level.

These two sets of observations —
one concerning the specificity of trans-
port sites (i.e., chemical probes), the
other the action of transport sites
(i.e., kinetic probes) — have to some
extent been complemented by studies
on genetic defects of active transfer
(genetic probes). But before consider-
ing this aspect of the gquestion, we
should devote some attention to the
defects themselves.

Transport proteins, which resem-
ble enzymes in so many ways, would
be expected to resemble them also in
being subject to genetic errors, which
can produce an inactive or partially
active protein (or enzyme), or per-
haps none at all. And in fact the aceu-
mulation of clinical and laboratory
data has established that the transport
proteins, no less than enzyme pro-
teins, are subject to inborn errors.
More than 20 such defects with ad-
ditional variants have turned up in
man and an even greater number in
microorganisms. {For multicellular
animals other than man, the number
is much smaller, undoubtedly because
until recently nobody was looking for
them very hard.)

Running down the list of human
transport anomalies (see accompany-
ing table), one notes immediately
that, as stated earlier, they are of very
variable clinical significance. Taking
anly the amino acid disorders, for ex-
ample, “classical™ eystinuria does not
seem to be consistently harmful per
se. Some patients develop cystine
stones in the kidneys, due to the com-
pound’s low solubility, which can of
course cause serious problems. Others
may be at greater risk of mental ill-
NESS,
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Hartnup disease seems harmful on-
ly under conditions of marginal nutri-
tion, while one hyperdibasic amino-
aciduria, the iminoglycinuria trait,
and hypercystinuria do not seem to be
harmful. The tryptophan and meth-
ionine malabsorption syndromes, on
the other hand, would appear to be
harmful, though once again the pic-
ture is not wholly clear. As in the case
of so many other genetic abnormal-
ities, they were first observed in the
course of diagnostic studies of clini-
cally abnormal individuals, and we
still have little or no data on their
occurrence in normal persons. It may
well be that with further information
they — like so many other hereditary
aberrations, e.g., pentosuria — will
turn out to be benign in some or even
the majority of cases,

Most inborn errors of transport are
benign, and most affect epithelialized
transport tissues like the small in-
testine and the renal tubule, It should
be remembered that the transport of
maolecules across an epithelial sheet of
this type is asymmetrical, the pre-
dominant flux being directed from the
luminal or apical surface where the
cell surface area is augmented by
microvilli {the brush border), across
the cell, to exit through the basilar
membrane, The latter membrane is
not modified by microvilli. Therefore

i greater absorptive area on one sur-
fﬂ{'.ﬂ I::I:F ﬂ'll_’, Cllh[:idﬂl [;C" "I.'I.'i” L‘.]'ll:ﬂur:tg!'.
flux from that surface across to the
opposite surface. If the cell also ac-
cumulates solute to high concentra-
tions, subsequent entry into the body
could be downhill.

We anticipate that the inborn er-
rors of transport either impair entry
ACIOES f.ht: luminal mamhranu of the
epithelial eell, or impair efflux across
the basilar membrane. They might
also allow abnormal back flux (leak)
at the luminal membrane, so that the
cell cannot concentrate the solute. We
also recognize that some diseases of
transport, such as in the Fanconi syn-
dromes, probably affect the coupling
of energy-yielding metabolism to the
transport sites,

Because transport is so important,
one also anticipates that the “benign™
inherited traits are compensated for
by other functions with adaptive sig-
nificance. We can visualize this in
some recent work on Hartnup disease
by Milne’s group in England. Patients
with the trait do not transport many
of the free amino acids normally in
gut or kidney. However, dipeptides,
comprised of pairs of these various
amino acids, are rapidly transported
by gut and yield the constituent amino
acids in free form in the blood. From
this work we deduce that the luminal
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membrane can transport dipeptides at
sites which are different from those
for the free amino acids, and only the
latter are influenced by the Hartnup
mutation. We also must conclude that
efflux at the basilar membrane is in-
tact, since the free amino acids appear
normally in blood after intracellular
hydrolysis of the transported dipep-
tide. We might also intimate that the
leak rate at the luminal surface is not
abnormal and energy coupling is prob-
ably intact since solutes other than a
small series of amino acids are trans-
ported well, We are left with the com-
pelling idea that Hartnup disease is an

inborn error only of specific transport
sites carrying certain free amino acids
into the cell at the luminal membrane.
An abundance of other types of trans-
port sites for nitrogen sources and
essential amino acids protects the pa-
tient from serious nutritional impair-
ment.

The inborn errors of free amino
acid transport fall naturally into two
groups; those affecting transport of
several amino acids at once (e.g.,
Hartnup disease and hyperdibasic
aminoaciduria, which involves the
three dibasic acids, lysine, orni-
thine, and arginine) and those af-
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In another experiment in the iminoglycinuria trait, proline reabsorption is inhibited by
hydrozyproline loading, not only in normals and heterozygotes but in homozygotes.
Since latter possess only the low-capacity system, resulis show the two imine acids share
this as well as the high-capacity system. Conclusion is confirmed by converse experi-
ment in which proline loading inhibits hydroxyproline reabsorption in homozygotes.

84

fecting a single acid ( e.g., methionine
malabsorption syndrome). The former
offer evidence in favor of the “shared”
transport sites proposed on the basis
of mutual inhibition studies cited
earlier, The traits, as a whole, point
to the existence of another class
of transport systems, each of which
handles only one species of amino
acid. This supposition is strengthened
when we note that in none of the dis-
orders where kidney function can be
measured, whether they involve a
“shared” or a “single” system, is trans-
port capacity totally missing.

It is possible that the partial loss
of function may be due to rather sub-
tle mutations that impair but do not
destroy the functioning of the trans-
port proteins (as observed in many
enzymatic disorders). But in the light
of the other evidence it seems rather
more likely that what we are dealing
with is two independent transport
systems, each under the control of an
independent gene, either of which may
be totally inactivated without im-
pairment of the activity of the other.

Striking confirmation of this view
comes from studies of the families
where these genetic anomalies occur.
Consider, for example, the case of
families carrying the gene for imino-
glycinuria — a benign anomaly involy-
ing glycine and the two “iming”
acids, proline and hydroxyproline (so
called because they contain the imino
ring made up of four carbons and a
nilmgen al‘.{rm:l_ P'L‘-;Iigrm; fitudit'.:i in-
dicate a specific pattern of inheritance.
Prolinuria and hydroxyprolinuria ap-
pear only in individuals who have in-
herited the abnormal gene from both
parents. Glycinuria alone shows up
(albeit less markedly ) in their parents
or offspring, that is in individuals who
presumably carry only one mutant
allele.

Studies of renal clearance rates
show that at low normal plasma levels
of the imino acids (about 0.2 mM)
there is no difference between sub-
jects carrying the mutant allele and
normal individuals; in both cases
clearance is virtually nil, meaning
that tubular reabsorption approxi-
mates 100%.

This explanation becomes clear when
we load subjects with additional imino
acids. In normal subjects, reabsorp-
tion keeps pace with rising plasma



levels, remaining at or close to 100%
even at 10 to 15 times the physio-
logie level; above this point it becomes
saturated, with a proportionate rise in
iminoaciduria, In heterozygotes, much
the same thing happens — but satura-
tion occurs at distinetly lower levels.
In homozygotes, no further absorp-
tion occurs, indicating that whatever
transport function exists was already
saturated at the physiologic level (see
figure on page 83 ).

Almost certainly these varying pat-
terns reflect the existence of 2 low-
capacity, easily saturated transport
system in the mutant homozygote
plus, in the other groups, another,
high-capacity, system that is wholly
active in normal individuals but only
partially active (i.e., shows a lower
saturation threshold) in  heterozy-
gotes. Presumably this reduced activ-
ity results from reduced synthesis of
normal transport protein in the he-
terozygote, due to the presence of only
one normal gene controlling that syn-
thesis. (The existence of the low-
capacity system in normals and he-
terozygotes can unl}r be inferred from
these data, since its operation 18
masked by the operations of the high-
capacity system. As we shall see,
however, there are more direct rea-
sons for assuming its presence. )

Further light on the two systems
comes when we measure the capacity
of one amino acid to inhibit the re-
absorption (transport) of the others.
We find that infusions of either pro-
line or |'L:fdmx:,-‘prn!imr :11;3rk¢d|:,.' de-
press the absorption of glycine in both
normal subjects and heterozygotes; in
homozygotes, by contrast, glycine ab-
sorption, albeit low to begin with, re-
mains unchanged. Evidently, then,
the high-capacity system, possessed
by both normals and (in part) hete-
rozygotes, is also the shared system —
which one would have inferred in any
case from the nature of the anomaly.
In the homozygote, with the shared
system entirely missing, glycine reab-
sorption is handled entirely by a low-
capacity, “single” transport system,
which remains unaffected by the other
members of the shared system.

To complete the picture, one can
then measure the inhibitory capacity
of proline on hydroxyproline, and vice
versa —and here an inconsistency
turns up. Either of these amino acids
inhibits reabsorption of the other in
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Various experiments suggest model above for some defects in transport of amino acids

across renal membranes. Three amino acids,

labeled X, Y, and Z, are postulated to be

reabsorbed normally through a commoen high-capacity transport protein as well as by
discrete low-capacity proteins specific for cach. When genes coding for both
systems are normal, reabsorptive capacity is maximal. When heterozygosity exists at
locus for commen high-capacity system, transport via this siystem may be substantially
reduced. Bigpest drop in reabsorptive capacity and greatest likelihood of aminoacid-
wria will occur with defect resulting from homozyposity at gene locus controlling the

ﬁfgitﬂ;ﬂsify protein system,

all three groups—not just the normals
and heterozygotes but the homozy-
gotes as well. The only explanation
seems to be that these two amino acids
are not, as with glycine, handled by
two separate low-capacity systems but
by one “dual” system. This supposi-
tion seems very reasonable when we
note, first, that the two are chemically
almost identical ( differing only by the
addition of a hydroxy group), and
could thus presumably be easily
handled by one system, even a highly
specific one, and second, that hydroxy-
proline is synthesized within the cell

from proline so that, teleologically
speaking, no separate system for its
transport would be necessary.

In the light of these data, the prob-
lems with the inheritance pattern of
the iminoglycinuria trait can be re-
solved. In the heterozygote, the di-
minished capacity of the common
transport system means that the three
amino acids must compete for its use;
evidently, then, the system must have
a higher affinity for the imino acids
than for glyeine. This conclusion,
which has been confirmed by other
experiments, means that glycine, but
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not the other two, will be “crowded
out” and show up in the urine,

From these studies and a number
of similar researches into other genetic
transport disorders, we can conclude
that there is overlap in the function
of transport systems in the physio-
logic range of solute in some human
tissues, One system is highly specific,
with a transport site singling out
only one amino acid (in the case of
the imino acids, two). This highly
?:]:]t‘.l;i'Fll; 5}'3“;11\ i5 also highl}' efficient
in transporting the substrates at low
plasma concentrations but at the same
time possesses a very limited capacity.
The other system is far less specific,
since a given site will handle several
amino acids. It is far less efficient at
low plasma levels, but its overall
Cﬂl]uf,‘_it"!.-‘ 55 tl'u,n,‘:h higher. E\'idently,
as in many other contexts, quality and
quantity are to some extent mutually
exclusive: Iﬁgh ::Iﬁcit:l'l.n:!.' means low
capacity and vice versa.

An adaptive role for the dual trans-
port systems is apparent when we con-
sider them in relation to nutrition.
When amino acids constitute a very
small proportion of the environment,
without high-efficiency systems, cells
would probably have difficulty in ac-
cumulating sufficient amino acids to
maintain the necessary protein syn-
thesis. The low-efficiency, but high-
capacity systems, on the other hand,
enable the organism to take advantage
of temporary excesses of amino acids,
storing them or utilizing them for
Energy.

In this connection, it is probably
significant that even after a heavy pro-
tein meal, measurements of plasma
amino-acid levels show only slight
increases; evidently the bulk of the
protein intake is rapidly passed into
the cells.

The “separability” of the two
known types of transport systems for
free amino acids is further confirmed
by studies of their ontogeny during
development of the organism or of the
cell and of their distribution in various
tissues. We know, for example, that
reticulocytes in the marrow possess
both the low-capacity and high-capac-
ity transport systems, but when they
mature into circulating red cells the
high-capacity systems disappear. In
the kidney, on the other hand, the
reverse is true; at birth, the low-capac-
ity single systems handling glycine and

88

the imino acids are missing but appear
during succeeding months.

Another factor must now be con-
sidered, namely, variability and di-
versity in the expression of genes
regulating a given transport function.
Agrain, genetic probes illustrate this
theme well. In family A, depicted in
the pedigree chart on page 81, the
last child in the third generation has
inherited the iminoglycinuric trait.
However, only his father shows the
hyperglycinuria phenotype which we
said was characteristic of the heterozy-
gote with the trait. The mother is com-
pletely normal, vet she must carry a
mutant allele; her son tells us that this
i5 s0. We must conclude that the son
is probably a “genetic compound®™-
the termn now recommended for use
when two different mutant alleles are
inherited at the same gene locus, so
that the proband has no normal gene
product (in this case, the high-ca-
pacity shared transport protein serv-
ing binding of the imino acids and
glycine). The likelihood that many
so-called homozygotes with rare in-
born errors are indeed hetero-allelic
for the mutant gene, and are thus
genetic compounds rather than homo-
zygotes, has become more commonly
recognized in recent years. Studies of
many iminoglycinuria pedigrees and
the extensive work in eystinuria clearly
reveal that inborn errors of membrane
transport are no different from other
types of hereditary metabolic disease
in this respect.

The other facet of penetic di‘-’E'TSit}"
concerns the expression of mutant
transport genes in various tissues of
the body. The table indicates that gut
and kidney, both rather similar epithe-
lial tissues with regard to their trans-
port role, do not always equivalently
express the mutant allele in eystinuria,
iminoglycinuria, glucose-galactose
malabsorption, and renal glucosuria
for example. Nor do diseases of red
cell membranes necessarily show
themselves in the kidney. We must
infer from this that subtle differences
in the transport gene products, and
in the relevant genes, perhaps exist
in the different tissues: or if not in
gene products at least in the way they
are allowed to express themselves in
cach tissue. This subtle but important
differentiation of transport gene ex-
pression in the tissues of the body has
been beautifully illustrated by Rosen-

berg’s group; they have now shown
that the cystinuria mutation is not ex-
pressed in leukocytes, nor is this mu-
tation or that for Hartnup disease ex-
pressed in cultured skin fibroblasts
obtained from patients who have ab-
normal k!{i m-.],- .'J:'n:] il'llmili:‘la] transport.

Anomalies of this sort — and our
as yet very limited information about
them — are doubtless a major reason
for the confusing and inconsistent
pathology of the transport defects.
Broadly speaking, one would expect
defects of the high-capacity group
sites to be less serious than those of
the low-capacity specific sites, since
at normal physiologic levels ( of amino
acids, at least) most or all of the
transport is handled by the latter.
And, broadly speaking, this is what
one finds — but there are enough ex-
ceptions to pose problems.

Classical cystinuria, for example,
which affects a group of amineo acids
— cystine, lysine, ornithine, and argi-
nine — does not appear to interfere
with the metabolism of most cells
(though the associated high urinary
levels of cystine can, as noted earlier,
cause troublesome caleuli). Yet there
is the further fact that cystinurics are
probably at higher than normal risk
of mental abnormality, either retarda-
tion or psychosis.

As it now is, we are left with a
number of hypotheses, none of which
can be confirmed at this time. In this
respect it is wise to remember that
cystinuria is not one disease but two
and perhaps three distinct disorders,
each the result of a different muta-
tion. Perhaps only one form predis-
poses to mental illness, perhaps all do.

Hypercystinuria, by contrast, is ap-
parently a defect of a specific low-
capacity site handling only this one
amino acid; it has, moreover, been at
this writing localized only in the kid-
ney. Its apparent benmignity may be
due to the existence of other transport
mechanisms in other tissues that are
not affected by the mutation.

One would expect that certain
transport defects could be dealt with
by loading the body with enough of
the substance in question to compen-
sate for the transport deficiency, in a
parallel to the treatment of the vita-
min-dependent genetic disorders. Just
such an approach has proved effective
in X-linked hypophosphatemic rick-
ets, in which the body loses phos-



phate as a result of loss of a transport
system. Aggressive phosphate replace-
r;mnt, in\.'oh'ing sometimes five times
the mormal intake, appears to compen-
sate for the transport failure, allow-
ing the characteristic bone lesions to
heal and normal growth to take place.
Logically, one would expect a similar
approach to work in the tryptophan
and methionine malabsorption syn-
dromes, where the defects in the low-
capacity systems could be bypassed
by loading with the amino acid in
question to the point where the (less
efficient) shared system would come
into play. Here, however, we face the
possibility that the damage in these
diseases may be done prenatally, espe-
cially in view of their apparent rarity,
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which suggests that some affected
individuals may die in utero. This
could be evaluated by determining the
heterozygote rates in the population
and by leoking for a deficiency of
homozygotes relative to their pre-
dicted frequency.

As will be seen from the above,
there is plenty of material to keep
researchers in this active field busy
for some time. There is, moreover,
one additional possibility that is at
least worth a brief mention: manipu-
lation of transport mechanisms for
therapeutic purposes. Considering
what I have just said about the in-
completeness of present knowledge in
this field, such a notion may seem far
off indeed. Yet in at least one experi-

ment it has been done effectively

enough to suggest that there are real
|miblliti¢5 here, A few years ago, an
artificial amino acid was used to treat
malignancy in an experimental line of
animals; by binding to the cells’ trans-
port system, it effectively excluded
essential amino acids, leading to star-
vation of the tumor. Unfortunately,
the toxicity of the drug was far too
high for clinical use but conceivably
some modification of the approach
may yet prove practically useful.
Further off, one can envision the de-
sign of drug molecules to “fit™ a given
transport system so that they would
penetrate only cells with that system.
A very long-range goal, perhaps, but
one worth w::rkiug for.
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Time was when many doctors tended to assume that if one
picked the proper drug and gave it in the recommended
dose it would do what it was supposed to do — help the
patient without significantly harming him. We now know,
of course, that this concept is grossly simplistic; proper
drug dosage depends not merely on the drug but on the
patient — age, weight, the particular stage of disease or
diseases, even sex,

Yet even giving the fullest weight to all these factors,
we still find cases in which the “proper” dose of a given
drug will be toxic to some people and/or ineffective in
others. And it is becoming apparent that a major factor
in these “residual® drug' anomalies is hq'.nrt“t}' — the Illliqm‘.
genetic make-up of each individual in question. The study
of these hereditary differences in drug response is known
as pharmacogenetics. The growth of knowledge in the
field has obvious practical implications for the devising
of drug regimens that are fully rational, in the sense of
being tailored to the individual patient. In addition, to the
degree that discussion of these problems helps focus atten-
tion on the extent and range of variability in drug re-
sponses generally, it can, I think, prove beneficial in our
application of all drug therapies.

Pharmacogenetics is a relatively new “specialty™; the
very name was coined only about 10 years ago. Yet the
fact that it has come to the fore so recently is certainly
surprising; with hindsight, indeed, one might expect the
subject to have drawn attention many years ago. The ex-
istence of different drug responses in different species is
hardly a recondite concept; in fact, it constitutes a notori-
ous pitfall in the path of the pharmacologic researcher.
Obviously, these differences must stem from genetic dif-
ferences among species. The concept of hereditary physio-
logic differences among members of our own species is,
if anything, even more venerable, dating back at least to
around 1905 and the concept of “inborn errors of metabo-
lism.” What could be more expectable, then, than that
certain inherited rhetabolic defects in man would influence

the individual's responses to drugs?

In fact, anomalous drug responses have long been part
of ﬂ'm recnguizcd :s}'l:nplm'n:ltﬁ]ﬂg}r of SOTE inherited dis-
cases., In :,'.{II!IR'{'.!I'IifEll p[:r]bhyr]:t, for t'.x.'jt‘l'qﬂc,, barbiturates
can trigger an attack, sometimes with fatal results. Indi-
viduals with Crigler-Najjar syndrome are abnormally
sensitive to salicylates, those with von Gierkes disease
show a decreased blood sugar response to epinephrine and
glucagon, sufferers from Down’s syndrome are hypersen-
gitive to atropine. Instances like these are not particularly
startling; since the patient’s metabolism is pathologically
deranged to begin with, a pathologic or at least abnormal
reaction to a drug is a reasonable expectation.

Rather more remarkable are a number of metabolic
abnormalities [ One cannot quil:r n;;ﬂ" them EFTOrs ) that are
not expressed under “normial™ conditions and that seem to
be essentially or wholly benign. However, in the presence
of certain drugs they express their potentially dangerous
character. In this category is the abnormal hemoglobin
known as Zurich. In heterozygotes, the condition is ap-
parently harmless unless the individual receives sulfona-
mides or other oxidizing drugs, which produce methemo-
globinemia and a fulminating hemolytic anemia. Similar
adverse effects have been observed with some other ab-
normal hemoglobins,

Another example is inherited deficiency of the enzyme
glucose-G-phosphate dehydrogenase, a condition thought
to affect some tens of millions of people. Here again the
pathology is essentially drug dependent, and hemolysis
results from a number of compounds — the antimalarial
primaguine, para-amino salicylic acid, phenacetin, and the
sulfonamides — as well as From certain constituents of the
broad, or fava, bean. Many variants of this enzyme defect
have been identified; not all result in drug sensitivity.

Even more subtle, though not necessarily less serious,
are metabolic abnormalities in which the only detectable
“pathology™ is an accentuation or a diminution of the
usual response to the drug. One of these idiosyncrasies,
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Inheritance of isomiazid excretion traits shows that rapid (R) gene is dominant over slow
{r) gene. Slow excretors must be o homozygotes; rapid may be either RR homozygotes
or Br heterozygotes. The latter two groups can be distinguished only to the extent that
the traits of their offspring permit inferences to be drawn about their sygosity.

indeed, is so common as to make the
term “abnormality™ of dubious rele-
vance., This involves isoniazid and
some related compounds.

Not long after isoniazid (1nH)
was introduced as an antitubercular
agent in the early 1950%, clinicians
noted that patients showed remark-
ably wide variation in their metabo-
lism of the compound, whether this
was measured by the decline in serum
levels of i~ H or the rate of its ex-
cretion in the urine as acetyl-1 N H.
Studies of identical and fraternal
twins showed that the metabolic dif-
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ferences were largely hereditary; in
fact, calculations indicated that ge-
netic factors accounted for about 97%
of the observed differences.

Studies of 1 % H metabolism rates in
larger groups then revealed a clear
bimaodal distribution, with the popula-
tion divided into “rapid inactivators™
and “slow inactivators.”™ When family
pedigrees were analyzed in the light
of these findings, it appeared that
I ¥ H inactivation is controlled by two
autosomal alleles at a single gene lo-
cus, identified as R (rapid} and r
(slow). Both homozygotes and hetero-
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Measurements of plasma isoniazid levels in 267 indiciduals, six hours after oral dose of
drug, show marked differences in excretion rates. Clear bimodal distribution shows
division of population into rapid (left} and slow (right) excretors.
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zygotes for the “rapid” allele ( RR and
Er) are rapid inactivators; only the
“slow™ homozygotes (rr) are slow in-
activators. In other words, slow in-
activation of 1N H is a recessive trait,

What is extraordinary in this in-
stance is that something like half the
population falls into the slow group,
a frequency far above that for most re-
eessive traits. Why this should be so
is not known. In the few cases in
which recessive genes are known to be
widespread in a given population, the
gene can be expected to confer some
advantage on its possessor. Thus
sickle-cell trait, which reaches a fre-
quency of around 40% in some Afri-
can groups, gives a degree of protec-
tion to the heterozygote against ma-
lignant falciparum malaria, which is
endemic in the homelands of these
populations. We know of no advan-
tage conferred by the slow 15 1 trait.
On the other hand, there is no obvious
natural disadvantage in slow inactiva-
tion. Indeed, given the high propor
tion of slow inactivators, it seems un-
likely that any such disadvantage
could exist. The only disadvantages
we know of are drug dependent, in
particular an enhanced tendency to-
ward cumulative toxicity —a periph-
eral neuritis — from 1 ® #, which can
be controlled by administering the
vitamin pyridoxine.

Ideally, one would prefer to pre-
vent the side effects by reducing the
dose, since the slow inactivator can
derive the same therapeutic benefit
from a smaller quantity of the drug.
In practice, however, determining
whether the patient is in fact a slow
inactivator requires rather specialized
tests, which cannot be performed in
most places. Significantly, slow inac-
tivators are also more likely to show
toxic side effects from two drugs
chemically related to 15 H — the anti-
depressant phenelzine and the antihy-
pertensive hydralazine. In the latter
case they sometimes develop a lupus
erythematosus—like syndrome.

Slow inactivation, like many other
metabolic anomalies, has been traced
to a deficiency of a particular en-
zyme, in this case N-acetyltransferase
of the liver, which metabolizes 18 1
and related compounds into the acety-
lated form in which they are excreted.
Present thinking is that slow inactiva-
tors simply manufacture less of the
enzyme. However, some recent evi-



dence suggests that the enzymes asso-
ciated with the R and r alleles may
differ slightly in their properties, in-
cluding, conceivably, their efficacy as
acetylating agents.

A rather more complex enzymatic
situation is involved in another subtle,
and sometimes very serious, inherited
drug reaction: hypersensitivity to suc-
cinylcholine. In the body this muscu-
lar relaxant compound is rapidly hy-
drolyzed to succinylmonocholine, an
inactive metabolite, so that only a frac-
tion of the dpse actually reaches the
anatomic site of action — the myoneu-
ral junctions in skeletal muscles.
When used as an adjuvant in surgical
anesthesia, it of course affects the
respiratory museles as well, producing
a brief apnea normally lasting only a
few minutes. ﬂc:;a!tiumuily, huwm’cr,
individuals show prolonged respira-
tory paralysis and may require artifi-
cial respiration for an hour or more.

Biochemical and neurologic studies
of such individuals showed that the
problem did not involve any abnor-
mality of the myoneural receptor sites
but, rather, abnormally high serum
levels of the drug. Plainly, it was be-
ing hydrolyzed much more slowly
than normal. This pointed to some
problem with the hydrolyzing enzyme
plasma pseudocholinesterase (ppo-
ase), but further research failed to
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reveal any obvious deficiency in the
enzyme. Population studies showed a
normal distribution of © rc-ase levels,
and even individuals known to be suc-
cinylcholine-sensitive  possessed  en-
zyme levels that, though generally on
the low side, were by no means low
enough to account for their anomalous
reactions to the drug,

More refined studies, however,
turned up not a guantitative but a
qua]itative difference in r rc-ase that
had been obscured by the standard
tests for its activity. These measured
the hydrolysis of benzoylcholine by
means of spectrophotometry, and in-
valved relatively high concentrations
of benzoylcholine — high enocugh to
saturate the enzyme and thereby ob-
scure the fact that ppc-ase from
succinylcholine-sensitive  individuals
had a distinctly lower affinity for the
choline esters than does the enzyme in
normals. In addition, their enzyme
was less sensitive to many substances,
such as dibucaine and fuoride, that
normally inhibit its action. By “play-
ing off” the inhibitor against the ben-
zoylcholine substrate the researchers
were able to demonstrate the lowered
affinity property of the atypical en-
zyme and also to classify individuals
according to their “dibucaine num-
ber,” i.e., the percentage of inhibition
of “their” enzyme. Grouped in this

TAnNEr, tl'u: I:Jrlig'i.lfl:'.it nnrrn.'!]. distribu-
tion immediately separated into three
distinct populations: a large group
with dibucaine numbers ranging from
73 upward, a considerably smaller
group between 45 and 70, and a very
small group below 20. Afalysis of
pedigrees on this basis then indicated
that those in the intermediate group
were heterozygous carriers of the
trait, in contrast to those in the under-
20 group, who were homozygotes and
true succinylcholine-sensitive individ-
uals. The latter are estimated to occur
with a frequency of about one in
3,000 in the general population.

Subsequently, several other forms
of inherited rrc-ase abnormality
have been found, including one -
called the “silent allele™ —in which
homozygotes do not manufacture the
enzyme at all. In :|ﬁdiliu[l, researchers
have turned up at least one family of
“succinylcholine resisters™; here the
anomaly seems to involve the manu-
facture of unusually high quantities of
the plasma enzyme.

[ should stress that none of the in-
dividuals with anomalies of either
N-acetyltransferase or PPC-ase are
in any way abnormal except for their
drug reactions — not even the “silent
allele™ Momozygotes with essentially
no PP c-ase at all. One must conclude
that either the enzymes in question

20 , _ : — 20— :
| : |
| 18—
!
| 16
15 |
I 14 [———1
! 12
|
|

Mumber of Individuals
—
=

|
{
5 f
[

|
10 2

Dibucaine inhibition test of the enzyme psrudﬂciiﬂafinrﬂcmsf
yields a trimodal distribution (graph at left). Small group of mnu-
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Crenctic source of differences in excretion rate of tsondazid is shown by comparisons of
identical and fratemal twins. The former in all cases have very similar rates; the latter
may but almost in l:qlrl-ﬂﬁlhj do not. From such studies it has been estimated that genclic
factors account for about 87% of observed individual differences in isoniozid metabolism.

serve no normal function in the body
or that such normal functions as
they serve can be carried out ade-
quately via other metabolic path-
ways involving other enzymes. There
are in fact many known examples of
metabolic alternatives and probably a
great many that we do not know
about. Studies of inborn errors such as
P KU have shown that even where an
enzyme defect blocks one metabolic
path the substrate will be generally
metabolized in one way or another.
In such cases the alternative pathways
may be pathologic because they either
rob the body of some necessary com-
pound or produce toxic metabolites.
But there is no a priori reason to sup-
pose that all alternative pathways are
pathologic; obviously the pathologic
ones are far more likely to come to the
scientist’s attention.

Curiosity may lead us to wonder
why the body appears to have evolved
mechanisms for providing seemingly
unnecessary enzymes. But the as-
sumption that a “why” exists in
every case involves, I think, an over-
teleologic view of human evolution.
There are, after all, any number of
inherited physiologic variations in the
human animal, some of which possess,
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so far as we can tell, no functional or
evolutionary significance  whatever.
These include such obvious traits as
straight vs wavy hair or long vs round
heads as well as more subtle differ-
ences, such as the ability to taste phe-
nylthiourea or to excrete methyl mer-
captan after eating asparagus or, for
that matter, the A vs B blood groups.
Of the known anomalies of hemoglo-
bin structure, the majority appear to
confer no functional disadvantage
and must be considered as essentially
random mutations that have survived
because there was no reason for them
not to. All of these reflect biochemical
differences and, in some cases, the
existence of a “nonessential” enzyme.
In fact, we still know relatively little
about the biochemical variability of
particular species, including our own;
the assumption that all of a given
organism’s biochemical potentialities
must be significant for the organ-
ism’s welfare mainly reflects the fact
that science has focused its attention
on the processes that are significant.
And to the extent that we subject
human beings to more and more *un-
natural” biochemical challenges, i.e.,
by giving them drugs, we are likely to
turn up more and more “nonfunc-

tional” biochemical processes.

But the puzzle of “unnecessary” en-
zymes does not exhaust the complexi-
ties of inherited anomalous drug reac-
tions. In the case of the anticonvulsant
drug diphenylhydantoin, for example,
some individuals show inherited sensi-
tivity resulting from a lag in conver-
sion of the drug to a more soluble
compound that is one stage in its dis-
position. This lag is thought to reflect
some abnormality in the liver enzyme
microsomal hydroxylase, but accord-
ing to present evidence the enzyme
itself seems normal. There are indi-
cations, rather, that the problem
may be an inherited inability to *in-
duce” the enzyme. Diphenylhydan-
toin, like many other drugs (notably,
e.qr., the barbiturates ), has the ability
to step up production of the enzyme(s)
that metabolizes it; in “sensitive” in-
dividuals this induction may not oc-
cur, so that the enzyvme, though other-
wise normal, remains at its basal
level. Exactly why this should occur
(if it does) is uncertain, since we
know very little about the mechanisms
that control enzyme induction, apart
from the fact that some of them ap-
pear to be inheritable.

The problem is further complicated
by the fact that the liver microsomal
enzymes involved in drug detoxifica-
tion and excretion are known to be in-
duced, or inhibited, by a variety of
environmental agents, so that in a
given case it is often difficult to deter-
mine the role played by heredity.
However, careful twin studies un-
der controlled conditions have impli-
cated genetic differences of “induction
capacity” in several types of drug sen-
sitivity involving antipyrine, phenyl-
butazone, and the coumarin anticoag-
ulants { dicumaral, warfarin ).

I might just mention in passing
that isoniazid can produce diphenyl-
hydantoin sensitivity when the two
drugs are given together. The former
appears to interfere in some way with
the hydroxylation of the latter, so that
patients on the combined regimen
may show symptoms of diphenylhy-
dantoin toxicity such as nystagmus,
ataxia, and drowsiness. And, precisely
as one would expect, the slow acetyla-
tors of isoniazid are the most likely to
show diphenylhydantoin intolerance.

All these abnormalities, whether of
enzyme structure or enzyme induc-




tion, essentially concern the rate at
which the drug is removed from the
body, and thus the tissue concentra-
tion of the drug that will be produced
by a given dose. In other words, the
individuals are abnormal only as re-
gards their reaction to a given dose
of the drug in question; considered in
terms of the serum or tissue level of
the drug, their reactions are within
the normal range.

A quite different type of inherited
drug anomaly is inherited resistance
to coumarin-type anticoagulants (not
to be confused with the inherited sen-
sitivity cited above). The condition
was first observed in an elderly man
who was receiving warfarin prophy-
lactically following a myocardial in-
farction. The usual dose was ineffec-
tive, and the desired increase in pro-
thrombin response was only achieved
when the man was given a daily dose
of 145 mg — some 20 times the usual
quantity. Yet careful studies showed
that the patient did not metabolize
warfarin at an abnormally rapid rate;
serum levels of the drug and its dis-
tribution in the tissues were normal
with normal doses and elevated in pro-
portion to the elevated dose.

Tests of relatives turned up five
other individuals with similar war-
farin resistance, including the patient’s
identical twin, who had shown the
same anticoagulant resistance after a
myocardial infarction of his own.
Analysis of the pedigree indicated that
the trait was inherited as an autosomal
dominant.

Further studies revealed that the
extraordinary resistance to warfarin
was in all cases combined with an ex-
traordinary, 20-fold sensitivity to the
antidotal effects of vitamin K, which
is of course used to counteract exces-
sive reactions to the coumarin-type
anticoagulants. The most likely ex-
planation, in view of the apparent
normal metabolism of the drug, is an
abnormality of a receptor site in the
tissues or in an enzyme involved in the
synthesis of clotting factors II, VII,
IX, and X. Presumably the altered
site has a greater affinity for vitamin
K and a lessened affinity for warfarin,
markedly enhancing the former's abil-
ity to compete with the latter in bind-
ing to the site.

As with other inherited disorders,

the mechanisms of inherited drug
anomalies are not always well under-
stood, so that a general classification
is difficult. Broadly speaking, we find
that the disorders, and indeed indi-
vidual differences in drug reactions
generally, do not involve the rate at
which the drug is absorbed or the way
it iz distributed in the tissues. Prob-
ably this is because these processes are
determined mainly by the physico-
chemical properties of the drug itself
(its water and lipid solubility, ioniz-
ing properties, etc.). Individually
anomalous drug reactions, on the other
hand, may be roughly classified ac-
cording to the basic mechanism in-
volved.

In a receprior site disorder, a normal
dose of the drug produces a normal
blood level, but the patient, because of
his “insensitive” receptor sites, re-
quires an abnormally high dose, and
blood level, to achieve the desired re-
sponse. Here the only example pres-
ently known is coumarin anticoagu-
lant resistance. (In theory, one can
conceive of a converse situation, in
which the receptor would possess an
abnormally high affinity for the drug,
but T know of no actual example. )

In drug metabolism disorders, a

Normal metabolic path of acetophenetidin proceeds via dealkyla
form in which metabolized drug is excreted. Inherited enzyme defect blocks normal
path (white bar), shunting drug into abnormal path. This produces 2-hydroxyphenetidin
as intermediate, which is toxic, inducing hemolysis and methemoglobinemia.
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normal dose of the drug will produce
an abnormally high or low blood level.
The patient reacts normally to a nor-
mal blood level, but will require an
abmormally lew or high dose to
achieve it. The obvious examples are
the slow inactivators of isoniazid or
succinylcholine.

In what might be called tissue
metabolism disorders, a normal dose
of the drug produces a normal blood
level but the patient “overreacts™ to
this blood level because his tissues or
red cells are peculiarly vulnerable to
the drug. Examples are the hemo-
globin Zurich and favism,

For completeness, I should add a
few anatomic disorders, in which the
anomalous drug response is not,
strictly speaking, metabolic but de-
pends on inherited anatomic differ-
ences. There are, for example, two
types of inheritable glaucoma in which
drug reactions may become a prob-
lem. In the first, associated with nar-
row angle of the anterior chamber,
patients may develop increased intra-
ocular pressure in response to atropine
and other mydriatics, which tend to
block rather than facilitate the flow of
the aqueous humor. In the second,
which appears to result from a struc-

tion to confugated
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Inherited resistance to anticoagulants of the cowmarin type is
thought to involve abnormal receptor sites in tissues or in an
enzyme. In normal individwals, warfarin binds preferentially to
the sites, thereby displacing vitamin K and blocking the forma-

tural difference in the trabecular
meshwork system, drainage is facili-
tated by atropine but slowed or
blocked by dexamethasone and other
corticosteroids, which appear to ag-
gravate the trabecular defect.

Finally, there is the problem of in-
herited subaortic stenosis, in which
the flow of blood into the aorta is ob-
structed by concentric hypertrophy of
the left ventricular muscle. Here mild
failure, with some degree of aortic
dilatation, may actually be beneficial,
since it may alleviate the stenosis and
thereby increase the flow. But if the
condition is more severe, treatment of
the failure with digitalis may be fatal,
since a restoration of normal heart size
would decrease rather than increase
blood flow.

Like all classifications, this one is
necessarily approximate. Nor should
the reader infer that every hereditary
drug anomaly will be found to fit
neatly into one or another category;
some may well overlap into two or
three. This is especially likely to be
true of drug anomalies that, like some
genetic diseases, are polygenic and
multifactorial — and there is already

96

evidence that such anomalies exist.

Meanwhile, as a practical matter,
the physician would do well to con-
sider the possibility of an inherited
drug anomaly whenever the question
arises of prescribing one of the drugs
cited herein. In particular, it would be
worth inquiring of the patient whether
any close relative has been treated for
the same disease and, if possible, ascer-
taining (preferably through the rela-
tive’s physician) what drugs the rela-
tive received and whether he showed
any inexplicable reactions to them.
Where a physician treats (or has
treated) more than one member of a
family, he of course has special op-
portunities for observation; he should
especially bear in mind that an other-
wise inexplicable drug reaction of any
sort in one of several siblings raises at
least the possibility of a similar occur-
rence in another.

With further studies and clinical
experience, we can expect more and
more inheritable drug anomalies to
turn up. I suspect, too, that increas-
ingly we will find them falling into
clusters, so that an established sensi-
tivity to one drug will imply a pre-

Enzymes for
Factors I, WL, I, X

tion of coagulation factors, In certain abnormal individuals, who
are rare, the sites are more receptive to vitamin K. The result is
that the patient is both insensitive to the anticoagulant and
hypersensitive to the antidotal effects of the vitamin.

sumptive sensitivity to several (this is
already the case with, for example,
primaquine sensitivity in glucose-6-
phosphate dehydrogenase deficiency ).

The need for further research as
well as for an enhanced sensitivity in
the profession generally to the heredi-
tary factor in pharmacotherapeutics
can be seen from a brief cautionary
tale. Not s0 many years ago, a very
extensive and expensive study was
undertaken to ascertain why an occa-
sional patient (perhaps one in 10,000)
showed severe toxic reactions to the
anesthetic halothane. It apparently
occurred to no one connected with the
study that heredity might be of sig-
nificance. The results of the study
were rather inconclusive — and so far
as evaluating possible hereditary fac-
tors are concerned, will remain so,
even with present hindsight, since no
data bearing on heredity were ever
obtained. If we are ever to determine
whether halothane sensitivity is in fact
inheritable, we will have to start all
over from the beginning and collect
the proper data.

One hopes that such an omission
would not occur today.
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LLesch-Nyhan Syndrome
and the X-l.inked Uric Acidurias

J. EDWIN SEEGMILLER

University of California, San Diego

Inereasing evidence suggests that we have probably
reached the first landmark on the trail to understanding
the group of inherited molecular diseases associated with
defective purine metabolism, particularly the production
of excess uric acid. Gout is, of course, the best known
disease in this broad category. But much of our basic
understanding so far has come from patients whose initial
symptoms are principally neurologic and who anly develap
gouty arthritis or renal complications relatively late in the
course of their disease. Specifically, I refer to patients with
the rare form of cerebral palsy known as Lesch-Nyhan
syndrome. The disease is characterized by muscle spastic-
ity, choreoathetosis, mental retardation, and a compulsion
to bite away the lips, tongue, and fingertips. An X-linked
recessive condition, it usually leads to death before
puberty.

As with the discovery of the molecular basis of sickle
cell disease, the findings in Lesch-Nyhan syndrome may
have broad implications for other disorders involving uric
aciduria, for other polygenic diseases, and even for im-
proved understanding of compulsive, aggressive behavior,
Within three yvears from the description of the syndrome,
the responsible enzyme defect had been identified and has
gsince been found in other gouty patients having fewer
or even no neurologic symptoms. This, then, is the first
precise identification of a genetic flaw of purine metab-
olism involved in gout. The defect, which involves a defi-
ciency of hypoxanthine-guanine phosphoribosyltransferase
(HrerT), will be discussed in detail later. At this point
I should like simply to emphasize that until the Lesch-
Nyhan enzyme defect was uncovered, it was not known
that H P R T played an important role in brain cell metabo-
lism. In fact, Lesch-Nyhan is the first condition identified
in which a specific bischemical abnormality can be asso-
ciated with a specific pattern of aberrant behavior. How
many other forms of compulsive behavior and even out-
right aggression have genetic and biochemical fundations?

‘That the question can be asked, itself suggests a new di-
rection for investigating human behavior.

In addition, the technical features of the Lesch-Nyhan
and related research have made possible several significant
advances in cell biology and should stimulate others in the
future. Among other things, opportunities should be in-
creased for determining mutation rates in normal human
cells, for learning what turns genetic material “on™ and
“off,” for mapping the X chromosome, and for studies of

.r'I.J'l'hu::uin La‘;cﬁ-.\’yﬁmn sy!t:fmnm wwas identified mil'y in 1964,
its manifestations are probably centuries old. Pre-Incan ceramic
dug up in Peru is thought to show characteristic self-mutilation.
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The abnormal posturing and spasticity associated with Lesch-Nyhan syndrome is appar-
ent in child shown above. His mutilation of the lips can be seen in photograph below,
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genetic transformation and cell hybri-
dization.

History

Although the term “Lesch-Nyhan
syndrome” did not enter the medical
literature until 1964, the unusual
combination of symptoms is probably
centuries if not millenia old. Dr. Ny-
han has described “a pre-Inca cera-
mic dug up near Lima, Peru, on which
is illustrated a boy who died in child-
hood. He had well-demarcated mutila-
tion of lips and nose. This could be
an example of the syndrome.”

The contemporary story of the X-
linked uric acidurias, however, began
less than a decade ago. A four-year-
old boy with cerebral palsy was ad-
mitted to the Johns Hopkins Hospital
in 1963; his immediate problem was
hematuria, which followed two days
of fever and vomiting. An alert house
officer observed crystals in the boy's
urine, and it was first thought the
child had cystinuria. Analysis showed,
however, that the crystals were com-
posed of uric acid.

Dir. Michael Lesch, who was then
a medical student, and Dr. William L.
Nyhan, then on the faculty at Johns
Hopkins and now Chairman of the De-
partment of Pediatrics at the Univer-
sity of California, San Diego, studied
this boy carefully. They found similar
clinical and biochemical abnormali-
ties in his older brother. Their paper
on the two children was published in
April 1964 and defined the syndrome
that now goes by their names. Since
then more than 150 individuals with
the clinical features of Lesch-Nyhan
syndrome and hyperuricemia have
been identified.

Both boys demonstrated the neuro-
Ingi:_: features ﬂlr{‘:;!d}' described. Drs.
Lesch and Nyhan also found that
these children excreted from three to
six times as muach uric acid in their
daily urine as did control subjects of
the same size and age. Actually, the
amount per kg of body weight was
two or three times the uric acid ex-
creted by certain adults with severe
clinical gout.

A child with this syndrome almost
always appears normal at birth and
for the first few months thereafter,
although overproduction of uric acid
is already occurring at birth. The first
signs of difficulty may be observed



between the ages of six and nine
months. A child’s mother may notice
flecks of brownish-orange crystals in
the diaper, because uric acid has pre-
cipitated out of the urine. A sign of
the neurologic deficit is that the child
cannot hold up his head as well as a
normal child. Athetosis or chorecathe-
tosis may develop subsequently; virtu-
ally all have dysarthria.

Another early symptom of the dis-
ease is frequent yomiting. One mother
who carried this genetic defect re-
called that her two male children who
died in infancy vomited repeatedly.
She thought they were suffering from
some sort of food intolerance and tried
all sorts of foods without SUCCESS,
Many children actually have dys-
pllﬂgiﬁ. But, in udtliti:m, vomiting
may also be related to compulsive,
aggressive behavior, for the children
often throw up when they become up-
set, frequently drenching those caring
for them.

The compulsive self-mutilation may
begin very early or be considerably
delayed. In one of our patients, it did
not btgin umntil age 14. Twao older pa-
tients examined by Dr. Nyhan had the
enzyme deficiency and were extremely
hyperuricernic but neither had mutil-
ated himself. One, aged 14, had only
joint aches, while the other, 27, had
gouty arthritis and tophi. They also
manifested less chorecathetosis than
other patients with the syndrome.
Thus a considerable range of expres-
sion is possible, perhaps reflecting the
level of residual enzyme activity.

Although these children are men-
tally retarded by standard tests, one
gets the impression they have consid-
erable intelligence. Their motor han-
dicap, particularly as far as speech is
concerned, is so great that communi-
cation is difficult. We do know, how-
ever, that they are fully aware of the
painful consequences of their compul-
sion for mutilation. They want to be
protected against self-destruction and
they welcome restraints such as pro-
'[ﬂ:tin'i:, |'|ﬁll{*.|15 or hm’iﬂg l.hr,:ir hands
tied down. We have found that splints
on the elbows are useful, for they pro-
tect the hands but still allow the pa-
tient to use them. Once a patient
realizes he cannot put his hands in his
mouth he relaxes and becomes peace-
able. If someone is taking the restraint
away, on the other hand, a child may
shriek in fear because he knows what

LESCH-MNYHAN S5YNDROME AND THE X-LINKED URIC ACIDURIAS

Arm restraints are often required to protect affected child against his compulsion to self-
injury, as seen above, Although standard tests usually indicate mental retardation, such
children often appear lively and bright (photo courtesy of Dr. Joseph Dancis).

he is going to do to himself.

It appears that psychologic stress
is involved in the childs behavior,
too. One of these children was in our
hospital at the Mational Institutes of
Health for more than a year, and we
were finally able to understand his
difficult, dysarthric speech. He said
that the compulsion to chew his fin-
gers and lips came on whenever he
became anxious or upset. During one
period when this boy felt very secure
he went for six months without splints
on his elbows. When he felt he needed
them, he would announce the fact. I
came in one morning and found he
was wearing them again. I asked him
what was the matter and he 531{}, “M}r
mother’s sick and I'm worried about
her.” Ong is sometimes tempted to
think of this abnormal behavior of the
Lesch-Nyhan syndrome patient as fin-
gernail biting with the volume turned
up.

These patients are also very aggres-
sive. When they are younger they bite

or pinch others, and learn to swear
early. Later on they delight in kicking
and hitting people, including their
doctors. It is amazing that while their
choreoathetosis makes so much of
their motion aimless, they can still
home in on the physicians’ eyveglasses
and send them flying across the room.

Despite this perverse streak, chil-
dren with the syndrome are generally
well liked by hospital personnel. Com-
pared with the usual patients in
schools or institutions for the retarded,
bright. They apologize
quickly for what they have done, and
they laugh whenever something funny
DECUTS. g

Although one might expect these
patients to develop symptoms of gout
at an early age, it usually occurs fairly
late in the disease. Some develop
gouty arthritis; as a group they are
also susceptible to kidney damage.
We seek to prevent kidney damage
and the onset of gout by administer-
ing allopurinel to block uric acid for-

they are

103



SEEGMILLER

mation. Since the oxypurine precur-
sors of uric acid, hyvpoxanthine and
xanthine, and the acid itself all have
independent solubilities, the chance of
developing kidney stones is reduced.
In some cases, allopurinol has caused
a uric acid stone to disappear from the
kidney. Even when started very
shortly after birth, however, allopu-
rinol treatment does not prevent the
neurclogic complications.

How long these children live de-
pends to a great extent upon the med-
ical care available to them. The oldest
patient we have encountered with the
fully expressed syndrome is about 25
vears old. Since both of his parents
are physicians, he has had an unusual
degree of medical attention. The ma-
jority eventually develop severe kid-
ney damage, but although uremia is
often contributory to their death, the
immediate cause is usually a respira-
tory infection, sometimes complicated
by aspiration pneumonia from regur-
gitation.

In summary, male children may be
suspected of having the Lesch-Nyhan
syndrome if they vomit frequently
during the neonatal period, have
brownish-orange crystals in their ur-
ine or diapers, manifest hematuria or
evidence of kidney stones, demon-
strate choreoathetosis with or without
mental retardation, and are compul-
sively aggressive or self-destructive,
particularly in biting their lips,
tongue, or ingers.

Biochemical Studies

I first began investigating the bio-
chemical aspects of Lesch-Nyhan syn-
drome while I was in the Section on
Human Biochemical Genetics at the
National Institute of Arthritis and
Metabolic Diseases and have contin-
ued these studies at the University of
California, San Diego. It seemed to
me that if we could understand the
primary genetic abnormality in this
form of cerebral palsy, we might be
able to find related defects in the regu-
latory system for purine metabolism
and thereby account for the excessive
rate of purine metabolism found in
many patients with gout. In the sub-
sequent investigations, important con-
tributions were made by my cowork-
ers, Drs. William N. Kelley, Frederick
M. Rosenbloom, Frank Henderson,
Wilfred Y. Fujimoto, Martin L.

104

Greene, Theodore Friedmann, and
J. A. Boyle.

Previous studies of both bacterial
and mammalian cells had outlined the
pathways for purine synthesis, to-
g‘EthEt' with the feedback control
mechanism regulating synthesis. As
the diagram opposite illustrates, the
purine nucleotides guanylic and aden-
ylic acid and the corresponding di- and
triphosphates exert feedback control
on the first ratelimiting enzyme re-
action. This enzyme, rrer ¢ (5-phos-
phoribosyl-1-pyrophosphate )  amido-
transferase, catalyzes the conversion
of #Rrrr and glutamine to phosphori-
bosylamine. In a sense the purine
nucleotides keep a brake on the rate-
limiting reaction.

Our original hypothesis was that a
mutation had altered the site where
the inhibitors attached to the enzyme
and made it less sensitive to feedback
inhibition. "To test this hypothesis we
studied the effect of azathioprine on
our patients' purine synthesis. Dr.
Leif Sorenson and his associates at
the University of Chicago had shown
Li'l;l,t al.'.f,aahinprim_:, a d.cr'lrati\'r. of B-
mercaptopuring, inhibited purine syn-
thesis in gouty patients who produced
excessive uric acid but not in two
brothers who had some of the clinical
features of Lesch-Nyhan syndrome.
We confirmed Dr. Sorenson’s findings
in two patients with the full-fledged
syndrome.

For in vitro studies of purine me-
tabolism we then established cultures
of fibroblasts taken from the skin of
our patients. De novo purine synthesis
was then assessed by blocking metab-
olism two steps beyvond the rate-
limiting reaction. This was done with
the glutamine analogue azaserine,
which results in aceumulation of the
purine intermediate formylglycina-
mide ribonucleotide (Foar). We
found that Lesch-Nyhan cells incor-
porated formate-*'C into FGAR at a
rate five to six times higher than nor-
mal cells, representing an excessive
rate of purine synthesis that was quite
comparable to the degree of owver-
production of uric acid found in pa-
tients' 24-hour urine collection.

Up to this point, findings were con-
sistent with the hypothesis that the
purine nucleotide inhibitors of purine
synthesis were unable to attach effec-
tively to the ratelimiting enzyme
P kP amidotransferase. But then we

used another derivative of G-mercapto-
purine, 6-methylmercaptopurine ribo-
nucleoside, and found it did in fact
inhibit purine synthesis in both nor-
mal and patient cells. This was the
first indication that the children had
a defect other than the one we had
postulated.

Study of the pathways involved
in the metabolism of these two differ-
ent purines, G-mercaptopurine and G-
methylmercaptopurine ribonucleoside,
subsequently pinpointed the biochem-
ical lesion responsible for Lesch-
Myhan syndrome. The first of these
compounds needs hypoxanthine-guan-
ine phosphoribosyltransferase, which
converts hypoxanthine or guanine to
ribonucleotide form. The other, how-
ever, rq:qu'lr:r.ti a kinase that normnlly
converts adenosine to a nucleotide,
This suggested that 6-mercaptopu-
rine’s failure to inhibit purine syn-
thesis could have been the result of an
u rr 1 deficiency in the patients’ cells.

We accordingly assayed our cul-
tured cells for HEPRT activity and
found that patients’ cells were mark-
edly deficient in the enzyme, which
was easily detected in normal fibro-
blasts. To verify these findings, ery-
throcytes were also studied. HPRT
could not be detected in patients’ red
cell lysates when either hypoxanthine
or guanine served as a substrate but
was fully detectable in normal red
cells.

The typical patient with the full-
blown syndrome has less than 0.005%
of normal H PRT activity in his red
blood cells and about 2% to 3% in
skin fibroblasts. Fibroblasts in af-
fected patients typically show more
HPRT activity than their erythro-
cytes. We believe this is because the
mutant enzyme is somewhat unstable
and 5o is gradually inactivated at body
temperature and therefore loses activ-
ity in the longer-lived red cells. (Fi-
broblasts replicate every 24 hours;
erythrocytes have an average life-span
of 120 days.)

If one adds hypoxanthine or guan-
ine to cultures of normal fibroblasts,
purine synthesis is inhibited. But if
either hypoxanthine or guanine is
added to the medium of cells taken
from Lesch-Nyhan patients, purine
synthesis is stimulated. At present we
do not know why the latter should be
true, but the cell cultures respond very
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Feedback Control of Purine Biosynthesis

PRPP — Glutami idotransferase

As indicated in the ;ﬂﬂgﬂ:m above, the purine nucleotides and
their polyphosphates normally serve to inhibit S-phosphoribosyl-
I-pyrophosphate (PRPP) plutamine amidotransferase, mediator
of the first and presumed rate-limiting reaction controlling purine
Biosynthesis. The enzyme deficient in children with Lesch-Nyhan

much as patients do in this respect.
The precise way by which the en-
zyme defect causes the excessive pu-
rine synthesis has been studied. We
now see that the shortage of nerT
leads to an excess of © kPP, presum-
ably because it cannot be used in the
HPRT-catalyzed reaction. PRPP s
normally one of the substrates for the
rate-limiting enzyme for purine me-
tabolism, rrrr-glutamine amido-
transferase. When present in excess it

probably causes the rate of metabo-
lism to accelerate. We have found a
demonstrable excess of rrpPp in
Lesch-Nyhan fibroblasts (four times
normal ) and red cells ( 10 to 40 times
normal ).

It is also significant that virtually
all children with Lesch-Nyhan syn-
drome have increased activity of the
enzyme adenine phosphoribosyltrans-
ferase (A PRT) in their red cells. This
curious increase superhcially resem-

Feedback
Inhibition

syndrome  is  hypozanthine-guanine  phosphoribosyltransferase
(HPRT), which shares the same subsirate, PRPP, with the rate-
limiting enzyme. Increased PRPFP concentrations are found in
the cells of children with the discase and appear to contribute o
the excessive purine synthesis.

bles a type of controller gene mutation
described in bacteria by Monod, in
which a decrease in one enzyme is
accompanied by a coordinate derepres-
sion of another enzyme, bat a far
simpler explanation was found. Our
evidence suggests that the high intra-
cellular concentration of PrRPFP in
these children’s cells stabilizes AprT
against the gradual spontaneous in-
activation of the enzyme that is a nat-
ural accompaniment of aging of nor-
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mal red cells. As a result, the mutant
red cells show a substantially higher
amount of APRT activity than do
normal red cells.

Mow how does the nerT deficiency
zeem to be related to the self-destrue-
tive and aggressive behavior so com-
monly observed in the Lesch-Nyhan
syndrome? The mechanism responsi-
ble for the neurologic damage is not
yet known. It does not produce any
detectable structural change in the
microscopic appearance of the brain
at autopsy. But we have examined
autopsy tissues for the presence of
HrrRT and found it virtually absent
from all regions of the brains of af-
fected children, while in normal brain
it is actually most abundant, particu-
larly in the basal ganglia. This is
somewhat of a surprise, since the reac-
tion the enzyme catalyzes had not
been thought of as particularly im-
portant for the body’s metabolism.
We used to think that HePr7T was
primarily a scavenger enzyme that
made possible the thrifty reutilization
of purines before they were broken
down to uric acid.

If HrRT plays an important role
in metabolism of the brain, we would
expect a deficiency to produce symp-
toms of basal ganglia dysfunction
particularly, which is precisely the
explanation for the children’s major

symptoms of spasticity and choreo-
athetosis. The evidence suggests that
the local biochemical consequences of
the enzyme defect are responsible for
the neurclogic damage, rather than
some substance that gets into the
brain secondarily.

Originally it was tempting to think
that uric acid was causing the neuro-
logic damage since it is largely ex-
cluded from the cerebrogpinal fluid in
normal subjects. However, we found
that the uric acid concentration in our
patients’ cerebrospinal fluid was not
very different from that in patients
having spinal taps for other reasons.
However, the oxypurine precursors of
uric acid, hypoxanthine and xanthine,
were indeed substantially increased in
the patients’ cerebrospinal fluid. In
addition, the ©sF concentration of
these oxypurines was higher than their
serum concentration, while in non-
affected subjects the reverse was true.
While these findings indicate that
excessive purine synthesis is occurring
in the central nervous system as well
as in other tissues of the body, they
do not explain the neurclogic damage,
If one increases the concentration of
the oxypurines in plasma and cere-
brospinal fluid by blocking their oxi-
dation to uric acid by administering
the xanthine oxidase inhibitor allo-
purinol, the neurologic disease be-
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Incorporation of labeled glycine (a precursor of purine synthesis) into urinary nric acid
was found to be much higher in two Leseh-Nyhan patients than in four normal subfects,
demonstrating that accelerated purine synthesis is responsible for patients’ uric aciduria
{graph adapted from W. N. Kelley et al, Ann Intern Med 73:583, 1969).
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comes no worse, nor does it become
any better,

Feeding large amounts of certain
purines such as caffeine to rats will
prodluce  compulsive  self-mutilating
behavior, too. But whether or not the
mechanism that leads them to bite off
their toes and paws is the same as that
which operates in Lesch-MNyhan chil-
dren has not been proved.

For the present, then, it can be
said that patients with Lesch-Nyhan
syndrome have almost no activity of
HrrT and that this appears to have
an adverse effect on the brain, espe-
cially the basal ganglia. Precisely how
the enzyme deficiency produces the

neurologic effects is not yet estab-
lished.

Cenetics

All known patients with Lesch-
Myhan syndrome are males with a
pattern of inheritance consistent with
the hypothesis that the disorder is an
X-linked recessive one and the defee-
tive gene is carried by a heterozygous
mother. This has been confirmed not
only by pedigree studies but through
cell cultures that demonstrated such
carrier mothers to be mosaics with
respect to the defect.

The finding of mosaicism is con-
sistent with the Lyon hypothesis pro-
posed by the British investigator Dr.
Mary F. Lyon to compensate for the
double dose of genes presented by the
two X chromosomes in women. She
proposed that in a normal female, one
of the two X chromoesomes { gither the
maternal or paternal X} becomes in-
activated at random very early in
embryologic development. Whatever
“choice” 1s made, the cell descendents
of these embryonic cells will all carry
the same active X chromosome as
their “progenitors.” A carrier mother
could thus be expected to have two
cell populations so far as the X chro-
mosome is concerned. In one of these
cell populations the X chromosome
carrying the defective gene for HPRT
would be active and would manifest
deficient HerT activity. Cells in
which the defective X chromosome
was inactivated would have normal
H P RT activity. Fortunately, it is pos-
sible to assay single cells for activity
of the enzyme.

HPRT is the first enzyme involved
in the incorporation of hypoxanthine



into nucleic acids. To assay for its
activity one incubates cells with tri-
tiated hypoxanthine and subsequently
prepares radioautograms from the
cultured cells. Such studies confirmed
that the maternal fibroblasts did in-
deed contain two cell populations, one
normal for H P RT, the other deficient.
Radioautograms of the normal cells
showed a heavy overlay of silver par-
ticles in the nueleus and cytoplasm,
demonstrating uptake of the tritiated
substrate. In the deficient cells there
WAS |>I:‘iu.‘t'lr:ill]j.' (1 T4] i:'u'.ftlrpm'.'li'm:|1 of
substrate, The contrast was similar
to that seen between fibroblasts from
normal individuals and from Leseh-
Myhan patients. The two cell popula-
tions 1n heterozygous females is also
reflected in assays for the enzyme per-
formed on the groups of cells adhering
to hair follicles pulled from the scalp.

A curious exeeption to the mosaic-
ism in heterozygous females is found
in their erythrocytes and leukocytes.
Both of these cell types show normal
activity of 4 PrT even in mothers of
affected children in whom examina-
tion of either fibroblasts grown from
skin biopsies or hair follicles assayed
:lirl:t'tl:r show both normal and mutant
cells. Some insight into the cause of
this discrepancy was provided by Dr.
Nyhan’s studies of another X-linked
marker. A mother of a child with
Lesch-Nyhan disease showed two dif-
ferent types of glucose-G-phosphate
{Irh}'d1'n}:e-:1:lm' (G-G6-rn) by electro-
phoresis of her cultured fibroblasts,
as well as the expected normal and
H ¢ & T-deficient cells. Yet her red cells
showed normal HPRT activity and
ﬂl!]:.' one type of G-G-rp. Since both
of these genes are X-linked, this result
suggests that the i v g 17-deficient pre-
cursor cells for the hematopoietic sys-
tem were at a disadvantage compared
to normal cells and did not survive
the early fetal development. As ex-
pected, this selective pressure does not
seem to operate in families with less
severe degrees of enzyme deficiency
where heterozygous females can show
a diminished enzyme activity in ery-
throcytes.

In th:-;-r}-, if the defective gene
represents a mutation occurring de
novo in the oocyte, a mother might
not be a mosaic, but we have not yet
found such a case among the mothers
of the 12 patients we have tested. Dr.
Barbara Migeon of Johns Hopkins
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Feeding Il-r.'f!'fnlf doses of caffeine, @ methylated purine, produces compulsive s If-mnetila-
fion in rafs; mutilation of paws is fi|'|l.lh'_'-!|'||_ It has not been Iu_l'r:-g'.-r.'. however, Hhat the
mechanism is the same as the one operating in Lesch-Nyhan children,

University has, however, found some
e*x:imp]:-_-i‘i:n Families she has studied.
It might even be possible, in theory,
for a female to manifest some aspects
of the disease, depending on just
which embryonic cells happen to ex-
press the defective gene as a result
of the random inactivation of the X
chromosomes. Indeed the majority of
heterozygotes show evidence of ex-
cessive uric acid synthesizs when de-
tailed studies are made, even though
they may not show a hyperuricemia.
Although one mother we have studied
is mentally retarded, we cannot be
certain that it is a consequence of her
heterozygous state for the 1 P rT-de-
ficient gene. Obviously a detailed
neurologic evaluation and intelligence
testing of heterozygotes 15 needed to
answer this question.

The expression of the abnormal
gene in the heterozvgote is further
attenuated by a newly recopnized
type of interaction between the nor-
mal and # PR T-deficient cells desig-
nated “metabolic eooperation,” which
leads to a partial correction of the
enzyme defect. Studies in vitro in our
laboratory, performed by Dr. John
Subak-Sharpe of Glasgow and Dr.
Theodore Friedmann, in which 2
small number of normal fibroblasts

were plated among a large nuhber
of HPrRT-deficient fibroblasts con-
taining ingested carbon particles and
followed by radicautography showed
that many more cells had HPRT ac-
ti‘-'il_l.' than could be accounted for by
cell division. Furthermore, the extr:
cells containing enzyvme activity were
those HrRT-deficient cells {u_'-::nt.;liui:n;__;
carbon particles) that were making
contact with normal cells. Whether
it is preformed enzyme, enzyme sub-
units, or imformational nucleic acid
that passes across these intracellular
bridges remains to be demonstrated.

Theoretically, an affected female
could be produced but it would he a
rare occurrence. Although male pa-
tients usually die before attaining re-
productive age, some males without
the full clinical manifestations of the
syndrome have been found. If a male
with this genotype married a heter-
ozygous female, half their female off-
spring could be homozygous for the
defect.

The defect in Lesch-Nyhan syn-
drome doees not appear to result from
a gene deletion. Patients showing no
detectable B PRT enzyme in their
ervthrocytes nevertheless show 29 to
3% mnormal activity in their cultured
fibroblasts. Furthermore, recent stud-
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Evidence to support the Lyon hypothesis - that in females one of the X chromosomes
is inactivated at random, resulting in mosaicism with respect to X-linked genes - has
come from radicautographic studies of skin fibroblast eultures established from mothers
heterozygous for HPRT deficiency. In radivautogram above, Mack granules overliying
some but not all of the cells demonstrate acticity of HPRT, which is requirced for
incorporation of trittated hypoxanthine into nucleic acid, This photograph and the
one on pagelllare reproduced from W. Y, Fujimeto ¢t al, Lancet 2:512, 1968,

ies by Drs. Charles 5. Rubin, Joseph
Dancis, Lily C. Yip, Robert C, Nowin-
ski, and M. Earl Balis at the Sloan-
EKettering Division of Cornell Univer-
sity Graduate School of Medical Sci-
ence and the New York University
School of Medicine are compatible
with the prl_:r:ai]i:lg view that a muta-
tion in gene structure is involved.
These investigators purified HePrRT,
prepared antisera against it in rabbits
and rats, and then exposed erythrocyte
lysates from five patients with Lesch-
MNyhan syndrome to the antisera. The
lysates blocked inactivation of normal
enzyme by the antibody. The cells
apparently contained essentially nor-
mal amounts of a protein immuno-
logically identifiable as HwerT, but
lacked catalytic activity. The research-
ers reasoned that such a change is
probably not due to a mutation in a
regulator gene or to a gene deletion,
but results from some change in a
:I;iLruclur:'l] gene.

In discussing the genetics of this
syndrome, one naturally also thinks
of gout. For centuries the tendeney of
gout to run in families has been recog-
nized. Furthermore, it is predomi-
nantly a disease of males, presumably
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because the serum urate of women
averages around 1 mg,/ 100 ml lower
than that of men, so that fewer women
develop the hyperuricemia required
for deposition of the erystals of mono-
sodium urate in and about the joints
and kidney responsible for the clinical
symptoms of gout, Although only
about 5% of the cases occur in women,
they are usually not seen until after
the menopause when their serum uric
acid rises and approaches that nor-
mally found in males. Sir Archibald
Garrod, who first recognized the im-
portance of inborn errors of metabo-
listn, placed gout among these dis-
orders as far back as 1931.

Unlike many other inborn errors of
metabolism, no single enzyme defect
has been found so far to be responsible
for gout. In the 1940%, there were re-
ports that hyperuricemia was caused
by a single dominant gene with in-
complete penetrance. But subsequent
studies, utilizing more precise meth-
ods for determining uric acid con-
centrations, demonstrated there was
no single mechanism that separated
hyperuricemics from normal subjects.
In fact, it has been shown that while
some gouty patients have excessive

uric acid production, others appear to
have normal production, so far as we
can tell.

Today the view is accepted that
many different genetic and environ-
mental factors probably contribute to
the hyperuricemia that eventually
produces gout. It has also been learned
that a considerable number of other
relatively common hereditary human
discases represent the interaction of
polygenic inheritance and environ-
mental factors.

As mentioned earlier, we originally
hoped that Lesch-Nyhan syndrome
would give us some insight into a de-
fect in puri!'tl:: metabolism that ll'lllg]‘:'[
explain the problem encountered in
some cases of gout. After id:l]tif}’ing
the o r 11 defect in Lesch-Nyhan pa-
tients, we tested many of our gouty
patients for the same defect. We have
found a2 small number with the de-
ficiency, From whom it has been pos-
sible to learn a great deal.

Thus, when deficiency in HPRT
activity in red cells is on the order
of 0.1% to 17% of normal, a broad
range of clinical difficulties can be
identified. These patients all syn-
thesize excess uric acid roughly in
inverse proportion to the amount of
active enzyme available. They appear
to have a much more malignant form
of gout than do the usual gouty pa-
tients, Arthritis develops at an earlier

ﬂ%ﬁf%é

W Affected Mals

This large kindred in which Lesch-Nyhan
syndrome was fdentified in three out of



age; they have more renal caleuli and
more renal damage.

The exact incidence of the nprT
defect among gouty patients has not
been determined. Only five such men,
three of whom were in the same fam-
ily, were discovered to have it among
110 gouty patients who entered the
Clinical Center at w18 for detailed
metabolic studies over a period of 14
years. Dr. Alexander Gutman of
Mount Simai School of Medicine in
Mew York City has found only seven
among 425 patients that he has been
following, with five of them in a single
family. All told, we know of only 28
hyperuricemic patients with the less
severe H PR T defect. The clinical ex-
pression of the neurologic defect is
greatly attenuated by even small quan-
tities of residual enzyme. Thus pa-
tients who show more than 1.0% nor-
mal activity in their red cells have no
neurologic dysfunction, while the eight
patients with 0.01% to 0.5% of nor-
mal activity showed a wide spectrum
of neurologic dysfunction, but the pre-
senting symptoms were so variable
that one could not possibly have identi-
ﬁl.:[j. thc pa.!;i:nl:-i %5 imving 'I‘_hq: AT
disorder simply on clinical evidence,
But these 28 individuals all have a
similar biochemical deficiency, the
same one found in Lesch-Myhan syn-
drome. A change in terminology may
be in order; possibly the whole group
of diseases should be called X-linked

LESCH-NYHAN SYNDROME AND THE X-LINKED URIC ACIDURIAS

uric aciduria, with the Lesch-Nyhan
patients viewed as having the most
severe form.

Evidence has been found for many
different types of mutations in the
HrRT locus. Four different families
illustrate the situation. The three J
brothers, all with gouty arthritis and
tophi (two also had renal calculi),
had erythrocytes demonstrating about
19 of normal HeRT activity when
either hypoxanthine or guanine was
used as a substrate; their enzyme was
less stable than normal when heated.
None had any neurologic complica-
tions. The two L brothers had erythro-
cytes with H PR T enzyme activity of
about 0.5% of normal with the sub-
strate puanine, and of approximately
10% of mormal with hypoxanthine;
their ENZVITLE |]-n:n.'|::{] to be more stable
than normal when heated. One brother
had gout, tophi, and renal calculi; the
younger brother had a history of uric
acid renal caleuli; but both had neuro-
logic symptoms classed as a spinocere-
bellar _li:r'ndrmmt_ One had mild H]_J:!H'li.[:
quadriplegia, the other was mentally
retarded. In the third fﬂl'uil:,." Mr. 5
had gout, tophi, and calculi. His ery-
throcytes had about 109 activity with
either substrate, but the enzyme was
mare stable than the J family’s upon
heating, though not as stable as the
normal form, In still another family,
studied by Drs. J. A. McDonald and
W. N. Kelley at Duke University,

activity could be restored in vitro by
use of a substantially higher concen-
tration of FR e P in the assay system,
indicating a decreased affinity of the
mutant enzyme for prpe p.

"\-"Ir"-l: cannot cxp];t"li!l all tlmﬁt‘: dif-
ferences in melecular terms yet, but
we presume the amino acid sequence
of the same H P RrRT enzvme molecule
has been coded differently by each of
the mutations. This difference in
amine acid sequence, most likely at
certain sites in the enzyme of affected
members of each of the families, prob-
:ﬂ.‘.lly' leads in turn to differences in
tertiary structure, enzyme activity,
and stability of each family's nerT
protein.

The X-linked uric acidurias can be
thought of as representing only the
T,i.p of the gout wceberg. l.,.'nd:m]j]tﬂil}'
there are many other defects in purine
metabolism AIMONEE the gouty i}:!tii_‘.]'ll‘!-i.
For example, two other gouty patients
with overproduction of purinr::.l; appear
to have the sort of biochemical defect
we originally postulated. Their fibro-
blasts did not respond mormally in
culture when q‘.\ipll.‘il;!l;l o !-i.l]l}!-i.h;l'll:l'_‘ﬁ
that inhibit purine synthesis through
the feedback mechanism. One of sev-
eral working hypotheses is that their
mutation produced a change in the
structure of PR P r amidotransferase,
the rate-limiting enzyme, to prevent
the inhibitors of Imﬁl'll: 5:.'[.[1:!11515 from

.
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five gencrations was reported by Dr. Nyhan and cowerkers in
1966. Note consistency of inheritance pattern in the third gen-
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eration with that expected of an X-linked recessive: fransmission
through the heterozygous mother to (approximately) half her sons.
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binding or in other ways to decrease
the enzyme activity.

Genetie defects other than those
involving purine metabolism also may
initiate the hyperuricemia that is the
final eommon pathologic mechanism
in gout. Patients with glycogen stor-
age disease type 1, with deficient glu-
cose-G-phosphatase in the liver, who
live to adulthood, acquire gout and
hyperlipidemia with severe cardiovas-
cular disease as their major clinical
problems. Hence this is an example of
at least one defect in carbohydrate me-
tabolism that can bring about over-
production of purines. We have also
identified one case in which hyperuri-
cemia accompanied a primary defect
in amino acid metabolism. Cells of this
mentally retarded infant girl with
branched-chain ketoacidemia (maple
syrup urine disease) had from 15%
to 25% of normal decarboxylase ac-
tivity for the branched-chain keto acids
derived from leucine, isoleucine, and
valine. She had not only elevated keto
acids but also hyperuricemia. Yet when
the ketoaciduria was controlled by a
semisynthetic diet containing minimal
requirements of these branched-chain

Gout with Normal
HFRT* Activity

amino acids, her serum uric acid also
declined to the normal range and rose
when each of the branched-chain
amino acids was added to the diet.
And, of course, other as yet uniden-
tified factors appear to play some role
in the expression of gouty arthritis as
well as in other clinical consequences
of elevated uric acid. Dr. Arthur Hall
investigated the occurrence of gout
AMOng the more than 5,000 pm}p]::
studied in the Framingham Heart Di-
sease Epidemiology Study. He found
that 83% of those whose serum uric
acid exceeded 9 mg/100 ml at the
start of the study had gout 12 years
later. But if the level was between 8
and 9 mg, only 25% got the disease;
if it was between 7 and 8 mg, only
159% did. So while the severity and
duration of hyperuricemia influence
the situation, not all individuals who
are defined as h}'pq,'.ruﬁ-cu'.mii: dev&lnp
gout, and we do not know what other
factors are involved in this attenuation.
With amniocentesis as the starting
point, antenatal diagnosis has paved
the way to prevention of Lesch-Nyhan
syndrome. Some amniotic fluid cells
are examined for heterochromatin
bodies to establish the child’s sex.

Lesch-MNyhan
with Complete
HPRT Deficiency

Gout with Partial
HPRT Deficiency
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Studies in patients with pout showed o degree of HPRT deficiency in some but not
others, and a positive correlation between the extent of HPRT deficiency and the daily
urinary uric acid level. Data are from Kelley et al., Ann Intern Med T0:178, 1959,
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Other cells from the fluid are eultured
and incubated with tritiated hypo-
xanthine. Radioautography will reveal
the HeRT activity of the cells and
identify which HPRT genotype is
present in the fetus: normal male or
female, female carrier, or affected
male.

Ideally, amniocentesis and cultur-
ing of cells should only be attempted
when the expectant mother is a known
carrier of the H PR T defect. Her en-
zyme picture can be established by
examining her fibroblasts in cell cul-
ture or by analyzing her hair follicles
for the enzyme. Prenatal diagnosis un-
der these circumstances makes pos-
sible a preventive program invelving
selective abortion of proved affected
fetuses. The amniocentesis is per-
formed by an obstetrician experienced
in this procedure at 16 to 18 weeks of
gestation, and the culturing and assay
of the amniotic cells require an addi-
tional three to four weeks.

So far as screening is concerned,
there is no justification for a massive
program to identify potential carriers
of defective H PR T genes in the popu-
lation at large, but identification of
families at risk would be very worth-
while. This could start with screening
of populations from mental hospitals,
cerebral palsy clinics, and schools for
the handicapped. Once affected pa-
tients have been located, their mothers
and female blood relatives should have
skin biopsies and examination of their
cultured fibroblasts for the two cell
populations characteristic of female
carriers of the defective gene,

Two recently devised tests make
screening practicable. The first test
depends upon the high ratio of uric
acid to creatinine in morning uring
samples of Lesch-Myhan patients.
This test is now automated, so that
large numbers of samples can be
handled conveniently. The test can
also be used to determine the same
ratio for 24-hour samples from pa-
tients with gout, in order to screen
them for partial deficiency of HFRT,

A second test is designed to con-
firm the diagnosis by demonstrating
the enzyme deficiency. A sample of
blood from a finger stick or heel punc-
ture is blotted on filter paper, dried,
and then sent by airmail or delivered
to a properly equipped laboratory; no
refrigeration is required. The labora-
tory measures the incorporation of



hypoxanthine-8-C into inosinic acid
as an indication of the H P R T activity.
Blood from affected children shows
virtually no incorporation.

Together these two procedures per-
mit the early identification of affected
males. However, the women and girls
who may later bear u p gk 1-defective
sons can be identified only by the more
cumbersome method of skin biopsy
for culture of fibroblasts, and subse-
quent radioautography, or by bio-
chemical tests of the roots of hairs
freshly removed from their scalps.
Both of these tests for carriers are
technically difficult and their reli-
ability and accuracy for finding a large
group of potential carriers remains to

be determined. In addition, the ran-.

dom nature of the inactivation of the
X chromosome raises the theoretical
possibility that no H rrT-deficient
cells may be present in the particular
site selected for skin biopsy or hair-
follicle examination.

These considerations suggest that
amniocentesis and prenatal diagnosis
should be performed on all female
blood relatives of an affected child, at
least until sufficient experience has
accrued for statistical evaluation of
the chances for error in identification
of carriers of this disease. These fe-
males may already be mothers of re-
tarded or cerebral-palsied children, or
may be siblings or even more distant
blood relatives of such children.
Either way, genetic counseling, amnio-
centesis, and prenatal diagnosis could
help them to produce a normal son
instead of one with Lesch-Nyhan syn-
drome. Though screening and con-
firming diagnosis make feasible a
practical public health program for
preventing this disorder, it remains to
be implemented.

Screening would also benefit Lesch-
Myhan children not previously identi-
fied among those with mental retarda-
tion or cerebral palsy. Early treat-
ment with allopurinol would protect
their kidneys from damage by excess
uric acid in the circulation, although
it appears to be of no benefit in amelio-
rating the neurologic problems.

One would greatly prefer, of course,
to be able to treat the metabolic de-
fect in time to avoid the neurologic
complications. Can one hope that pre-
vention by selective abortion will
eventually prove to be only a stopgap
arrangement? One need only recall

LESCH-MNYHAN SYNDROME AND THE X-LINKED URIC ACIDURIAS
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The high vric acid to ercatinine ratio observed in morning urine of Lesch-Nyhan pa-
tients and in some gouty patients with partial HPRT deficiency provides the basis for a
useful screening fest (adapted from ]. M. Koufman et al, | Pediat 73:583, 1965).

the example of maternal-child Rh in-  birth). But now this disease, erythro-

compatibility to appreciate that this
may come about. Only a very few
years ago prevention of the Rh dis-
order was a complex procedure,

required repeated amniocentesis to
check on the course of the fetus, and
exchange transfusion at birth (some-
times with transfusions even before

blastosis fetalis, can be prevented by
a simple injection of Rh antibodies
given to the Rh-negative mother at the
time of delivery of each of her chil-
dren _(:-yee Clarke, Chapter 26).

Although we are not even at the
halfway mark in treatment of the
neurclogic problem of Lesch-Nyhan

-
b
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Radioautography of cultured amniotic fluid cells (taken at 17 weeks from patient whose
skin fibroblast culture appears on page 108} showed two cell jlﬂpl‘lful‘iml.'r. with and with-
out HERT activity (as indicated by incorporation of *H-hypozanthine), thus demonstrat-
ing that the fetus was a female and heterozygous for HERT deficiency.
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syndrome, at least two attempts have
been made to devise chemotherapy to
prevent the neurologic damage. Dr.
Marks and associates in Texas identi-
fied an affected child shortly after
birth and promptly began allopurinol
treatment; however, it failed to pre-
vent the neurologic disease. We ad-
ministered large doses of adenine to
a boy identified at birth as having the
HPRT defect. The concentration of
rrReE in his erythrocytes fell to al-
most normal, but he still developed
the neurologic syndrome on schedule.
Adenine was chosen because it had
corrected a megaloblastic macrocytic
anemia in one Lesch-Nyhan patient
whose anemia had not responded to
folie acid or vitamin B,,. We postu-
lated that perhaps the cause of the
brain lesion might be related to the
canse of this anemia and alse be
correctible. Whether the compound
should have been administered in a
form more suitable for uptake in brain
cells, or whether adenine is simply the
wrong agent for therapy, is not clear,
but various biochemical approaches
will continue to be tried.

Hesearch into the X-linked uric aci-
durias is also clarifying certain puz-
zling differences in response to the
drug, allopurinel, used in the treat-
ment of gout. Allopurinel acts in two
ways. Its primary effect is to inhibit
xanthine oxidase, so that it lowers the
uric acid levels in serum and urine in
all patients and increases the concen-
tration of the oxypurine precursors of
uric acid, hypoxanthine and xanthine.
The second effect of allopurinol is to
inhibit purine synthesis de novo. How-
ever, in patients with X-linked wric
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aciduria, no such inhibition of total
purine synthesis is observed. Instead,
these patients merely substitute oxy-
purines for the deficit in uric acid
excretion. Evidently the HerT enzyme
is required for allopurinol to exert its
secondary action of inhibiting purine
synthesis. The drug is nevertheless
useful in treating the hyperuricemia
and in aveiding uric acid renal caleuli
and renal damage in patients with X-
linked uric aciduria.

The biochemical information pro-
vided by studies of this disease has
given us further insights into the gen-
eral type of biochemical lesions to look
for as causes of excessive uric acid
synthesis in gout. The position of
HPRT in the metabolic pathway is
not one that would appear to affect the
rate of purine synthesis, but it has be-
come clear that any factor that in-
creases the amount of rPREF avail-
able to a cell may increase the rate
of purine synthesis. So this takes us
back one step further at the biochemi-
cal level.

Cell biology has already made
countless contributions to medical sci-
ence and, conversely, the study of the
human inborn errors of metabolism
has made contributions to cell biology.
This interaction will ulidn:-uhtcdly Eom-
tinue. Thus, apart from demonstrat-
ing the value of skin fibroblast cul-
tures in the study of metabolism, the
Lesch-Nyhan research has shed light
on a new type of cell-to-cell interac-
tion mentioned above, the process
known as metabolic cooperation.

Studies using these mutant human
cells have also opened up additional
possibilities in cell biology for con-

sideration. Can we some day repair
enzyme defects by manipulating hu-
man cell lines? At least we know this
can be accomplished in cell culture.
Hybridization of one human cell strain
deficient in G-G-pp and another defi-
cient in H PRT produced a cell strain
in which both defects had been re-
paired. This was carried out in a col-
laborative study with Drs. Wilfred
Fujimote, Marcello Siniscalco, Hilary
Koprowski, Harry Eagle, and Harold
Klinger.

Another group of workers cor-
rected the H r R T defect in mouse cells
by cell fusion with o chicken erythro-
cyte. This suggests that we are at the
threshold: of exploring genetic com-
binations in human cells that could
not be achieved by natural biclogic
matings. Such combinations should
add to our knowledge of human
genetics.

One hesitates to be too optimistic
about the clinical potentials of basic
research. Missed opportunities and
unforeseen obstacles can indefinitely
delay or simply prevent future applica-
tion of today’s findings. But the rapid
advance in dealing with Lesch-Nyhan
syndrome since its recognition less
than a decade ago suggests that a
powerful tool may have become avail-
able for studying the genetic and bio-
chemical bases of compulsive and ag-
gressive behavior. Such behavior may
have served our primitive ancestors
well in the long struggle for survival,
but today it threatens our species with
extinction. We could do far worse
than to apply the best talents and
insights of medicine to this prob-
lem.



The Porphyric Diseases of Man

RICHARD D. LEVERE and ATTALLAH KAFPPAS
State Universzity of New York and Rockefeller University

The striking wine-red urine of some porphyric patients
may partly explain why these diseases enjoy a reputation
so disproportionate to their clinical frequency. There are,
however, reasons more important than the chromatic char-
acteristics of urine for paying special attention to this
group of disorders.

The porphyrins are intermediates along a biochemical
pathway whose principal product, heme, is vital to the
respiratory activity of cells and, as recently shown, also
essential for the organism’s interactions with its environ-
ment. One of heme’s functions, for example, is to partici-
pate in the mechanisms by which the body purges itself
of toxic agents. Thus, what may have begun as an intel-
lectual curiesity about a striking but uncommon group of
genetic disorders has evolved into several lines of investi-
gation having broad relevance to human physiclogy.

From a biochemical point of view, the pathway of heme
synthesis is also an extremely useful system for study since
the essential chemical dimensions of the sequence have
been well elucidated, and the rate of activity of the path.
way can be controlled by a variety of exogenous chemicals
in various E.\cperimemnl systems.

The pathway of heme synthesis begins the same way
in all aerobes — with two simple and prevalent molecules:
glycine from the general amino acid pool and, from the
Krebs cycle, succinate that has been activated by binding
to coenzyme A. These two molecules are combined by the
enzyme S-aminolevulinic acid (A1.A) synthetase to form
the aminoketone known as §-aminolevulinic acid. This
step is a critical one in the control of heme synthesis be-
cause ALA is the first molecule that is essentially fully
committed to the formation of the end product of the path-
way, heme, Next, two molecules of ALA are enzymati-
cally combined to form a ring-shaped molecule, the mono-
pyrrole porphobilinogen (P86}, The enzyme involved at
this stage, A LA dehydrase, is one known to be inhibited
in lead poisoning, with the result that AL A accumulates

and is excreted in the urine in exeess amounts.

In the next step, four P8 ¢ molecules combine to form
the tetrapyrrole uroporphyrinogen. Under normal circum-
stances the P8 G is acted upon by two enzymes, one that
deaminates it and another that isomerizes it to produce
the natural tetrapyrrole isomer, uroporphyrinogen 111,
which proceeds to heme synthesis. A very small amount
of peG fails to be isomerized normally, resulting in the
formation of type I isomers; these substances cannot go on
to form heme. Uroporphyrinogen 111 is then decarboxy-
lated to coproporphyrinogen 111, which is further modified
by oxidation and decarboxylation to form protoporphyri-
nogen 1X. Autoxidation of this intermediate then yields
protoperphyrin i X, the phylogenetic fork in the road where
plants and animals take separate paths.

In the animal cell an iron atom is inserted into the pro-
toporphyrin 1% molecule to form the metalloporphyrin
heme. In plants magnesium is inserted instead, beginning
a process of further modification that produces chloro-
phyll. Flants, however, can synthesize some heme.

From this outline of the heme synthetic process (see
illustrations on pages114and115)it will be seen that any
blockage of the pathway after the formation of AL A and
prior to the insertion of iron into protoporphyrin 1 X will re-
sult in the excess accumulation and excretion of chemical
intermediates such as A LA, PB G, uro-, copro-, and proto-
porphyrinogens. These “porphyrinogen” compounds, or re-
duced porphyrins containing six extra hydrogen atoms, are
the true intermediates in the heme synthetic pathway.
They are colorless and nonfluorescent in this reduced
state, but when oxidized, as in voided urine, they become
“porphyrins,” assume a characteristic wine-red color under
visible light, and thus provide one of the principal chro
matic manifestations of certain porphyrias of man. The
oxidized porphyrins, when excited by ultraviolet light in
the leng wavelength region, (~ 400A), also discharge
energy in the form of an intense reddish-orange fluores-
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The porphyrin-heme pathway: The formation of both the type 111 and type I series of
isomers is shown. Type 111 isomers differ from those of type I in that one pyrrole ring
(ring ) has been “flipped over™ by the PBG-isomerase enzyme in the formation of
the tetrapyrrole structure. The type 1 pathway cannot continue beyond the point
indicated by the heavy bar (opposite page) because of the absence of an enzymic ana-
logue of coproporphyrinogen NI oxidase; the type I fsomer proceeds to heme synthesis,

cence, thus making possible a second
important urine test for certain por-
phyrias.

The latter characteristic of por-
phyrins, i.e., their ability to intensely
absorb u v radiation, also accounts for
the characteristic photosensitivity of
certain porphyric patients. Porphyrins
in the peripheral circulation and extra-
cellular fluids, by absorbing solar uv
radiation, become photosensitizing
agents, capable of greatly damaging
the cellular structures in the skin.

Porphyrins in any of their stereo-
chemical constructions appear to play
no currently demonstrable physiologic
role other than to serve as chemical
precursors for the synthesis of heme.
Essentially, therefore, a porphyrin
disorder is a heme disorder and ocne
that may find expression in any func-
tion performed by heme proteins.

One significant heme protein func-
tion about which we have only re-
cently begun to acquire knowledge is
the detoxification role assigned to the
hepatic heme protein, cytochrome
P-450. This cytochrome is the ter-
minal oxidase of an enzyme sequence
localized in the endoplasmic reticulum
and serves there as an activator of
oxygen for hydroxylation reactions
for various substrates. Cytochrome
P-450 binds molecular oxygen, O,
one atom of which will appear in the
form of H.O while the other atom is
transferred to a great variety of ex-
ogenous and endogenous chemicals
that are brought to the liver cell for
metabolic disposal. The transfer of
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the oxygen atom to these substrates
(usually in the form of an —oH group)
generally serves to biologically inac-
tivate them or to increase their con-
jugability and solubility for excretory
purposes. It is interesting that this
oxidative pathway for drug metabo-
lism in the liver is highly developed
in all terrestrial species for whom, of
course, the diffusion of endogenous
or exogenous toxins into the infinite
volume of surrounding ocean no
longer serves as an available detoxi-
fication mechanism.

The sole function of heme is to act
as a prosthetic group for such heme
proteins as the hemoglobins, eyto-
chromes, myoglobins, catalases, and
peroxidases. Its functional role com-
pleted, its tetrapyrrole ring is rup-
tured to form the linear tetrapyrrole
bilirubin that iz conjugated and ex-
creted along pathways previously de-
scribed (see Arias, Chapter 12},

There are two main categories of
porphyric disorders of man, based on
the tissue in which the biochemical
lesion is localized: erythropoietic and
hepatic. The hepatic porphyrias may
be further classified etivlogically into
those that are inherited and those that
are acqu"ur&d (see table on page L19)
Only the major forms of the porphy-
rias are discussed in the following
sections.

Two principal erythropoietic types
of porphyria, both inherited, have
been described. The first of these, con-
genital erythropoietic porphyria, is an

=
FAC Deaminase
PBG lsomerase

o

FRG Deaminase

Pr Hz Pr

Lroporphyrinogen |

extremely rare autosomal recessive
disorder. The biochemical disturbance
in this disease is reflected in a marked
overproduction of uroporphyrin I and
coproporphyrin I in circulating ery-
throcytes and bome marrow cells.
While this would seem to reflect a
defect of PBG isomerase activity, it is
obvious that such a deficiency must be
a relative one, since a total absence of
r B G isomerase would be incompatible
with the production of heme and
therefore with life. Moreover, these
patients do have normal complements
of hemoglobin in their erythrocytes so
that at least normal amounts of type
111 isomers must also be produced. In
fact, recent evidence indicates that the
P B G isomerase defect is a relative one
and that there may be as well an over-
production of ALA and rEG with
which the isomerase cannot cope, the
surplus being channeled into the non-
functional type I tetrapyrrole struc-
ture.

This disorder thus appears to rep-
resent a deficiency of normal enzy-
matic control mechanisms at a step
prior to the formation of uroporphy-
rin, most probably at the level of AL A
synthetase, associated with an addi-
tional defect involving the relative in-
ability of »BG isomerase to adapt to
this overproduction of its substrate.
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The disease expresses itself clini-
cally shortly after birth, principally
through the dramatic appearance of
red urine. Photosensitivity is another
cardinal manifestation, resulting in
pronounced vesicle and bulla forma-
tion; these heal slowly and are prone
to secondary infection and ulceration,
with severe, permanent mutilation of
light-exposed skin. Deposition of por-
phyrins in the teeth and nails produces
brownish-red discoloration and red
fluorescence when these tissues are ex-
posed to ultraviolet light. Splenomeg-
aly is common, as is a hemolytic ane-
mia that responds to splenectomy.

These vivid expressions of the dis-
ease have led to at least one interest-
ing bit of nonmedical speculation. It
has been proposed that the legendary
werewolves of the Middle Ages may
have been persons afflicted with con-
genital erythropoietic porphyria, hay-
ing fluorescent teeth and nails, muti-
lated and deformed ears, nose, and
eyelids, and nocturnal hahits because
of their sensitivity to light.

The second major entity within this
category is known as congenital eryth-
ropoietic protoporphyria. Apparently
transmitted as an autosomal domi-
nant trait, the disorder was first de-
scribed in 1961; a large number of
cases have been reported since then.

CH3

Protoporphyrin 1X

It is now believed that the disease is
quite common and may account for
many light-sensitive skin reactions
previously undiagnosed. Biochemical-
ly, this disorder parallels congenital
erythropoietic porphyria in that exces-
sive quantities of porphyrins are pro-
duced in erythroid cells, but since
there is no relative deficiency of rsc
isomerase activity the excessive quan-
tities of porphyrins produced are all
in the normal type 111 series. Lab-
oratory findings are those of abnor-
mally high protoporphyrin levels in
circulating erythrocytes, bone marrow
cells, and plasma. In contrast to con-
genital erythropoietic porphyria, there
is no increase in fecal or urinary uro-
porphyrins. Also, recent evidence sug-
gests that the current erythropoietic
classification of this disorder may pos-
sibly be too restrictive, since certain
experimental data would be consistent
with an hepatic origin for a portion of
the excess porphyrins that are synthe-
sized. If this proves to be the case,
this will be the only porphyric disease
with biochemical lesions in both he-
patic and erythropoietic cells.

The main clinical manifestation of
erythropoietic protoperphyria is usual-
ly mild photosensitivity, resulting in
some patients in slight eczematization
and inflammation in exposed skin.
Onset of symptoms is usually during
the first few years of life, but may be
delayed until adulthoed. In a few pa-
tients hypersplenism with associated
hemolytic anemia, which responds fa-
vorably to splenectomy, has been re-
ported. Although anemia is not com-
mon, recent laboratory evidence does
suggest that the increased protopor-
phyrin content of erythrocytes makes
them inordinately susceptible to lysis
when subjected in vitro to ultraviolet
light. This hemolysis can be inhibited
by reducing agents.

Ferrochelatase
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The hepatic porphyrias include
acute intermittent porphyria (A1F),
the most common of the inherited
forms, with an incidence of approxi-
mately 1.5 diagnosed cases per
100,000 population in Sweden, where
most of the original research on the
disease was conducted (hence its so-
briquet “Swedish porphyria™). Al-
though its incidence appears to be
highest in that country, especially in
some of its northern reaches, it has
now been described in all corners and
races of the world., Recently it has at-
tained some renown from the specula-
tion that England's King George 111
may have been one of its victims.

Inherited as an autosomal domi-
nant, acute intermittent porphyria
I'IL"\-'trth!.'ll:!'jﬁ :!mi.l:t'i t.l'lr{;l_' Fl:l'[!l:'liﬂ'!i (3]
every two males, very rarely mani-
fests itself before |}1|:|::u'1'rt:,.'1 varies in
the degree in which the genetic defect
is clinically expressed, and appears to
be susceptible to endocrinologic ex-
acerbation. The premenstrual period
and pregnancy may be especially dif-
ficult for certain women with this dis-
order.

Unfortunately for ease of diagnosis,
the most classic acute clinical presen-
tation of A1p is that of colicky ab-
dominal pain, often associated with
vomiting, constipation, or, infrequent-
ly, diarrhea. Fever, leukocytosis, pro-
teinuria, and tachycardia—in any com-
bination — may accompany the pain.
In short, A1 e can mimic almost any
surgical emergency in the abdomen.
Not a few such patients are subjected
to needless laparotomy because phy-
sicians overlook the possibility of por-
phyria. The abdominal pain is most
probably related to the neurologic in-
volvement that is so characteristic of
A1p, the autonomic nervous system
being affected in some manner, as dis-
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Schematic shows known or suggested biochemical lesions oceur-
ring in the different porphyrias described in the text. The ap-

cussed below. Almost all patients
show some degree of behavioral dis-
turbance, and, indeed, a frank psy-
chiatric disorder may be the initial
presenting picture. The incidence of
porphyria in mental institutions ap-
pears in fact to be significantly higher
than in the general population. In
some individuals, the presenting neu-
rologic manifestation may be epilepti-
form convulsions, paraplegia, quadri-
plegia, uniplegia, or lesser motor or
sensory involvements. One interesting
phenomenon, containing a pitfall for
clinical management of these individ-
uals, has only recently been recog-
nized. For some unknown reason these
patients may secrete inappropriate
amounts of antidiuretic hormone and
present with spurious dehydration
manifested by hyposmolar serum and
hyperosmolar urine. It is dangerous to
foree fluids in such patients and fluid
restriction is indicated even though
the clinical signs seem to demand the
TEVETSE.

Patients with A 1P do not generally
have high urine levels of porphyrins
but rather excrete excessive quantities
of ALA and peG. They are not photo-
sensitive and their urine when voided
is usually colorless — an important dis-
tinction from the other porphyrias.
However, after voiding, the ALA and
PEG contained in urine undergo spon-
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taneous, nonenzymatic conversion to
uroporphyrin, which, being oxidized
on standing, yields the wine-red color
associated with the porphyrias. A key
laboratory finding is produced by the
Watson-Schwartz test (see photos on
page120). The basis of this test is
the insolubility in chloroform (or,
more recently and accurately, in n-bu-
tanol) of the red complex formed by
the interaction of PeG in the urine
and Ehrlich’s reagent.

A treatment hazard, whose implica-
tions will be discussed more fully
later, is that a number of drugs may
exacerbate or precipitate the acute dis-
ease in individuals carrying the ge-
netic lesion of A1p. Unfortunately,
some of these drugs, i.e., barbiturates,
sulfonamides, and analeptic and anti-
convulsive compounds, might ordinar-
ily be used by physicians for treatment
of the puzzling signs and symptoms
with which the disease presents.

The other major congenital variety
of hepatic porphyria is cutaneous he-
patic porphyria. Although it is known
as South African porphyria (porphy-
ria variegata) because of its high in-
cidence among the Boers, it is not lim-
ited to this ethnic group. This disease
is transmitted as an autosomal domi-
nant disorder, and has its onset later
than a1F, usually in the fourth to
fifth decade of life. During the acute

MAC lsomerase

m [deficiency)

Congenital Ervthropoietic Protoporphyria

succinyl Coa |

ALA Synthetase
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Heme

proximate degree to which the intermediates in the pathway of
heme synthesis are produced or excreted in excess of normal (far

stage of the disease the urine con-
tains large amounts of ALA, FBG,
uroporphyrin, and coproporphyrin;
the stool contains large quantities of
all the porphyrins as well. In the qui-
escent phase, the urine findings may
be almost normal but high porphyrin
levels can be found in the stool.
These patients are subject to abdomi-
nal pains and neurologic disturbances
as in A1 . In addition, they have pho-
tosensitivity {which helps distinguish
them from patients with a1p). For
some reason the skin lesions are more
common among men, the neurologic
signs more frequent in women.

While only hereditary factors have
been implicated thus far in erythro-
poietic porphyria, hepatic porphyria
may also be acquired. The range of
expression of the acquired disease is
broad, from severe manifestations du-
plicating those seen in the most ex-
treme cases of congenital cutaneous
hepatic porphyria to an entirely
asymptomatic porphyrinuria. In many
cases studied, acquired hepatic por-
phyria seems to be associated with the
ingestion of exogenous porphyria-in-
ducing agents against a background
of preexisting hepatic deficiency of
some type, usually cirrhotic.

Alcohol seems to be one inciting
agent, although the manner of its in-
volvement in acquired porphyria is un-

L Ferrochelithe
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left) is indicated by the thickness of the color lines and the arrows.
The large amounts of porphyring cxcreted by patients with the

clear. A high incidence of the disease,
without familial pattern, has been ob-
served among the Bantus of South
Africa, a tribe that consumes large
quantities of an iron-rich adulterated
alcoholic beverage. An especially de-
finitive relationship between exoge-
nous chemicals and acquired hepatic
porphyria was seen with the chemical
agent hexachlorbenzene, a wheat fun-
gicide whose ingestion proved to be
responsible for an epidemic of ae-
quired cutaneous porphyria in Tur-
key. It was subsequently shown that
hexachlorbenzene could induce hepatic
porphyria in experimental animals.
The Turkish experience was the
first clear demonstration that a chemi-
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The drug-metabolizing enzyme sequence localized in liver eell

microsomes ix related to the heme pethway through cytochrome
P-450, the heme protein that serves as the terminal oxidase in
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cal could induce hepatic porphyria in
a human population free of genetic
susceptibility. Since these ohservations
with hexachlorbenzene were made, ab-
normalities in hepatic porphyrin meta-
bolism have been described in patients
under treatment with wvarious hor-
mones such a% stilbestrol and oral con-
traceptive steroids, and various drugs
such as griseofulvin, the sulfonamides,
and tolbutamide. Apparently, many of
the drugs that can exacerbate the he-
reditary hepatic porphyric  disease
may also initiate porphyrinuria in
seemingly normal persons—with what
clinical sequelae, if any, not known.
Very importantly, however, these
drugs have made it possible to estab-

Reduced
Cytochrome P-450
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cutanemes J'ir:'puﬁr.: purph{,rri-m may reflect enzymatic abnormali-
ties at these levels of the pathway, but this iz still speculative,

lish experimental models of hepatic
porphyria in animals of various types
and in tissue cultures of liver cells. In
the laboratory, a large number of
structurally diverse chemicals have
been found to induce hepatic porphy-
rin synthesis. The chemicals appear
to act in a common manner in the bio-
synthetic pathway: via induction of
the mitochondrial enzyme Ara syn-
thetase, which controls the rate limit-
ing step in hepatic porphyria syn-
thesis.

A problem in studies of experi-
mental hepatic porphyria is that of
reconciling the chemical heterogeneity
of the provocative agents with the ap-
parent uniformity of their effect on

Hydroxylated Substrate

H,.-——C',.rmchrmﬂe P-450

Substrate
H,O

O,

the sequence. The subsirates oxidized wvay B either endogenons
or exogenous in origin and are generally (though not always)
Liolagically inactivated by such oxidative transformation.
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Schematic depicts the control mechanism through which heme synthesis is regulated
in liver cells, as postulated by Granick. In this formulation, production of ALA synthe-
tase is governed by a repressor-operator mechanism. The repressor consists of an apore-
pressor protein, with heme acting as a corepressor. When heme is displaced from its
binding site by a steroid or drug, the repressor is inactivated, the structural gene for
ALA synthetase can code for more messenger ANA, and more enzyme is synthesized,
The concentration of active inducers in the cell may be dependent on the rate at
which they are inactivated by chemical transformation (oxidation, conjugation, ete.).
In liver cells, feedback repression of ALA synthetase formation by heme appears
to be the principal control; in erythroid cells, feedback inhibition of the enzyme may

be the control for heme ayﬂ!h.exis. Recent evidence suggests certain inducers effect

translational rather than transcriptional mechanisms in regulating ALA synthetase.

porphyrin synthesis. It seems difficult
to postulate a single mechanism of ac-
tion shared by the wide variety of
chemicals that induce A L A synthetase
and which is also consistent with the
known genetic transmission of the
human disease as an autosomal domi-
nant trait.

A framework for a possible expla-
nation of this problem may exist in an
analogy with microbial genetics, in
which the existence of a genetic con-
trol mechanism responsive to induc-
tion and repression is presupposed. A
regulator gene is postulated that
makes a protein (aporepressor) with a
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prosthetically specific component (co-
repressor ) that acts to repress the op-
erator gene that directly determines
the rate at which a structural gene
codes for a specific enzyme. The result
is to slow down the rate at which the
structural gene communicates its in-
formation to the nucleic acids, which
in turn results in diminished synthesis
of enzymes. It has been postulated by
Granick that there is such a repressor
system controlling heme synthesis in
the liver and that heme, the end prod-
uct of the pathway, is a corepressor
in this control system, thus regulating
the rate of its own formation.

It may be further postulated that
the diverse assortment of chemicals
that excite porphyrin synthesis do so
by affecting the repressor portion of
the system —that entity of which heme
is a prosthetic component. These in-
ducer chemicals, which include many
drugs and steroids, may block or dis-
place heme from its binding site on
the aporepressor protein — perhaps by
changing its configuration — thus ren-
dering the repressor inoperative, If the
repressor system does not work, the
structural gene then proceeds at its
own high intrinsic rate, for transmis-
sion of genetic information, thus lead-
ing to an enhanced formation of AL A
synthetase. Since the other enzymes
in this pathway are nonlimiting, this
would lead to overproduction of heme
precursors. In hereditary porphyria
(arr), a genetic lesion, possibly a
defective operator gene, results in the
control mechanism for A LA synthe-
tase being less repressed than nor-
mally and responding inappropriately
to various drugs. This lesion is mani-
fested by an increased formation of
A LA synthetase, and a high level of
this enzyme activity in the liver now
appears to be a characteristic abnor-
mality in A1 P patients.

Recently, a decreased activity of
P &G deaminase has been demonstrated
in the erythrocytes and liver cells of
patients with a1 p. In addition, a de-
crease in the activity of this enzyme
has been noted in the red blood cells
of some asymptomatic family mem-
bers. In our own studies of A1 P family
lineages, decreased P B G deaminase in
red blood cells has been found in a
group of prepubertal children in whom
the clinical syndrome is, as we have
noted above, never manifest. It has
been suggested by some investigators
that this low r 86 deaminase activity
reflects the primary gene defect in A1 p
and leads to a decrease in heme syn-
thesis in liver cells. The postulated
deficiency of heme synthesis deprives
the aporepressor of its corepressor
{(heme) and thus secondarily causes
an increase in A LA synthetase produc-
tion. A deficiency in hepatic heme syn-
thesis in the liver of A1 P patients has,
however, not yet been proven. More-
over, the decrease in B¢ deaminase
activity averages only about 50% of
normal and there is, as yet, no demon-
strated decrease in heme-proteins such
as cytochrome P-450 in the livers of



patients with a1 p. In red blood cells,
which carry the r 8¢ deaminase defi-
ciency as well, there is also no decrease
in hemoglobin concentration. These
findings thus still allow for the pos-
sibility that there is a primary defect
at the level of AL A synthetase produc-
tion in A1 r and that the 786 deami-
nase deficiency might be only a rela-
tive one in the sense of not being able
to metabolize sufficiently rapidly all
the substrate presented to it.

The profusion of chemicals that can
interfere with regulation of this path-
way in normals as well as in those
with hereditary hepatic porphyria
invites teleologic and phylogenetic
speculation. ‘This responsiveness of
the heme pathway either represents
an egregious metabolic mistake of na-

ture or an adaptation helpful to sur-
vival. The chances would appear high,
evolution being as pragmatic as it is,
that there is good reason for the re-
sponsiveness of this pathway to chemi-
cal influences. This reason probably
lies in the role of the liver as the pri-
mary detoxification organ and of heme
in the form of cytochrome P-450 as
a central detoxification agent (see
page L17). It is reasonable to suppose
that this system evolved for protection
against a wide variety of endogenous
and exogenous chemicals that could
prove toxic to the organism and for
which there was no excretory pathway
once a species left the seas.

What we know about the porphyrin-
heme pathway is based largely on the
unigque opportunities to study experi-
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mental models. Such work began with
the demonstration by Schmid and
Schwartz, working in C. J. Watson's
laboratory, that Sedormid, a barbitu-
rate-like compound, could induce a
porphyria-like disease. A next key
step was Granick’s demenstration that
the rate of hepatic heme synthesis in
whole animals and in liver cells grown
in tissue culture was determined by
the rate of formation of AL A synthe-
tase.

Granick extensively explored the
subject of controls on heme synthesis
in his studies of liver cell cultures.
Following his observation that the liv-
ers of animals treated with porphyria-
inducing chemicals contained up to
40 times the normal amount of AL A
synthetase, he demonstrated that add-

The Porphyrias: Chemical Findings and Clinical Aspects
e of Primary Reed
Clinical Organ Chemical Blood Primary
Disorder Inheritance | Onset Invelvement Findings Urine | Feces | Cells Symptoms
Congenital Autosomal | Birth to Erythropoietic Uroparphyrin I A4 A A4 Severe photo-
erythropoietic recessive 5 years Coproporphyrin 1 A A A A sensitivity
PAPHYEN Protoporphyrin N M N
Congenital Autosomal | Usaally Erythropoietic Uroporphyrin 111 M N M Mild photo-
erythropoietic dominant childhood Coproporphyrin III| 4 "t N-4 sensitivity
o )
protoporphyria Protoporphyrin M Ak A4
Acute Autosomal | Adult Hepatie %
intermittent dominant £ ALA 44 = =
porphyria u PBG b4 L =
g Porphyrins N-4 N4 N Mild to severs
| = neurologic-
T e g e ———
£ ALA & -- - symploms
2 PBG 4 = =
:E Porphyrins N N=a N
Congenital Autosomal | Adult Hepatic ¥
cutaneous dominant £ ALA A4 = -
hepatic FRG A A - -
: =z . Mild to severe
ria : =
Porphy ..‘.":" forpignns L e photosensitivity
——————— - — — [— — —{ — — — and neurologic-
£ ALA N - — e
- PRG N s = ymptoms
IE Porphyrins M- 4 4 4 N
Acquired hepatic | Acquired Adult Hepatic ALA N - - Mild photo-
porphyria®* FRG N o ps sensitivity
Porphyrins A-A4 | H-a N
* Recent evidence suggests that the liver may also be involved in this disorder. N Normal 4 Increase & & Marked Increase
** Genctic factors may also operate in some individuals with this syndrome.
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Urine containing excess amounts of porphyrins fluoresces under ultraviolet light (left).
In center photo, test tube on left, in the bottom phase, shows a positive Watson-Schwariz
test on urine from a patient with acute intermittent porphyria. Butanol (top phase) has
not extracted the chromogen produced in the test. In nonporphyric individuals giving
falze positive resulls (test tube on right) butanol does extract the .::hrnmc;-gf:n from the
lower agueous phase. Photomicrograph at right (courtesy Dr. D. Cripps) demonstrates
porphyrin fluorescence in circulating enythrocytes under UV light.

ing such chemicals to liver cells grow-
ing in tissue cultures induced the same
effect seen in vive and was due to en-
hanced de nove formation of the en-
zyme. Subsequently, studies in the
laboratories of Tschudy in this coun-
try and Nakao in Japan identified in-
creased levels of AL A synthetase in
the livers of patients with acute in-
termittent porphyria.

Certain clinical clues in A1P = ie.,
its postpubertal onset, its exacerbation
in certain women during menstruation
and pregnancy, its female preponder-
ance, etc.—implicated a possible role
for the endocrine system in the patho-
physiology of this genetic disease.
5111‘1:—;1*[11!41111]}' it was shown that many
steroid metabolites, derived from nat-
ural sex hormones, can elicit an experi-
mental hepatic [:lnrph}':riu similar in all
respects to that induced by the most

120

i]ﬂr.[._'TI‘t [:IIZ:I'I'_E:II'I}'I'i.]'I-i.]'I[il]ﬁii]g i,:!'l(‘[]l;i_'.;l.l.‘i
and drugs. It is of great interest, in
this regard, that patients with clin-
iq‘.::ll_:.' manifest A1 P have, in recent
studies from our laboratories, been
shown to generate disproportionately
I:lrgi: fractions of such purpii}'rl:L-
inducing 58 steroids when studied
with isctopically labeled precursors
such as testosterone and {iﬁh}'([rui:m-
androsterone. This hormone metabo-
lism defect results from a profound
c.l.q*ﬁl;iq'nq'!f of steroid So-reductase ac-
tivity in the livers of A1 p patients. As
a result of the See-reductase deficiency,
natural hormones are shunted to the
53 pathway for their metabolism; and
it is via this pathway that potent 53
steroid inducers of the porphyrin-heme
|}£|Lhwu_'.' are derived. Such :'JIB steroids
may be the porphyrin-inducing hu-
moral agents we earlier identified in

the sera of A1 P patients during acute
exacerbations of the disease,

The abdominal pain and the neuro-
logic abnormalities characteristic of
AlP have no clear explanation as yet,
and there appears to be no direct cor-
relation between these symptoms and
the known biochemical abnormalities
of this disease. Recent experiments
carried out with Watson and Feldman
indicate that AL A, PBG, and a deriva-
tive, porphobilin, can significantly im-
pair neuromuscular transmission by
impeding acetylcholine release. Such
impairment, if it occurs in A1P pa-
tients, could relate the autonomic dys-
function characteristic of the disease
to the known abnormalities of the
heme pathway.

It would be good to report that our
increasing knowledge of porphyrin
biochemistry has yielded positive an-
swers to the treatment of human por-
phyria, but that is not yet the case.
Indeed, in seeking a specific chemical
therapy, one is not sure at which point
along the heme pathway it would be
most useful to attack the disorder.
Should one seek to enhance or sup-
press the m:ti'."LI:.' of the pathway, and
how? Any pharmacologic tampering
with the rate of heme synthesis runs
the risk of producing Pyrrhic victor-
ies. Such manipulation could result in
an interference with the body's detoxi-
fication {;lr.-:n:il:].'; thus, Fr::’ru-xn:uplt,
one may diminish to low levels the
production of porphyrins and precur-
sors but might E]t_].‘;;.‘illl:i]:n.' ﬂwr::ll:,.' restrict
the patient’s defenses against internal
and external toxins. On the other
hand, if any chemical intermediate in
the pathway s tself toxic, as sug-
gested above, suppressing the activity
of this biosynthetic sequence could be
highly beneficial. Symptomatic treat-
ment :!l!‘i(:l [:(J'Itll.ii:]'lh' I]‘ilF:L]!!i Hi[]l'.t'1 di
has been noted above, many of the
clinically indicated drugs are porphy-
rin-prmiuciltg i.'l'l 'lh::ir 0Wn Ti!.:ht :I.]'I[!
can have deleterious effects. The phy-
sician with a perphyric patient must
thus resist the trmp'lutinn to |:-n~:-5l:;r51:|-::
medication for every symptom.

The activity of the porphyrin path-
way may, however, be slowed down
by one relatively innocuous form of
treatment, Glucose has been shown to
repress the induction of a variety of
enzymes, for reasons yet obscure, and



in experimental animals large amounts
of glucose suppress A LA synthetase
induction and block the response to
drugs that ordinarily produce hepatic
porphyria. Some patients have been
helped symptomatically by glucose
when administered in very large
amounts, and such treatment may
markedly diminish the excessive out-
put of porphyrins and precursors
in such patients. Conversely, glucose
deprivation may have the opposite
effect in patients with porphyria.

With respect to the management of
photosensitivity, which accompanies
both erythropoietic and hepatic forms
of porphyria, the best approach is to
guard the patients against exposure
to sunlight — by avoidance with sun-
screens, ointments, etc. Cholestyra-
mine, which binds porphyrins in the
intestinal tract, and extensive phlebo-
tomy have also proved quite useful in

the management of cutaneous hepatic
porphyria.

The lack of effective treatment for
porphyria, while disappointing, is not
a public health calamity since these
diseases are so rare. But what we have
learned about studying the biochem-
istry of these uncommon disorders of
porphyrin-heme metabolism has a
much more general clinical relevance.
Most physicians will see few porphyr-
ics in their practices, but when they
prescribe a drug for almost any con-
dition they may influence heme syn-
thesis in the liver and, secondarily, the
rate at which drug metabolism takes
place in the liver. We all need to keep
informed about the pharmacologic
meaning of recent discoveries with
respect to hepatic heme synthesis and
how it affects and is affected by the
administration of various drugs or
other environmental agents such as
v oT. Consider, for example, the im-

THE FORFPHYRIC DISEASES OF MAN

plications of the ability of phenobar-
bital to stimulate heme formation in
the liver, with a consequent increase
in cytochrome P-450 and amplified
metabolic capacity for drugs. This
means that the moment a physician
gives another drug in conjunction
with phenobarbital (or even an addi-
tional barbiturate). he has lost his
original basis for calculating dosages
and pharmacologic effects.

This phenomenon has considerable
relevance to the elinical use of com.
bined drug therapy, since the possi-
bility that one drug which is admin-
istered to a patient will significantly
alter the activity of another must be
kept continually in mind. Hereditary
hepatic porphyria may simply be a
rare, genetically determined exagger-
ation of a biochemical process with
which we are all dealing regularly in
our practices.
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Genetic Disorders
in Bilirubin Metabolism

IRWIN M.

ARIAS

Albert Einstein College of Medicine

Although bilirubin was demonstrated in both bleod and
bile more than 50 years ago, the manner of its transfer
from one to another has remained unknown. A window
on the process was opened in 1952 when three separate
groups of investipators showed that bilirubin in bile is
conjugated with glucuronic acid, differing in this respect
from normal serum bilirubin, which is unconjugated and
bound to albumin. The intrahepatic conjugation, catalyzed
by the enzyme glucuronyl transferase, confers high water
solubility and thus enables the liver to excrete bilirubin.
Once this process was elucidated, it became possible to
separate the blood-bile transfer into at least three steps:
liver uptake, conjugation, and excretion.

Since 1965 or so we have been learning to study
these broad physiologic stages in terms of the finer details
of action and reaction at the molecular level. Many of the
questions we now ask are biologic questions that go beyond
bilirubin as such. It turns out that one or more steps in
the mechanism for transferring bilirubin from blood to
bile apply not just to bilirubin but to a great variety of
organic anions of which bilirubin is only one example.
(ithers are steroid hormones, porphyrins, dyes, metabolites,
drugs of many kinds, and radiographic contrast materials.

Mature helped. Sir Archibald Garrod once declared that
mutants were nature’s gifts to the scientist. It is doubtful
that the stages of bilirubin metabolism would have been
recognized were it not for the existence of mutants with
inherited jaundice, their processing of bilirubin sidetracked
at some step along the way and the sequence of metabolic
events thereby made susceptible to observation and analy-
sis. The study of human and animal mutants, whose de-
ficiencies are sometimes damaging, sometimes benign, pro-
vided a bridge between laboratory and clinic. Demonstra-
tions of the various levels at which bilirubin metabolism
may undergo alteration helped increase our ability to rec-
ognize and explain clinical conditions.

All these themes — the basic biclogie implications of

bilirubin research, the active flux between clinic and lab-
oratory, the importance of mutants — have fundamentally
influenced advances in this field,

For a long time it has been known that when any of a
variety of organic anions like bilirubin or sulfobromophtha-
lein (B s P) was injected into an animal, very shortly most
of the substance was present in the liver. But the reasons
behind the liver's selectivity for such materials eluded us.
Some tried to explain it on the basis of hepatic blood flow;
however, two other possibilities could be entertained:
either the liver cell had some unique property in its plasma
membrane that selectively admitted these substances or the
liver cell contained some receptor-like material — perhaps a
protein that selectively bound bilirubin—or boeth. Two such
protein receptors, named Y and Z proteins, have been re-
cently isolated from liver eytoplasm and show affinity for
binding organic anions like bilirubin and 55 p.

Evidence for believing that Y and Z proteins may be im-
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The mutant Corriedale has an inherited defect in bilirubin excretion very similar
to the impairment seen in the Dubin-Johnson syndrome in man. The sheep were de-
tected because of photosensitivity that characterizes liver impairment in ruminands.
Sheep shown at top has LI ulcerations, especially arcund the eyes. At autopsy the
mutant sheep's liver is found to be black, as is the lver of Dulrin-Johnson patients (see
page 125). The black areas in the electronmicrograph are believed to be melanin-like
depasits resulting from accumulation of epinephrine metabolites.
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portant in determining the uptake of
bilirubin by the liver comes from phy-
logeny, laboratory experiment, and
clinical observation. Thus far, ¥ and
Z have been found only in the liver
and only in air-breathing vertebrates.
Y and Z may represent an evolution-
ary adaptation to changed excretory
circumstances associated with the
transition from sea to land. They are
not found in fish or amphibia at that
ontogenic stage when anion exchange
is usually conducted across the gill. In
the laboratory we can study the func-
tion of these proteins in relatio nshlp to
bilirubin transport by administering
drugs that more :u,]m:twely bind to the
proteins than either bilirubin or ns e,

The discovery of this experimental
model proceeded from the clinical ob-
servation that patients in Scandinavia
with fish tapeworm who were treated
with the male fern extract oleoresin
aspidium became jaundiced. They
practically doubled their serum bili-
rubin, all in the unconjugated frac-
tion. The extract’s active ingredient,
flavaspidic acid, was subsequently iso-
lated um:l ﬂluwn to intl'.rft;n-. with I'qu:r
uptake of bilirubin and B35 e in man
and rabbits. It was demonstrated that
flavaspidic acid in vivo or in vitro com-
petes with bilirubin and 8 s p for bind-
ing with, and manifests greater affin-
ity for, the Z protein. We, therefore,
propose that the availability of recep-
tor sites for bilirubin transfer from
blood into the liver cell is reduced in
vivo.

Further evidence came from an-
other clinical observation subjected to
experimental study. It was noted a few
years ago that a group of businessmen
undergoing a detailed annual medical
examination showed increased serum
concentrations of unconjugated bili-
rubin that returned to normal within
a few days. It was proposed that hy-
perbilirubinemia (H B &) resulted from
some substance to which all the men
had been recently exposed. A possi-
bility was iodipamide, a cholecysto-
graphic medium administered the day
before blood was drawn for bilirubin
determination. Laboratory work dem-
onstrated that the organic anion iodip-
amide, like flavispidic acid, competed
with bilirubin and 8 s ¢ for binding to
Z and probably thereby accounted for
transient unconjugated hyperbilirubi-
nemia.

Ontogenic studies also suggest that
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Y and Z play an important role in
hepatic uptake mechanisms. It has
been fairly well demonstrated that
there is progressive development of Y
and Z proteins in newborns; this has
been studied extensively in guinea
pigs, monkeys, and, to a limited ex-
tent, in man. The basic pattern seems
the same in all species. & protein, of
which there is a smaller amount than
Y in the liver, has the lesser organic
anion binding capacity but develops
very quickly during fetal life to reach
adult levels practically at birth. On
the other hand, Y, the major binding
protein, is almost absent at birth and
develops slowly to reach mature levels
in the second or third week of life. It
has also been demonstrated in mon-
keys and humans that the ability to
transfer organic anions from serum to
liver increases steadily with age from
birth on, full development occurring
in about two or three weeks. In other
words, the maturing ability of the
neonate’s liver to take up bilirubin
generally correlates with the rate of
development of Y protein.

The implication of this has led us
recently to take a fresh look at the
so-called physiologic jaundice so often

[] ¥ Protein

The stages of uptake, conjugation, and excretion throngh which
bilirubhin makes the transition from blood to bile are illus-
trated in r'r.'!rcfvrr'ug alrove. Maniy details of this model remain to
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seen in the newborn infant. Practi-
cally every three-to-five-day-old infant
develops unconjugated 1 B & and turns
a bit yellow. Until recently it was gen-
erally believed that this phenomenon
was due to an immaturity of conjuga-
tion, largely in terms of the enzyme
glucuronyl transferase, even though
results of actual measurements of the
enzyme in human infants had been
inconclusive. However, with the dem-
onstration of Y protein maturation,
one must consider the possibility that
the condition may be related to uptake
and Y protein, rather than to conjuga-
tion and glucuronyl transferase. The
reassessment is supported by the dem-
onstration that the blood-to-liver trans-
fer rate of other materials is equally
affected in the newborn, these mate-
rials being organic anions that do not
require glucuronide formation, such
as B5 p, which is conjugated to gluta-
thione, or indecyanine green, which is
not conjugated at all. IF the problem
had to do only with the enzyme, only
glucuronide - conjugated  substances
would presumably be affected.

We have begun to learn more about
the Y and Z proteins. We know that
Y is a basic protein with a molecular

Bile Canaliculus

A Glucuronic Acid

be elucidated, but identification of the variows levels at which
bilirubin metabolism may undergo change has greatly improved
ability to recognize and explain clinical conditions,

weight of approximately 32,000 and
that Z is a different basic protein
w&‘ighing about 10,000, 'T'Iu:}r also
differ in their turnover.

We have learned more, in large
measure due to work by Humberto
Reyes, an International Research Fel-
low of the vspPHs. Dr. Reyes ob-
served that it was Ims.‘;"thlt to more
than double the amount of ¥ protein
in animals h:.-' a{!miuiﬁtﬂ;ring I'.I-hi_‘.l'll::l-
barbital, with a corresponding in-
crease in the liver's uptake capacity.
Then, last summer, Dr. A. J. Levi and
I, studying a mutant mouse popula-
tion, found unusually large quantities
of Y protein in a dwarf mouse whose
defect in the anterior pituitary resem-
bled hypophysectomy. Dr. Reyes took
this finding a step further by observ-
ing that in hypophysectomized or thy-
roidectomized rats, the Y protein in-
creased  twofold. Moreover, when
hypophysectomized or thyroidecto-
mized rats were given phenobarbital,
the amount of Y protein doubled
again, so that the cytoplasmic fraction
of Y, instead of being the normal 2%
or 39, increased to about 109,

That the effects of phenobarbital
were cumulative to those of hypophy-
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sectomy or thyroidectomy suggested
that the level of Y was regulated at
least at two separate points. When
thyroxine was administered to the
thyroidectomized rat, the normal Y
level was restored — thus establishing
a role for thyroxine in hepatic uptake.
Important pharmacologic implica-
tions are contained in this example of
a cytoplasmic protein related to up-
take that can be induced by drugs
and whose steady-state level is modu-
lated by an endogenous hormaone.
However, lest it be prematurely
supposed that these proteins hold all
the answers to understanding hepatic
uptake, consider that Y and Z appear
normal in the mutant Southdown
sheep, which has an inherited defect
in hepatic uptake of several organic
anions, Obviously, Y and Z are not the

only factors determining uptake.
While their function may be to bind
organic anions in one phase of the up-
take process, these organic anions
must first cross the plasma membrane,
and their passage is most certainly
dependent on the status of the mem-
brane. Our guess is that further study
of the Southdewn sheep will broaden
our understanding of uptake by yield-
ing more information om the role
played by the membrane.
Phenobarbital also plays a dramatic
and as yet incompletely understood
role in relation to the membranes of
the endoplasmic reticulum. We know
that the drug induces a proliferation
of these membranes and enhances
some of their metabolic activities in-
cluding bilirubin glucuronide forma-
tion. It also increases nonerythropoie-
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Genetic heterogeneity of chronic nonhemaolytic unconjugated hyperbilirubinemia with
glucuronyl transferase deficiency is supported by inheritance studies. Trait for the
group 1 disorder is transmitted as an autosomal recessive; its expression is favored by

consanguinity, as in the pedigree shown at top. Group 1 appears to be transmitted as
an autosomal dominant. Deficiency of glucuronide formation is evaluated by menthol

tolerance test, in which urinary menthol glucuronide exeretion is measured after inges-

tion of 1 gm of 1-menthol (white symbols indicate normal test results). Numbers state

serum bilirubin concentrations in cases where these exceeded 1 mg%.
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tic sources of bilirubin synthesis, such
as cytochrome P450, a heme protein
involved in the microsomal electron
transfer system and drug metabolism.
This versatility of effect on mem-
branes, added to phenobarbital's effect
on Y and Z in the cytoplasm, poses
some tangled phatmacologic.and phys-
iologic questions. Evidently the drug
may work at many levels (or at one
level that incites effects in others) to
accelerate bilirubin transport at prac-
tically every step of the way.

Thus, it seems probable that the
chain of events involved in uptake,
conjugation, and excretion is more
complex than we supposed. What may
initially appear straightforward often
becomes more complicated after fur-
ther study. For example, for a while
we thought that inherited glucuronyl
transferase deficiency was a single
entity. The disorder, known since
1952 as the Crigler-Najjar syndrome,
now appears to be two entities that
are clinically similar but genotypically
different. Type I tends to be clinically
more severe and is transmitted as an
autosomal recessive characteristic.
Type Il seems less damaging — many
patients survive with little or no appar-
ent brain damage — and is probably
transmitted as an autosomal dominant
trait, Type I patients have no bilirubin
glucuronide in their bile, which is cal-
orless, while in type Il patients bile
is normal in color and contains a small
amount of bilirubin glucuronide.

But the major and most dramatic
distinction between the two is in their
response to phenobarbital. Type 1 pa-
tients show no change in serum bili-
rubin concentrations while type II
patients rapidly become anicteric,
their serum bilirubin dropping from
levels as high as 20 mg% to 2 mg%
in 10 days, with corresponding favor-
able cosmetic results. With discontin.
uation of the drug, their jaundice re-
turns. The mechanisms underlying
the different response in these two
types to phenobarbital are still un-
known. The status of Y and Z proteins
in these patients has not been studied.
That individuals with type I disease
are never found in families that pro-
duce type II progeny makes it very
unlikely that type II is a heterozygote
of the same gene defect of which type
I is the homozygote. They may repre-
sent differences in the composition or
structure of glucuronyl transferase or



the difference may be at a higher ge-
netic level, involving a regulatory
gene.

One cannot assume that a single
etiology is responsible for what mani-
fests itself as glucuronyl transferase
deficiency. Indeed, it may very well
turn out that the controversy concern-
ing the etiology of physiologic jaun-
dice of the newborn — transferase or
Y protein deficiency — will be resolved
by finding both may be important.

There are other types of glucuronyl
transferase deficiency in which inher-
itable and maternal factors play a
part. A small portion of nursing moth-
ers with a probably inherited defect in
steroid metabolism excrete in their
breast milk an unusual isomer of preg-
nanediol, pregnane-3-alpha, 20-beta-
diol, which has been found to inhibit
glucuronyl transferase activity in
vitro. Their infants manifest pro-
longed but benign jaundice from the
first to the fourth week of life as long
as they are breast-fed. Another group
of women, otherwise healthy and nor-
mal, regularly give birth to severely
jaundiced infants who run a high risk
of kernicterus. Examination of serum
from these mothers reveals an uniden-
tified factor, present mainly in the last
trimester of pregnancy and gradually
disappearing after delivery, that in-
hibits glucuronyl transferase activity
in vitro.

That we know what we do about
disorders of bilirubin conjugation —
indeed, that we are even aware that
conjugation is important in bilirubin
metabolism — is in large part due to
the existence of a mutant strain of ani-
mals, the Gunn rat, that has provided
us with a model for experimentation
and analysis. These rats have an in-
herited glucuronyl transferase defi-
ciency similar to the type I syndrome
in humans. Their bile is colorless; they
cannot conjugate bilirubin, yet they
can excrete administered conjugated
bilirubin in the bile. Many Gunn rats
either succumb to kernicterus as neon-
ates or survive with severe brain dam-
age and are important in the study of
the pathogenesis and prevention of
brain damage in unconjugated u B R.
‘These mutants made it possible for the
first time to separate uptake, conjuga-
tion, and excretion.

While we have learned more about
the mechanisms of uptake and conju-
gation, we have learned comparatively
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Administration of estrogens reduces hepatic excretary function in
normal women but does not result in overt joundice because of
the liver's large excretory reserve capacity. In contrast, women

little about the mechanism of excre-
tion. The evidence seems to be that a
facilitative diffusional system of trans-
port is involved in uptake but that
active transport is involved in bile
pigment movement into the bile ca-
naliculi. In theory, a defect interfering
with the WAy Energy is linked to active
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transport would reduce excretion and
result in accumulation of bilirubin
conjugate. Such cholestatic defects
are found in several inheritable dis-
orders, in hepatitis, and in some types
of drug-induced jaundice. Indeed, the
recognition that intracellular pathol-
oy can produce cholestasis represents

Drays Post Partum

with recurrent cholestasis of pregnaney (graph at left) and those
with Dubin-Johnson syndrome (graph at right) manifest overt
jaundice following administration of oral contraceptives.

an advance over theories explaining
it all as due to mechanical blockage.

One inheritable human manifesta-
tion of impaired excretory function is
the Dubin-Johnson syndrome, a be-
nign condition characterized by mild,
lifelong conjugated HBE. The livers
of Dubin-Johnson patients are found

20 25

o Patients’ Breast Milk (0.2 ml)

In some full-term infants a severe but benign unconjugated hy-
perhilirubinemia accompanies breast feeding; it disappears when
they are taken off the breast and usually reappears when they
are put back. In guinea pig liver preparations, milk from mothers
of such infants has been found to significantly inhibit glucuronyl
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= Control Breast Milk (0.2 ml)

transferase activity (formation of O-aminophenol glucuronide) as
compared with results observed when milk from control mothers
was used. A maternal defect in steroid metabolism has been
postulated; these mothers excrete pregnane-3{a), 20(g)-diol in
their breast milk as well as in their urine.



on autopsy to be black, probably the
result of accumulation of oxidized
epinephrine metabolites and other sub-
stances. The impairment of the ability
to transfer certain organic anions from
liver to bile extends to Bs r, porphy-
rins, and radiographic materials. Yet
these persons are otherwise healthy
and appear to process bile salts nor-
mally. This observation contradicts
the general assumption that bilirubin
and bile salts are excreted by the same
pathways.

Opportunities for more detailed
studies of the phenomenon have come
through the discovery of mutant Cor-
riedale sheep in which a seemingly
identical disorder occurs., The sheep
were detected because of the photo-
sensitivity characteristic of liver de-
fects in ruminants. Their livers, also,
were black. Experimental studies re-
vealed that the transport defect is lim-
ited to certain organic anions like bili-
rubin, Bs P, and radiographic dyes,
while other bile components, particu-
larly bile acids, are unaffected. This
fact, in man and sheep, strongly sug-
gests that more than one mechanism
operates in hepatic excretion of or-
ganic anions.

The jaundice of many Dubin-John-
son patients is kept at borderline or
sub-borderline levels because of the
liver's large reserve capacity of excre-
tion. In normal women the metabolism
of estrogens may further reduce hep-
atic excretory function, especially in
the last trimester of pregnancy, or if
oral contraceptives are used. In women
with the Dubin-Johnson syndrome, es-
trogens, pregnancy, or oral contracep-
tives produce overt jaundice, entirely
innocuous except cosmetically, and re-
versible when the estrogen level sub-
sides. Unfortunately, some obstetri-
cians and surgeons are not alert to this
possibility and occasionally make in-
correct decisions on the assumption of

GENETIC IMSORDERS IN BILIRUBIN METABOLISM

obstructive jaundice. More commonly,
internists fail to make the correct diag-
nosis and patients are incorrectly
treated for years as cases of chronic
active hepatitis or cirrhosis.

Cholestasis, or bile secretory fail-
ure, is related to impairment of the
total excretion of bile, of which hili-
rubin is bBut a eomponent. It is char-
acterized morphologically by dilated
canaliculi, chemically by an increase
in serum bile acid, cholesterol, and
alkaline phosphatase activity, and clin-
ically by pruritus related in some way
to bile acid retention. In the Dubin-
Johnson syndrome, none of these are
found. The defect in hepatic excretory
function spares bile acids.

Animal mutants with spontaneous
cholestasis would facilitate study of
bile secretory failure, but they have
not yet been found. Cholestasis due to
mechanical blockage by gallstones or
cancer is relatively well understood,
but we have very far to go before we
can comprehend the forms of chole-
stasis that appear to involve bile
secretion or whose elucidation lies in
pathways of bile acid metabolism and
excretion. T'wo possibly hereditary va-
rieties in man provide some clues.
One is the tendency of certain women,
often in certain families, to develop
cholestasis repeatedly in the last tri-
mester of pregnancy. Another is the
rare recurrent familial cholestasis, in
which patients suffer repeated attacks
of cholestasis without discernible rea-
son. That this affliction may have a
genetic basis is suggested by the fact
that almost all cases have been found
among highly inbred populations.

The limitations of experiments with
humans are obvious, and that is one
of the reasons our knowledge of the
mechanisms responsible for cholesta-
sis is limited. A mutant animal would
be helpful. Such an animal model may
exist without anyone having thought

Gunn rats seroe as model for study of in-
herited glucuronyl transferase deficiency
simpilar to that found in the human dis-
ease, Middle rat iz homozygous for trait
and iz jaundiced. Littermates are nof.

to associate it with this line of research.
After all, the Gunn rat was discovered
in the 1930 and il!itilﬁl”}-‘ utilized for
a more general study of the heredity
process and modes of transmission.
Our understanding of metabolism was
not ready to utilize this animal until
20 years later, when the glucuronide
conjugation of bilirubin was identified
and a search begun for models in
which deficiency in the conjugation
process could be studied. Because of
the conscientiousness of a department
secretary who hated to dispese of the
animals, and because of the scientific
devotion and integrity of geneticist
Williamn E. Castle, who felt it his re-
sponsibility to keep mutational lines
alive in the possibility of some day
learning more about them, the Gunn
rats were still available. Breeding
went into high gear and colonies of

Gunn rats are now in laboratories all
over the world.
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Alpha-1- Antitrypsin Deficiency

HARVEY L.

SHARPF

Unitversity of Minnesota

Since the turn of the century it has been known that
normal human serum inhibits activity of proteolytic en-
zymes, Some 15 years ago the inhibiting factor was local-
ized chiefly to the alpha-1-globulin fraction and more re-
cently, around 1962, the chief serum component was
designated as alpha-1-antitrypsin, a low-molecular-weight
glycoprotein with an electrophoretic mobility between al-
bumin and alpha-2-macroglobulin. Approximately 905
of the trypsin inhibitory capacity of human serum could
be attributed to activity of this factor. As an antienzyme
it soon proved to have a wider range of activity than its
name wnuld sugrest: ﬁl;1]ia-]-sntilr:,-|min wiags a strong
reactor with elastase, skin collagenase, chymotrypsin,
plasmin, and thrombin. It also showed inhibitory activity
against fungal and leukocytic proteases but could be inac-
tivated by bacteria, particularly gram-negative organisms.

However, knowing the chemical properties of alpha-1-
antitrypsin did not help much in elucidating its biologic
functions, which, to this day, remain incompletely defined.
The possibility of a protective role — that it neutralizes
release of ENZYMES into bud}' Huids hy d__q.ring cells — has
been 5|.|gg'{“..‘it¢d 1‘1}' t'hq: 'ﬁnding uf il:u;rf.‘u wﬂ i¢1."E|.5 of ulp!'ﬁu-
L-antitrypsin during inflammation and severe infection,
when the concentration may rise to three times normal
values. Increases with hormonal stimulation, as in preg-
nancy and with use of contraceptive medication, are easily
demonstrated but still to be explained.

But if the presence of this antienzyme is not well
understond, its absence is now known to have important
and untoward consequences. Thus far two quite disparate
disease states, one in adults and the other in children,
l'm".-'g: |:|1_:|:'n assm;iahti;l with an inhorn metabolic dEFﬂ:t T
sulting in a serum deficiency of alpha-l-antitrypsin. The
first is a type of pulmonary emphysema first identified
around 1963 in Sweden that has since been observed and
investigated elsewhere as well. The second, identified
much more recently by our group in Minneapolis, is a

type of liver cirrhosis that we and others are now inten-
sively studying. Unfortunately, both are usually progres-
sive diseases and, despite attempts at definitive therapy,
the outcome is grave,

A deficiency in alpha-1-antitrypsin is readily detectable
on serum electrophoresis by the absence of a normally vis-
ible alpha-1-globulin® band. Swedish workers Carl-Bertil
Laurell and Sten Eriksson were routinely surveying serum
electraphoretic patterns among hospitalized patients when
they discovered a then-new type of dysproteinemia, identi-
fiable as alpha-l-antitrypsin deficiency. Five such cases
were found among 1,500 sera they examined over a six-
month period. The sera were reexamined by both paper
and agarose gel electrophoresis; again the alpha-1-globulin
band, usually sharply demarcated, was missing from the
electrophoretic patterfi. Immunologic studies with anti-
serum specific for alpha-l-antitrypsin  revealed trace
amounts present in the serum but electrophoretic mobility
was reduced, sugpesting a structural abnormality.

When Laurell and Eriksson checked on the clinical con-
dition of the five |!ml.ic1'1t5i, to their !'i'l.l'l'[]'l'i!il‘ F,he}' found
that three had severe pulmonary disease; so did the sister
of one of the three. The findings clearly suggested “some
connection between the degenerative pulmonary disease
and alpha-1-antitrypsin deficiency.” Family studies were
indicated to determine if an inherited defect might under-
lie this apparent relationship.

Pursuing a detailed genetic and clinical investigation,
Eriksson examined serum electrophoretic patterns among
relatives of one of the three patients with lung disease and
observed three distinct patterns of antitrypsin activity:
normal; intermediate, or about 60% of normal; and low,
or about 10% of normal. This suggested a recessive type
of inheritance for alpha-l-antitrypsin, but a larger family
survey was needed. Eriksson next studied relatives of 14
patients with serum alpha-l-antitrypsin deficiency, 213
subjects in all, this time using a technique for determining
serum ftrypsin inhibitory capacity. The method used en-
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tails measurement of inhibition when
a standard amount of trypsin is added
to a given volume of serum; inhibition
level is indieated in milligrams of
trypsin per milliliter of serum. A va-
riety of substrates can be used for
estimating the amount of trypsin not
complexed by serum inhibitors. The
substrate Eriksson chose (we have
done likewise) was benzoyl-arginine-
para-nitroaniline; release of para-nitro-
aniline by action of trypsin on the sub-
strate is measured colorimetrically.

In Eriksson's family studies the as-
says of antitryptic activity confirmed
the trimedal distribution of the serum
enzyme: For relatives with a normal
antitrypsin level, mean trypsin inhibi-
tory capacity was L.10 mg/ml;
among those with a deficiency, the
mean was 0.24 mg/ml; most showed
an intermediate inhibitory capacity,
the mean here being 0.67 mg/ml. All
data seemed to indicate that severe al-
pha-1-antitrypsin deficiency occurred

g L 1 R —

in individuals homozygous for the
genetic defect and that intermediate
levels indicated heterozygosity. Auto-
somal recessive inheritance was sug-
gested by the sex distribution of the
deficiency; in several families the de-
fect had evidently been transmitted
from father to son, which excluded
the possibility of X-linked inheritance.

Eriksson and coworkers tried to
further clarify the relationship of al-
pha-1-antitrypsin deficiency and pul-
monary disease by studying a group
of 33 hospitalized individuals with
the antienzyme defect. Twenty-three
showed definite evidence of pulmo-
nary emphysema; however, theirs was
clearly an unusual emphysema in sev-
eral aspects: A higher than usual pro-
portion of the patients were women,
and age at onset was remarkably low;
60% of the patients were under 40
and 20% under 50. In nearly half the
cases exertional dyspnea had not been
preceded by chronic bronchitis, again

Centimeters

10

Centimeters

; B

0 2 4 &

10 12 14 16

Alpha-1-antitrypsin deficiency is readily detectable by protein electrophoretic patterns.
Normal (top) shows alpha globulin peak immediately following high albumin peak. The
alpha globulin peak is absent in patient with deficiency of enzyme inhibitor (bottom).
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an atypical finding. Moreover, the em-
physema was invariably more pro-
nounced in the lower lobes rather than
distributed throughout the lung.
X-ray evidence of lower-zone disease
was obtained in all 23 cases. From
Friksson's observations, individuals
homozygous for the serum protein de-
fect seemed definitely predisposed to
this unusual form of pulmonary em-
ph],.':u’:ma in f&arlj" middle age; hetero-
zygotes appeared to run no increased
risk.

To estimate the frequency of the
abnormal gene in the Swedish popu-
lation he surveyed an entire village,
analyzing a total of 6,995 serum sam-
ples by their electrophoretic patterns
and antitryptic activity. On this basis
he calculated the frequency of hetero-
zygotes to be 1in 21.

Further genetic studies by Magne
Fagerhol et al., working in Oslo, indi-
cated that an autosomal codominant
rather than recessive mode of inher-
itance may control the genetic defect.
Their important contribution was
recognizing the presence of several
genetic variants of alpha-l-antitryp-
sin; an improved acid starch gel elec-
trophoretic technique permitted high-
er resolution in the prealbumin zone
and revealed alpha-1-antitrypsin vari-
ants not detectable by other methods.
Fagerhol and, later, others further
identified the variants by use of anti-
gen-antibody crossed electrophoresis
and specific rabbit antiserum against
human alpha-1-antitrypsin. To date
Fagerhol has identified a total of 11
alleles of the principal gene for alpha-
1-antitrypsin, presumably determined
by a series of codominant genes. No
exception to this mode of inheritance
has been found,

Collectively the inherited alpha-1-
antitrypsin variants constitute the Pi
system, so named because the antien-
zyme is the major protease inhibitor
of human serum. Pi allele products
can be differentiated by their electro-
phoretic band spectra, varying protein
content of zones in the pattern, and
their alpha-1-antitrypsin content. The
principal allele for alpha-1-antitrypsin
is termed PiM; other alleles were de-
tected by the relative electrophoretic
maobility of their proteins in reference
to Pi¥ and are indicated by other let-
ters of the alphabet. Thus PiF is a
fast-moving variant, Pi¥ a slow one;
the slowest-moving variant, desig-



nated Pi®, has been the one associated
with the marked deficiency state.

A Fap;::rhnl"s work showed, among
subjects heterozygous for the defi-
ciency gene {1.e., P'1 phenotype Mz},
serum  levels of alpha-1-antitrypsin
are roughly 609 of normal. In sub-
ji.‘ct-‘i- hnmnz}'gnm‘. for the {It.‘ﬁ{'.il‘!]‘lﬂ:."
gene ( Pi phenotype z2), serum levels
are between 109 and 20% of normal.
These findings are consistent with
autosomal codominant inheritance,
where each allele is expressed and its
product is summated to give the total
serum level.

The molecular structure of the sev-
eral variants of al])h:l-1-:1|'|Litr:.'|:usi[i
has not been well worked out; the Pi
types could result from 5i1t1p|r: Amino
acid substitutions caused by point mu-
tations or the substitution of different
carbohydrate molecules, but this is not
vet known. Actually, it has not been
established whether the alpha-1-anti-
ll"_l.'[].‘-;i.ﬂ molecule consists of one or
more polypeptide subunits; available
genetic data are compatible with the
existence of multiple alleles at a single
locus, each allele possibly determin-
ing a different polypeptide chain.

From electrophoretic and immuno-
logie studies on some 13,000 subjects,
Fagerhol and coworkers identified
70 persons having Pi phenotype zz.
Checking  into  the clinical back-
ground, they also, like Eriksson be-
fore them, found a high prevalence of
chronic pulmonary emphysema. Like-
wise, they also observed that not all
individuals with genetically deter-
mined alpha-l-antitrypsin deficiency
developed the lung disease. Indeed,
among the 70 patients with Pi pheno-
type 2%, 44 were found to have em-
physema; the other 26 did not, Inter-
estingly, serum levels of alpha-1-anti-
t|'_|,';]5i11 were no lower in subjects with
emphysema than in those without.
This suggested that the expression of
the genetic defect in clinical illness

In children with familial cirrhosis associ-
ated with alpha-1-antitrypsin deficiency,
Ir:'rr'lrlr:lfmf i|1:'|m.r|‘|:;|:'_r||'|'¢_'.'.' ':..rir.lzn:' m.:!nl-!'{'rj Jrase-
tive reaction following application of fluo-
rescent  anfihody  apainst  alpha-1-anti-
trypsin, Fluorescence may be sharply lo-
calized as in specimen (1) ahote; in some
patients there is more diffuse involeemend
affecting |,'4r|‘|4.:rH:lr all hepatocytes within a
lobule. An example of the latter is shown
af low power (2) and at higher power (3.
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Severe alpha-l-antitrypsin deficiency is not necessarily evidenced ay overt illness; thus
comparable serum levels are seen in subjects of Pi phenotype ZZ whether they have
familial emphysema (upper graph) or are free of the pulmonary disease (lower graph).

may depend on interaction with other
genes or perhaps exposure to some en-
vironmental agent, or other factors,

As the Swedish work on the rela-
tion of alpha-l-antitrypsin deficiency
to pulmonary emphysema became
known, investigators elsewhere sought
to confirm it. The first example out-
side of Scandinavia was reported in
1966 by Friedrich Kueppers and co-
workers while in New York; their pa-
tient was a 53-year-old man who had
been ill with pulmonary disease since
age 48. He and a brother both proved
markedly deficient in serum alpha-1-
antitrypsin; his three sons had half the
normal amount. As other workers re-
ported additional cases, the destruc-
tive pulmonary disease associated with
severe alpha-l-antitrypsin deficiency
became well characterized. An associ-
ation between the serum protein de-
fect and early onset panacinar emphy-
sema was firmly established, although
the question of a causal relationship
remained unresolved.

Also unresolved was the possibility
of an association between an interme-
diate serum protein deficiency and the
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lung disease. Several investigators
undertook to define this relationship
more elearly. For example, Martin
Welch and coworkers in Oklahoma
City assessed serum antitryptic activ-
ity in 51 presumably healthy adult
blood donors and 146 consecutive un-
selected patients attending a chest
clinic. Three in the healthy group
were found to have intermediate serum
levels of alpha-1-antitrypsin, as did 17
in the group with pulmonary disease,
a difference not found statistically sig-
nificant, Turning then to patients in
whom the deficiency had been identi-
fied, they studied 18 with intermedi-
ate and 13 with severe deficiency with
respect to pulmonary disease. All 18
patients with intermediate levels were
men; 10 of the 13 with severe defi-
ciency were women. In the latter
group the lung disease almost always
took the form of primary emphysema
with minimal chronic bronchitis; in
contrast, a wide assortment of pul-
monary diseases affected the patients
with intermediate antitrypsin levels.
X-ray and lung scan findings also
differed sharply. Characteristically, in

the severely deficient group, x-rays
showed diffuse loss of vascular mark-
ings over both lower lung fields; up-
per lobe vessels tapered and branched
normally and extended to the lung
periphery. These findings were con-
firmed on lung scans, which showed
greater perfusion of upper zones. In
patients with intermediate antitrypsin
levels, radiographic findings ranged
from normal to extensive bullous dis-
ease. None of the x-rays indicated a
pattern of bilateral decrease in lower
zone perfusion; none of the lung scans
showed bilateral lower-zone disease.

Similar differences obtained in a
Boston study by Richard Talamo and
coworkers of families of six patients
with a combination of pulmonary dis-
ease and alpha-1-antitrypsin deficien-
cy. Serum antitrypsin concentration
and antitryptic activity were deter-
mined in 93 relatives and three addi-

. tional subjects. Eight of 11 genetical-

ly homozygous relatives proved to
have obstructive pulmonary disease;
findings in a ninth suggested similar
lung involvement. Among 34 family
members with intermediate antitryp-
sin levels only one, a 77-year-old
man, was found to have pulmonary
disease, and he for years had been a
heavy smoker. Thus the investigators
could conclude that “no remarkable
rate of occurrence of pulmonary dis-
ease was noted among either genetic
heterozypotes or family members with
normal alpha-1-antitrypsin function
and concentration.”

Admittedly, the question of in-
creased risk to heterozygotes remains
open. For example, Jack Lieberman
and coworkers in California report-
edly observed several heterozygous in-
dividuals with lung disease among
relatives of an affected homozygote.
This prompted them to survey pa-
tients with pulmonary emphysema at
a Veterans Administration hospital in
reference toserum alpha-1-antitrypsin
deficiency. OF the 66 patients studied,
25.8% proved deficient in the serum
protein; seven of these were homo-
zygotes and 10 heterozygotes. The
average age of homozygous deficient
patients was 44 years; average age of
the heterozygotes was 52. When only
patients below the age of 50 were
considered, 47.8% proved to have
some degree of antitrypsin deficiency.
In support of predisposition of het-
erozygotes to a similar type of emphy-
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Radiographic findings differ sharply in 55-year-old man with
bronchitis and intermediate antienzyme deficiency (left) and in

sema, Stevens et al have found patho-
logic evidence of predominantly lower
lebe involvement cccurring in heter-
ozygous individuals as well as in the
homozygous deficient ones.

Surely, if individuals heterozypous
as well as homozygous for antitrypsin
d{:ﬁ:icnc}' are |:-rd.'.d15|:|mi|'.:,1 to chronic
pulmonary emphysema, it would be
imporl:anl to launch ;:ppr::printu detec-

tion and prevention programs on a
public health scale. Disregarding cer-
tain national differences, the frequen-
ey of heterozygotes in most popula-
tions appears to range between 1%
and 5%; thus a considerable number
of individuals might be at risk of de-
veloping pulmonary emphysema at an
early age. Since an interaction of gen-
etic and environmental factors is be-
lieved to account for increased suscep-

his davghter with primary emphysema and severe deficiency; her
x-ray shows loss of vascular markings over both lower fields.

tibility to lung disease in alpha-1-anti-
trypsin-deficient persens, it might be
crucial to it,].t.‘[l[i'r}' them t.‘:l!’]'rll' g0 that
at least potential environmental haz-
ards might be controlled. However,
although the issue is not yet fully re-
solved, the evidence obtained by most
investizators indicates that the hetero-
Zygote is :Jp]:l:wt'ntlf not Il]'ll:iul}' sub-
ject to the familial emphysema; the
reported increase in risk in a few stud-

Lung scans confirm preservation of normal lower-zone perfusion
i father with moderate alpha-1-antitrypsin deficiency and secere
lower-zone vascular decrease in davghter with marked defieit.

decrease in

Scans of severcly deficient patients consistently show bilateral
ower-zone  perfusion, not seen in patients with
pulmonary disease and intermediate alpha-l-antitrypsin deficit,
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Schematic shows family pedigree of homozygous proband (arrow) with circhosis and
severe antiensyme deficiency. Low trypsin inhibitory capacity (0,90 ma/fml) of his serum
confrasts with intermediate and high values in heterozygous and normal relotives.

ies may relate to the selected popula-
tion examined.

From our work on ulphu- l-nt‘l‘titt‘!.r]]l-
sin deficiency in liver disease we have
concluded that only in the severe de-
ficiency characteristic of the homozy-
gous state is there predisposition to
cirrhosis. No cases have been related
to intermediate antitrypsin levels with-
out another genetic defect present.
Our first hint of a link between a form
of childhood liver disease and a ge-
netic deficiency of alpha-l-antitryp-
sin came about five years ago at our
hospital when Esther Freier was sur-
veying serum electrophoretic patterns
in patients with various diseases.
Unexpectedly, among the first sera
low in alpha-1-antitrypsin was that of
a child with hepatic cirrhosis. Both
the child and a younger brother who
also had liver disease were shown to
be alpha-1-antitrypsin deficient.

This discovery prompted a search
among other families of children with
cirthosis of undetermined origin.
Thus far 18 unrelated families have
been identified and studied; data are
presented on the first 13. In all, the
proband was a child with liver disease
associated with serum alpha-1-anti-
trypsin deficiency initially detected on
cellulose acetate protein electrophore-
sis. In affected children, electropho-
retic patterns in the first month of life
already showed an alpha-1-antitrypsin
deficiency, arguing for an inborn met-
abolic level. All the children proved
genetically homozygous for alpha-1-
antitrypsin  deficiency; analysis of
their sera by Fagerhol’s method dem-
onstrated a zz type of serum defi-
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cieney. (Other causes of hepatic cir-
rhosis were of course also looked for
but could be excluded by laboratory
studies and the clinical course. )

Relatives of the 13 children have
been studied by the trypsin inhibitory
capacity technique; all but four par-
ents have had intermediate antitryp-
sin levels indicating heterozygosity
{three were mothers on contracep-
tive medication; as noted earlier, this
is associated with an increase in serum
al]Lil‘.r:.-‘I]?ii.l] levels ). Twenr.:; of 31 sib-
lings and 14 of 77 relatives have had
low to intermediate antitryptic activ-
ity. Most homozygous siblings are
also showing evidence of cirrhosis; in-
terestingly, there is a homozygous
grandmother with pulmonary emphy-
Semd.

Conceivably, in the affected chil-
dren the serum protein deficiency
could be the result of liver disease
rather than possibly the cause. How-
ever, trypsin inhibitory capacity de-
terminations on children with hepatic
cirrhosis attributable to other causes
(such as biliary atresia, cystic fibro-
sis, etc. ) have shown normal to above-
normal values. (Sera in 9 of 10
alcoholic cirrhotic adults were also in
the normal range; the one abnormal
result was in a patient whose son is
heterozygous for alpha-l-antitrypsin
deficiency. )

The clinical manifestations begin
in the first year of life. These children
all have hepatomegaly or hepatosplen-
omegaly, although in those without
jaundice the organomegaly may be
mild and overlooked. Those who have
the obstructive jaundice pattern usu-

ally return to a normal bilirubin level
by the sixth month of life but abnor-
malities in hepatic enzymes persist, as
does the organomegaly. Gradually,
other complications of cirrhosis mani.
fest themselves, i.e., esophageal vari-
ces, ascites, and infections { most not-
ably, pneumococcal infections). Not
all affected children of a family follow
the same clinical course, but none has
recovered from the initial liver injury.
In almost all, the disease progresses
relentlessly, with severe portal hyper-
tension developing as a result of their
macronodular and micronodular cir-
rhosis. All have been Australia anti-
gen—negative.

In our initial examination of liver
specimens from these children by
light microscopy no features peculiar
to this ﬁ,}rm of |1|:'.IJ:|1'IL' cirrlmﬁiﬁ could
be distinguished. However, an inter-
esting difference emerged when we
examined these sections under the
electron  microscope. An  unusual
amorphous material was present with-
in the lumen of rough endoplasmic
reticulum, which was markedly di-
lated: no trace of the material could
be found in the Gelgi apparatus or
lysosomes, or free in the cytoplasm.
The material was not visualized in all
hepatocytes examined; in two of the
children, sectioning of multiple blocks
of Epon-embedded tissue was neces-
sary for detection. However, nothing
resembling this substance could be
visualized in any other form of liver
disease; it was unique to this familial
liver disease associated with alpha-1-
antitrypsin deficiency.

To identify and characterize the
material, we obtained a fluorescent-
tagged rabbit antibody specific for
alpha-1-antitrypsin and applied it to
frozen liver sections from seven of the
affected children. In all, bright fluo-
rescent deposits were seen, especially
in the cytoplasm of periportal hepa-
tocytes. Liver specimens obtained
from patients with other cirrhotic
conditions or chronic active hepatitis
showed no significant fluorescence, To
determine the specificity of the reac-
tion in the familial cirrhosis, alpha-1-
antitrypsin antigen and the fluores-
cent antibody were incubated to-
gether; the supernatant was separated
from the precipitate and applied to
liver specimens from affected patients.
Fluorescence was completely blocked
by alpha-l-antitrypsin antigen, con-



firming the specificity of the fluores-
cent antibody.

Having localized the positive fuo-
rescence in these cases to the peripor-
tal areas of the liver, we returned w
the light microscopic sections and ex-
amined them more closely. This time
a distinet, clumped acidophilic mate-
rial could be detected in H and E
stained sections within the parenchy-
mal cell cytoplasm. The material
could be more readily visualized on
PAs staining. When tissue sections
were pretreated with either diastase
or saliva to eliminate » a5 staining of
glycogen, P A s staining of the abnor-
mal material persisted. Subsequently
we have studied the livers of both
homozygous and heterozygous indi-
viduals without cirrhosis and demon-
strated the same material. Lieberman
et al also confirmed these findings in
Z phenotype emphysema patients.

On both histochemical and immu-
nolegic grounds the material appeared
to be some form of alpha-l-antitryp-
sin; more than that we could not say
Moreover, the findings implied that
large amounts must be present in the
livers of these children with familial
cirrhosis. Normally, the liver is the
source of nlpha-]-amitrﬂmin in the
blood; as far as is known, it is the only
organ that produces the antienzyme.
When Dir. Henry Gans removed an
animal liver, the serum trypsin inhib-
itory capacity halved in less than 24
hours.

Of course, a key question is why
does alpha-1-antitrypsin  accumulate
in the liver in these cases? And to
what extent does the persistence of
the antienzyme in the liver bear a
causal relationship to the hepatic dam-
age? The situation clearly differs from
that of other liver damage resulting
from intrahepatic accumulation of ab-
normal material. In all other storage
diseases, an enzymatic abnormality
results in the stored material residing
either in the cytoplasm or in lyso-
somes. In this instance the material is
confined to the rough endoplasmic
reticulum; the lysosomes and cyto-
plasm are unaffected. Thus, we lean
toward the likelihood of either a struc-
tural abnormality in the glycoprotein
that interferes with transport out of
the liver or a defect in the transport
system whereby a normal glycopro-
tein is produced but not carried to the
blood. Recent studies have clarified

mechanisms in hepatic transport of
another serum protein, albumin, from
the ribosomes, where it is synthesized
at the rough endoplasmic reticulum,
then transported via the smooth endo-
plasmic reticulum, the Golgi appara-
tus, and out of the liver. The same has
not yet been done for alpha-1-anti-
trypsin but conceivably there is a de-
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fect of some kind early in the trans-
port sequence. To be sure, the possi-
bility that the abnormal presence of
this material is causing the hepatic
damage still cannot be ruled out, but
this is doubtful since it is present in
otherwise normal livers.

The type of alpha-1-antitrypsin ac-
|:_'|,1mu|;:ting in the liver has not yet
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TIC (mg Trypsin Inhibited per ml Serum)

o -1-Globulin  Parents
Deficiency
Probands

Siblings

Felatives

Childhood  Alcoholic
Cirthosis  Cirthosis

Controls

Assays of serum antitryptic activity show lowest values in children with familial cir-
rhosfs and severe antienziyme de teiency, intermediate values in some parents and other
family members, generally bigh values in patients with other forms of circhosis,

Great architectural distortion, with separation of hepatic lobules by filirous conneetive
tissue, is evident in biopsy specimen from child with familial eirrhosis,
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Postulated hepatic defect leading to alpha-I-antitrypsin defi-
ciency could involoe either synthesis of the serum protein or

been chemically characterized; we are
beginning work on that now. On the
basis of the immunogenetic studies it
is known that the serum alpha-1-anti-
trypsin in the genetic deficiency state
is usually of the Pi phenotype zz. But
is the same alpha-l-antitrypsin vari-
ant present in the liver, or is the anti-
trypsin in the liver altered to the zz
type when it reaches the plasma? This
we do not know except to say that it
is a slow moving glycoprotein. The
parents of our cirrhotic children have
been studied in terms of genetic typ-
ing of the serum proteins and have
been found to be Pi phenotype mMz
and, hence, genetic heterozygotes.

Defining the hepatic material more
precisely might bring us closer to a
way of effecting its removal from the
liver and into the blood, which could
be important from a clinical stand-
point. Actually, we have tried treating
a few of these patients with pheno-
barbital, knowing that it stimulates
proliferation of rough to smooth en-
doplasmic reticulum, but serum levels
of alpha-1-antitrypsin have not been
changed as a result.

It is clear that the problem is local-
ized to the liver; the possibility of a
circulating inhibitor was ruled out by
the finding that on measurement of
the trypsin inhibitory capacity of an
equal mixture of serum from homozy-
gous and normal individuals, the anti-
tryptic activity is affected only to the
expected degree.

We can only speculate as to how
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the serum deficiency in alpha-1-anti-
trypsin might contribute to develop-
ment of cirrhosis in homozygous defi-
cient children. Conceivably, a lack or
near lack of antienzyme in the blood
renders liver tissue more vulnerable to
damage by noxious stimuli of one sort
or anather. Ordinarily, hepatic inflam-
mation from invasion by toxic agents
or infection causes formation of scar
tissue that is subsequently removed
by normal degradation of collagen
and fibrin. Perhaps the collagen or
fibrin formed in response to inflam-
mation may be inadequately resolved
in the absence of sufficient alpha-1-
antitrypsin.

Whatever the cause of the cirrho-
sis, as of now the clinical outlook for
these children is uniformly bleak.
Treatment of esophageal varices with
portacaval or splenorenal shunts effec-
tively reduces the possibility of uncon-
trolled hemorrhage in the upper gas-
trointestinal tract, but life expectancy
is not significantly improved.

Obviously, when liver transplanta-
tion becomes a more routinely prac-
tical possibility, these patients would
be among prime candidates, since re-
moval of the diseased liver and its
replacement by an organ from a donor
without the genetic defect should pro-
vide a source of normal alpha-1-anti-
trypsin, thus preventing redevelop-
ment of hepatie cirrhosis. In our ser-
ies, liver transplant has been attempted
in two patients. One was a teenager
whose problems were compounded by

Nucheus

Abnormal Membrane

Colgi Apparatus

its transport inte the blood, thus interfering with normal hepatic
mechanisms as recently delineated in studies of albumin.

a 50% right-to-left shunt in his lungs
apparently secondary to the hepatic
disease. His hypoxia and cyanosis
caused us to consider liver transplant;
past clinical experience had suggested
that pulmonary A-V fistulas have the
capacity to close up upon improve-
ment of liver function. Within two
days following the transplant proce-
dure, serum trypsin inhibitory capac-
ity increased to normal; it remained
so until the patient’s death from respi-
ratory complications. The second pa-
tient also retained normal levels un-
til he died from complications of the
transplantation.

The question of a relationship be-
tween familial liver cirrhosis and fam-
ilial emphysema remains to be clari-
fied. In Eriksson's initial work he dis-
counted the possibility of liver disease
in the patients he studied. As already
indicated, in our series one family con-
sisted of individuals with either cir-
rhosis or emphysema associated with
homozygous alpha-l-antitrypsin defi-
ciency. A few patients have now been
reported with both emphysema and
cirrhosis. Homozygous deficient indi-
viduals in our other 17 pedigrees
had normal pulmonary function, with
two exceptions. One was the teen-age
boy with the pulmonary A-¥ shunt
already referred to; the other was a
girl homozygous both for alpha-1-
antitrypsin deficiency and cystic fibro-
sis. At postmortem her liver showed
pathologic changes typically associ-
ated with alpha-l-antitrypsin  defi-



ciency rather than the eosinophilic
concretions within the bile duet lumen
that are pathognomonic for cystic fi-
brosis. The abnormal liver material
seen with serum alpha-l-antitrypsin
deficiency was demonstrated by both
light and electron microscopy. In this
case, also, it seems probable that a
familial cirrhosis and cystic fibrosis
occurred in the same family by
chance, since we have searched for the
antienzyme deficiency in many pa-
tients with cystic fibrosis and found
it only this one time. Other workers
who have sought to link these two
disorders have not succeeded either.

Although both the childhood cir-
rhosis and the adult emphysema are
associated with a plasma deficiency of
alpha-1-antitrypsin, similar or differ-
ent mechanisms may be responsible.
Important information has been ob-
tained through liver biopsies of pa-
tients with emphysema associated with
the antienzyme deficiency. These spec-
imens tell us that the same abnormal
material is present within their livers
as in the children with cirrhosis,

As is the case with the familial cir-
rhosis, pathogenesis of the pulmonary
emphysema is still to be delineated.
Eriksson's original postulaté was that
the pulmonary disease might relate to
lung damage caused by the action of
protealytic enzymes. Kueppers and
Bearn have reported evidence that len-
kocyte proteinases and other enzymes
— released as a result of inflammation
and in the absence of the antienzyme
not duly inhibited — can lead to diges-
tion and destruction of lung tissue.
An alternative hypothesis associates
the normal aging processes with met-
abolic turnover of connective tissue
fibers in the lung. By somehow acting
to hasten metabolic turnover, a defi-
ciency of serum alpha-1-antitrypsin
might accelerate aging changes, caus-
ing premature enlargement of air sacs
in particular, and hence be a factor in
early-onset emphysema.

More recently, studies of lung func-
tion in patients with this type of em-
physema have shown severe limitation
of forced expiratory flow due mainly
to loss of lung recoil. Workers in the
field have therefore focused on the
elastase-inhibiting properties of al-
pha-l-antitrypsin, seeking to demon-
strate possible effects on elastic tis-
sues of the lung in the absence of the

ALPHA-1-ANTITRYI'SIN DEFICIENCY

Electron microscopy of thin sections discloses an unuswal amarphous material confined
to the lumen of rough endoplosmic reticulum, as in portion of one cell shown here.

Marked positive fluorescence present in the hepatic cell cytoplasm after ﬂpp.l!ir_.‘ulfq'm of
flucrescent alpha-1-antitrypsin antibody to o serum-deficient patient, shown above at
lower and higher magnifications, is completely blocked with uke of alpha-1-antitripsin
antigen, confirming the specificity of the antibody.

serum inhibitor. Just recently, James
Adamson and workers in his laboratory
studied patients with advanced em-
physema at the stage of pulmonary
failure; a marked deficiency in serum
alpha-1-antitrypsin was demonstrated
in all their cases. Collagen and elastin
measurements on the right middle

lung lobe were compared in these pa-
tients and in normal subjects. The
mean ratio of collagen to elastin was
4.5:1 for those with emphysema and
3.3:1 for the controls, indicating a
decreased quantity of pulmonary elas-
tin in the former.

However, as Adamson pointed out,
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Distinet eytoplasmic material in - PAS-
stained sections examined by light micro-
SO rpImm at I'cflpj persists rfr.'.spr'tc: the
use of diastase treatment to eliminate
PAS-staining of glyeogen (hottom),

whether this is a constant or impor-
tant feature of the familial emphy-
sema  remains to be  determined.
Whether it occurs in other types of
emphysema as well is also not known.
If elastic tissue is shown to be dimin-
ished to a greater degree in the alpha-
I-:mtitr:;[}!iin deficient than in p:-ltin‘:nt_ﬁ
with other types of emphysema, the
guestion still to be answered would
be how the damage is initiated within
the lung. In reference to both diseases
it seems almost self-evident now that
they must have a multifactorial etiol-
ogy, and that a severe alpha-1-anti-
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trypsin deficiency, like that found in
the homozygous zz individual, must
combine with other unfavorable fac-
tors for overt disease to result. This
seems the only explanation for the
finding that some individuals homozy-
gous for the serum protein defect have
been protected from developing either
the liver or the lung disease.

It is not yet certain how much
clinically evident pulmonary disease
in adults or liver disease in children
occurs in association with homozy-
gous alpha-1l-antitrypsin  deficiency.
Eriksson estimated that probably 1%
of cases of emphysema are of this
type; others report estimates as high
as 5% to 10%. Interest in the familial
liver disease associated with alpha-1-
antitrypsin deficiency is still too new
for meaningful incidence figures to be
available. Next to biliary atresia this
is presently the most common type of
infantile liver disease that we encoun-
ter in the pediatric age range, but ours
is a referral hospital and admittedly
the population is highly selected. We
are also finding it more commeon than
other storage diseases that are better
known to the cliniciam.

Until now the most common inborn
metabolic error has of course been
cystic fibrosis; disease associated with
severe alpha-l-antitrypsin deficiency
may prove l.‘{i‘l,lE“:.-‘ impurtant, since
both defects appear to occur at about
the same frequency. According to cur-
rent estimates the frequency of homo-
zygous alpha-l-antitrypsin deficiency
is 1in 1,500 to 1 in 2,500, the same
a5 that t!ili'lfl'l&l.l!'bd for t::,.'!..l.ic 'ﬁbnhs'lﬁ.
A 5% incidence of the heterozygous
state also appears to apply to both.

Certainly in a child with liver dis-
ease of undetermined cause the possi-
bility of a genetic deficiency in alpha-
L-antitrypsin should be carefully ex-
cluded, as it should in an adult show-
ing characteristic signs of familial
pulmonary emphysema. Screening for
the possibility of homozygous alpha-
1-antitrypsin deficiency is readily per-
formed at any hospital by visual ex-
amination of serum electrophoretic
patterns; in the absence of the alpha-
l-globulin band a test of trypsin in-
hibitory capacity should follow. Other
procedures such as the alpha-1-anti-
trypsin  determination by immuno-
chemical techniques or testing for
elastase inhibitory capacity can be

substituted for the trypsin inhibitory
capacity test because the results have
excellent correlation. All these tests
can usually clearly identify homozy-
grotes but offer some problems in de-
finitively separating heterozygotes
from normals. Genetic typing is ideal
but not essential, particularly when
other family members are available
for antienzyme testing.

When a child is suspected of being
wenetically deficient in alpha-1-anti-
trypsin, family studies should indicate
that both parents carry an abnormal
gene. As our experience showed, the
presence of this factor may be masked
by pregnancy or use of oral contracep-
tives. In either circumstance the moth-
er'’s serum level of antitrypsin may be
pushed to a higher range; misinterpre-
tation can result if this is not taken
into account. In counseling the family
of a genetically homozygous child, the
recurrence risk is probably best pre-
sented on the basis of autosemal re-
cessive inheritance. That is, with bath
parents heterozygous, there is a 25%
risk that a child will be homozygous
and deficient and a 50% risk that he
will be heterozygous.

Screening for the heterozygote car-
rying the deficiency gene presents
more of a practical problem than
screening for homozygotes, since stan-
dard serum electrophaoresis is unlikely
to reveal the defect. More complex
techniques, such as acid starch gel
immuneelectrophoresis, are required,
but these are not widely available.
However, without firmer evidence that
heterozygotes are predisposed to ei-
ther of these familial diseases, there
probably is no need for mass screen-
ing programs to detect carriers, That
the homozygote can be readily identi-
fied early in life is of course important
not only in terms of anticipating the
possibility of one of two grave ill-
nesses in the affected individual but
in genetic counseling of the family as
well.

That early knowledge of the serum
rlyveoprotein defect will improve pros-
pects for preventing the liver disease
is unlikely until greater understand-
ing of the pathogenic factors has been
achieved. As for the lung disease, even
without more knowledge, it seems
only sensible that the homozygous
deficient individual be advised against
cigarette smoking and undue exposure
to lung irritants.



Mucopolysaccharidoses:
The Biochemical Approach
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As genetic diseases go, the mucopolysaccharidoses are not
particularly common. Even considered collectively, the
members of this closely related group of anomalies affect
only one birth in perhaps 25,000, which puts them some-
where between phenylketonuria (one in 10,000 births)
and galactosemia {ohe in more than 100,000 births). Yet
these relatively rare conditions have turned out to possess
a scientific and elinical sigpificance well beyond that of
many commoner complaints.

The study of these abnormalities has, of course, thrown
considerable light on aspects of normal physiology, but
this is no great distinction; the same could be said of most
intensively studied genetic anomalies. In addition, how-
ever, the mucopolysaccharidoses were among the very first

genetic diseases to be “diagnosed” by tissue culture tech-
niques (see Mellman, Chapter 16). They also constitute

a remarkable case study in disease classification, or nosol-
ogy (see McKusick, Chapter 20), about which I shall
have more to say later. Finally, though much work remains
to be done, there is already good reason to think that the
mucopolysaccharidoses will, before many years have
passed, join the still sparse ranks of the genetic diseases
that can be effectively treated.

The best known, and most severe, of the mucopolysac-
charidoses is the Hurler syndrome, first reported in 1919
by the German pediatrician of that name. During the first
year of postnatal life, the infant begins to show signs of
both physical and mental deterioration, gradually acquir-
ing an extraordinary appearance: large head, flat bridge
of the nose, wideset eyes, large lips, coarse tongue. The
Hurler patient suffers also from stunted growth, corneal
clouding, impaired hearing, widespread skeletal involve-
ment, hepatosplenomegaly, severe mental retardation, and
from cardiovascular abnormalities as well. Under these

circumstances, it is hardly surprising that few of these
individuals survive their teens.

Even before Gertrud Hurler published her detailed and
classic description, the English physician Charles Hunter
had reported the related anomaly that bears his name. The
Hunter syndrome usually follows a considerably milder
physical course; several individuals have survived into
their forties. The mental manifestations are variable: some
patients are severely retarded, whereas others may be of
normal or even above-average intelligence. Subsequently,
other investigators described the Sanfilippo syndrome, in
which the physical manifestations are mild but mental
retardation severe, and the rarer Scheie, Morquio, and
Maroteaux-Lamy syndromes, with mild to severe physical
manifestations but little or no mental damage.

As their generic name suggests, all of these conditions
involve abnormalities in the metabolism of certain muco-
polysaccharides (a1 7 5). Without at the moment attempt-
ing to characterize these substances in detail, we may note
that they are normal constituents of various kinds of con-
nective tissue. The most conspicuous abnormality in their
metabolism is their level in the urine of affected individ-
uals, where excretion may exceed 100 mg/day, as against
less than 15 mg/day in normal persons. In addition, they
accumulate within cells in many of the body's tissues, and
there is every reason to believe that these widespread cellu-
lar deposits account for most or all of the clinical mani-
festations.

Elevated urinary M Ps is the primary diagnostic sign
of the mucopolysaccharidoses, Variations in the specific
M Ps present help in the differential diagnosis of indi-
vidual anomalies. The substances in question (in all but
one condition) are dermatan sulfate (ps), an important
constituent in normal skin and blood vessels, and heparan
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Bloated lysosomes (white bodies) crammed with particles of
purﬂy drgm:fed mucﬂpufy.:umﬁurlde are séen in electron micro-

sulfate (ns), found primarily in the
bleod vessels. In Hurler patients, s
and H s are present in a ratio of about
two to one, while in Hunter patients
the ratio approximates equality. Both
ratios, however, are sufficiently vari-
able to make them unreliable as an
absolute guide to differential diagno-
sis. Here, however, the mode of in-
heritance is conclusive: the Hunter
syndrome is a sex-linked recessive
(manifesting itself entirely in males
who inherit it from their carrier moth-
ers ), while the Hurler syndrome, like
the rest of the mucopolysaccharidoses,
is an autosomnal recessive, requiring a
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gene from each carrier parent.

Sanfilippo urine contains H s almost
exclusively, though a small amount of
n 5 can usually be detected by refined
techniques. Scheie, like Hurler, in-
volves 05 and HS, whereas Maro-
teaux-Lamy urine appears to contain
s exclusively. Morquio is unigue in
that neither b s nor H s is present, but
an unrelated mucopolysaccharide, ker-
atan sulfate, is found, which is a
normal constituent of cartilage and
the cornea. Not very surprisingly, the
physical manifestations of this disease
are quite different from those of the
others.

graph af liver cell from Hurler patient (Drs. F.van Hoof and H. G.
Hers, Laboratoire de Chimie Physiologigue, Louvain, Belgium),

Based on the clinical signs and spe-
cific M ps anomalies, the six condi-
tions were classified by Dr. Victor
MecKusick some years ago as MP5 |
through VI. My associates and I have
demonstrated the general aceuracy of
this classification by means of bio-
chemical findings. These were based
on an earlier finding, by Drs. Danes
and Bearn, that cultured fibroblasts
from Hunter and Hurler patients can
be distinguished from normal cells by
their development of “metachromatic”
(pink) granules when stained with
toluidine blue dye. Under some condi-
tions, this effect shows up even in



heterozyvgous individuals and is the
basis of a test for carriers. Subse-
quently, our research group has deter-
mined that cells from different muco-
polysaccharidoses can “cross-correct”
one another. For example, if Huarler
and Hunter cells are cultured to-
gether, neither will show the charac-
teristic pink granules. A test more
sensitive than metachromasia is the
measurement of sulfated M r 5, using
radioactive sulfur for easy monitoring.
Hurler and Hunter cells, as deseribed
below, accumulate much more radio-
active M Ps than do normal cells;
when they are mixed, their accumula-
tion is reduced to a normal level. The
same type of correction ocours if one
adds merely the mediom in which
f,L'_I].S of the other type hﬂﬂ: bi__hcn
cultured. Such cross-correction has
been demonstrated in almost all mem-
bers of the group (except Morquio,
which we have not studied), though
with certain interesting anomalies.
For one thing, it appears that San-
filippo, biechemically speaking, is not
one disease but two; that is, cells from
some Sanfilippe patients will cross-
correct with cells from others. We
have named these two groups, which
are otherwise indistinguishable by
present techniques, Sanfilippe A and
B. For another thing, and rather sur-
prisingly, Hurler and Scheie appear to
be, in a certain sense, two forms of a
single disease. Despite their marked
clinical differences, their cells will not
cross-correct. As a final point in this
connection, | might mention that cells
{ or culture medium) from normal in-
dividuals will correct any of the group.

These cross-correction findings are
an obvious aid to the accurate differ-
ential diagnosis of the mucopolysac-
charidoses. In addition, however, they
carry a number of implications con-
cerning the deeper biochemical causes
of these conditions. To explain what
these are, however, I must first fill in
some background on the bischemistry
of M p s as such,

As they normally occur in the body,
M P5 are “protein polysaccharides™ —
long chains of amino-acid residues to
which are attached at intervals chains
of polysaccharide. Though we know
little about the synthesis of these com-
plicated molecules, it is generally be-
lieved that the protein core is synthe-
sized first, after which the polysac-
charide chains are constructed along

MUCOPOLYSACCHARIDOSES : THE BIOCHEMICAL APPROACH

this “skeleton” by the step-by-step
addition of one sugar at a time. For
example, it has been shown that if
protein synthesis is inhibited (e.g., by
addition of puromycin to the culture
medium ), this prevents formation of
polysaccharide also, although under
other circumstances the inhibitors in
question have no effect on the poly-
merization of sugars. The details of
the elongation of the polysaccharide
chains are still obscure, but intensive
research carried out in Sweden may
soon clarify this aspect.

About the degradation of Mes
even less is known. A probably signifi-
cant fact, however, is that though in
the connective tissues of normal as
well as affected individuals, these sub-
stances occur in their “ordinary™ mac-
romaolecular form, both the abnormal
intracellular deposits and the abnor-
mal urinary output of M rs consist
rather of fragments of these large
molecules. The protein core has al-

Protein Core \

most disappeared; what remains are
groups of a few amino acids linked to
some bits of carbohydrate, plus other
polysaccharide fragments without
amino acids. Apparently most of the
protein has been completely broken
down, while the carbohydrate portions
and attached protein fragments have
been only partially degraded. These
accumulations of fragmented Mrs
can be seen: Under the electron micro-
scope, for example, cells from the
livers of affected individuals are full
of vacuoles containing very finely dis-
persed materials. The wvacucles are
evidently lysosomes — the cellular or-
ganelles normally responsible for the
breakdown of macromolecules — pa-
lholcgin:ally g'urg:d with undigested
mucopelysaccharide, Significantly,
they resemble the bloated liver lyso-
somes of rats that have been injected
with unmetabolizable molecules such
as those of the detergent Triton W R-
1339,

Proteomucopolysaccharide

Carbohydrate Chain

Normal MPS (top) consists of carbohydrate chains attached to a protein core. In uring
and fissue dar;.vusila' of patients, most of the protein core is degraded info its constituent
amine acids, but the polysaccharide chains can only he partially broken down (below).
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Diagrams suggest sequence whereby chra-
matid interchange (2, dashed line) between
homologous chromosomes (1) resulting in
formation ef symmetrical Qr figure (3)
could yield progeny genetically different
from parent cell strain and homozygous for
all genes distal to the point of exchange
{4, 5). Alternatively, the progeny might be
like the parent cell (6) or merely show new
position of alleles (TL
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become homozygous for all genes of
the affected chromosome distal to the
point of exchange. Though retaining
a balanced and complete human ge-
nome, each daoghter cell, and its
progeny, would lack certain alleles
present in all the other cells. If this is
actually the case in vivo in Bloom's
syndrome, evidence for antigenic or
enzymatic mosaicism should be de-
monstrable, if an adequate search
were made.

The cytogenetic findings described
in reference to Bloom's syndrome cells
in tissue culture do not necessarily
apply to cells proliferating in wvivo,
but if they do, this could account for
some of its clinical features. For ex-
ample, poor survival among daughter
cells receiving the more abnormal
chromosomal complements could re-
late to the SEVEre grmuth retardation
characteristic of Bloom’s syndrome.
Evidence that chromosomal instability
does occur in vivo was obtained when
we examined cells aspirated from the
bone marrow of a &/ 8 seven-year-old
boy and found increased numbers of
cells with dicentric chromosomes, tri-
radial configurations, and other com-
plex exchange figures. ( The one other
marrow we have been able to examine
appeared normal.)

In the course of our cytogenetic
studies of Bloom'’s syndrome, similar
chromosomal aberrations in dividing
E}"I‘ll]‘.lll[!l;}"h_‘..‘:‘ |'|ﬂ1.-'-:: bq.:ﬁtl identified in
dividing lymphocytes from all those
examined, i.e., from most of the known
affected individuals, including three of
those who went on to develop cancer.
‘This probably means that the chromo-
somal instability has little to do with
the cancer itself, but does it not pro-
vide a predisposing background?

Fanconi's Anemia

The situation is, in some ways,
similar in Fanconi’s anemia, another
rare genetic disorder, which combines
a functional defect in the bone marrow
with major anomalies of solid struc-
tures including the skeleton, heart,
and kidneys. Actually there are not
many clinical similarities between
Bloom's syndrome and Fanconi's ane-
mia. The latter may be associated with
growth retardation, but not to the
same degree. Brownish skin pigmen-
tation is prominent but more exten-
sive and of different distribution than

the café au lait spots often observed
in Bloom’s syndrome.

Since Fanconi's anemia has been
recognized far longer (since 1927),
more cases, probably around 200,
have been studied and described. As
in Bleom's syndrome, an increased in-
cidence of parental consanguinity and
of affected sibs of both sexes points to
a recessive transmission. The genetics
has not been well studied, however.

The hematologic dysfunction asso-
ciated with Fanconi's anemia is severe
and affects all elements of the bone
marrow. Pancytopenia and bone mar-
row hypoplasia usually become symp-
tomatic between the ages of 4 and 12
and tend to progress until the child’s
death from hemorrhage or other mani-
festations of bone marrow failure. Re-
cently, hormone therapy and other in-
terventions have been used to amelio-
rate the hematologic disorder.

Although some detailed reviews of
Fanconi’s anemia, including one by
Fanconi himself, do not refer to an
increased incidence of leukemia, the
generally accepted view now is that
the risk is definitely increased. While
this view is based on relatively few
cases, considering the infrequency
both of leukemia and of the syndrome
itself, the number of affected persons
with leukemia appears sufficient to
indicate an association, An importaat
possibility that has long intrigued
clinicians observing this disease is that
cancer risk may also be increased in
relatives of affected individuals, pre-
sumably heterozygous for a Fanconi's
anemia gene, and supporting evidence
was recently provided by Swift and
coworkers.

Given the severity of the hemato-
logic abnormality in Fanconi's apemia,
any predisposition to leukemia might
not be fully expressed because, at
least in the past, few patients have
survived for long after the appearance
of panmyelopathy. If a neoplastic cell
line is to emerge and replenish the
marrow, obviously it would have to
do so before the patient succumbs to
hemorrhage or overwhelming infec-
tien. Will prolongation of life in Fan-
coni’s anemia by hormonal therapy be
associated with increasing numbers of
leukemics?

Some cytogenetic comparisons bear
mentioning in reference to Fanconi's
anemia and Bloom’s syndrome. The
increased chromosomal instability in
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Because of their characteristic facial appearance as well as the
presence of telangicctatic lesions, wnrelated individwals with
Bloam’s syndrome bear a close physical resemblance to one an-

Fanconi's anemia was first reported
some eight years ago by Schroeder,
on the basis of her studies of cultured
blood lymphocytes. We have obsery.
ed this in skin fibroblast cultures as
well. On first inspection the chromao-
somal abnormalities seem similar to
those in Bloom's syndrome; there cer-
tainly are many breaks and rearrange-
ments. Recently, Schroeder and I
jointly evaluated the cytogenetic dis-
turbance in the two disorders and con-
cluded that the patterns of chromo-
somal disruption and rearrangement
aredifferent. Whereas chromatid inter-
changes and rearrangements, chiefly
the equal symmetrical Qr, predomi-
nate in Bloom's syndrome, in Fan-
coni’s anemia a relatively higher pro-
portion of cultured cells show chroma-
tid gaps and breaks. When Qr's occur
in Fanconi's anemia, nonhomologous
chromosomal regions are usually af-
fected; moreover, sites of lesions are
fairly randomly distributed through-
out the chromosomal complement.
Genes responsible for the two dis-
orders obviously have different effects
clinically, and a difference in the pat-
tern of chromosomal instability is not
unexpected,

Using bone marrow aspiration

studies to evaluate the degree of chro-
mosomal instability occurring in vivo,
Schroeder found an increase in mitotic
and nuclear aberrations during meta-
phase in a few patients as well as ana-
phase bridges, fragmented chromo-
somes, and micronuclei. Using serial
cytogenetic analysis of aspirated bone
marrow, she also detected and fol-
lowed the proliferation of a pseudo-
diploid clone, i.e., a cell population
with 46 chromoesomes but with some
chromosomal rearrangement. In ex-
amining skin fibroblast cultures de-
rived from a case of Fanconi's anemia,
Young detected two clonal subpopu-
lations, each with a mutant chromo-
somal complement, growing among
cells with normal complements. In
these patients there was no association
with leukemia. All that can be said at
present is that clones of cells contain-
ing a clearly aberrant chromosomal
complement but exhibiting no malig-
nant characteristics are associated
with a disorder carrying an increased
risk of cancer. Moreover, like the stem
lines of established cancers, these
clones evidently originate from a
single cell containing a stable chromo-
somal rearrangement.

In attempting to elucidate the rela-

other, A key feature shared is their small stature, resulting from
growth retardation beginning in utero and continuing throughout
life. Maximum height almost never exceeds five feet,

tionship between Fanconi’s anemia
and leukemia, Todaro used simian
virus (sv) 40 to infect diploid fibro-
blastic cell lines either homozygous or
heterozygous for a Fanconi's anemia
gene. In such cell lines, as compared
with control cultures, monolayers of
cells planted on the surface of a cul-
ture dish showed a greater number of
localized areas undergoing rapid and
disarrayed proliferation. Whereas in
control cultures 1.6 to 5.1 areas of
“transformation” appeared for every
10,000 cells, the number increased to
20.1 to 28.2 per 10,000 among cells
carrying one gene for Fanconi’s ane-
mig; in cells containing two Fanconi's
anemia genes it increased to 41.4 to
79.7 per 10,000, Although these pro-
liferative responses termed “transfor-
mation™ may not always be assumed
to represent malignant conversion,
what is of interest is that while the
changes occur most readily in cells
from the affected homozygote, they are
also seen in cells of normal individu-
als. Response in the heterozygote is
intermediate between the two. Thus,
the difference is not in the kind of in-
teraction between the virus and the
cell but in the frequency with which
it occurs,
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Summary of Mucopolysaccharidoses

Name T rans- Physical Mental Urinary Deficient
migsion Anomalies Deficimmey MPS Factar
Hurler AR =+ ++ D5, HS ae-L-iduronidase
(~2:1)
Hunter XK-linked +4 + = DS, HS sulfoiduronate
(~1:1) sulfatase
Sanfilippo A AR + +F HS HS sulfatase
Sanfilippo B | AR + it HS | Nacetyla
glucosaminidase
Morquio AR +t - K5 Not studied
Scheie AR i+ - DS, HS | Same as Hurler
(=2:1)
Maroteaux-
Lamy AR ++ - D5 Purified, NEC
“Atypical™ AR ik = ? B-glucuronidase
AR Autosomal recessive DS Dermatansulfate  KS Kerctansulfare  HS Heparan sulfate
+ # + Pregent, marked + Presest, mild + * Present, moderate —Not present

NEC Notenzymatically characterized

most invariably, rather, it és further
metabolized, along some normally lit-
tle-used pathway. Actually, in some
diseases it has been determined that
the pathologic features are not pro-
duced 1:1',.' the 'Ll'lh*.n'l:u,:diulq; substrate
as such but by abnormal metabolites
derived from it. Thus it is perfectly
possible that two different MP5
breakdown intermediates, correspond-
ing to two different blockages in the
enzymatic chain, might be trans-
formed through abnormal channels
into identical end products.

As against these quite inconclusive
objections to the enzyme theory, we
have much additional, and [ believe
conclusive, evidence on the other side.
For one thing, we have succeeded in
isolating in varying degrees of purity
five substances corresponding to the
five hypothesized missing enzymes.

Our source was human urine — a
most useful and usually neglected
source of human proteins. These sub-
stances ( we like to call them factors)
are all proteins, as all enzymes are.
They range in molecular weight from
about 70,000 to as high as 300,000,
They are highly specific: Hunter fac-
tor, for example, will correct the de-
fect in Hunter cells, without affecting
in any way normal cells or cells de-
rived from patients with other muco-
polysaccharidoses. This is to be ex-
pected, as these cells already have
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Hunter factor in adequate amounts,
and their deficit is in a different factor,

In all cases, the factors correct by
accelerating mrs degradation in the
appropriate recipient cells. This im-
plies that they are lysosomal enzymes.
On the theory that a1 ¢ s accumulated
in abnormal cells may represent inter-
mediates in the breakdown process, we
have mixed radiosulfur-labeled s es
obtained from such cells with rela-
tively pure preparations of Hunter,
Hurler, and Sanfilippo A factors. This
approach proved to be particularly
successful in the case of the last. San-
filippe A factor released inorganic
(*free”) sulfate into the mediom,
suggesting that it is a sulfatase, whose
biochemical function is to detach the
sulfate groups from the heparan sulfate
molecule. With the other factors, no
sulfate was released, but this is not
to say that nothing happened — merely
that whatever happened was not de-
tectable in this labeling system. By
nther rnul:lmd_ﬁ:, Imwvl_:vqtr.r it was Fnund
that the Hurler factor is the enzyme
alpha-iduronidase. Its function is to
cleave iduronic acid residues — the
major constituents of dermatan sulfate
and minor constituents of heparan sul-
fate. The Sanfilippo B factor was iden-
tified as the enzyme N-acetyl-alpha-
glucosaminidase, which is needed for
the breakdown of heparan sulfate. The
very rapid identification of factors as
enzymes involved in mucopolysaccha-

ride degradation came as the result of
efforts in several laboratories = in Chi-
cago, La Jolla, and Miinster — as well
as of our own work.

Meantime, we have come across an-
other and apparently distinct type of
mucopolysaccharidosis, in a child be-
ing treated at a St. Louis hospital.
The patient was clinically *atypical”
in having some but not all the signs
of the Hurler syndrome. Fibroblasts
taken from a skin biopsy turned out
to be even more atypical: they were
not corrected by our purified factors.
Instead, the missing factor turned out
to be a known lysosomal enzyme,
f-glucuronidase, preparations of which
{ from beef liver) reduced the cells®
M P 5 accumulations to normal levels,
Since there are other grounds for be-
lieving that this enzyme plays a role
in Mrs degradation, we may have
identified a sixth step in the break-
down process. Nor does this exhaust
the possibilities. Examination of the
chemical structure of the affected mu-
copolysaccharides shows at least five
linkages for which there are no en-
zymes yet known. One of these un-
known enzymes may correspond to the
Maroteaux-Lamy factor. This would
still leave several enzymes “in search
of a disease.”

The fact that pathologic cells can
be more or less routinely freed of their
o 5 accumulations, either by eross-
correction or by the addition of puri-
fied factor, naturally raises the ques-
tion of whether the same could be
done in vivo. In most inborn errors of
metabolism, the “enzyme replacement”
approach is not considered very prom-
ising at present, mainly because of the
difficulty of getting the exogenous
enzyme into the cells. Lysosomal en-
zymes, however, seem to present a less
intractable problem. Cells have long
been known to take in proteins from
outside the cell by pinocytosis. After
the exogenous molecules are enclosed
in an invagination of the cell wall,
they are in a vacuole that eventually
merges with lysosome. Our own ex-
periments have shown that even ab-
normal cells take up proteins from the
medium very easily by this process.

The presumption is that enough of
the right enzyme injected into the
bloodstream should permit the cells to
purge themselves of M Ps aceumula-
tions and, it is to be hoped, to resume



normal function. To be of any use, of
course, such therapy would have to
be continued lifelong, as with insulin
in diabetes. It is likely, however, that
replacement therapy in mucopolysac-
charidosis would not need to be any-
where as frequent as in diabetes. It
takes time for the M P 5 accumulations
to build up to a serious level and,
moreover, once the enzyme is in the
cell, it does not leave rapidly. Its half-
life can be as long as a week. Thus
one would expect that the timing of
enzyme injections would be on the
order of every few weeks or longer.

The real problem with enzyme
therapy 15 getting enough enzyme.
Here, several approaches are under in-
vestigation. One of them, pioneered
by Drs. Knudson and DiFerrante of
Baylor University, involves transfus-
ing leukocytes into the affected indi-
vidual; these are believed to contain
quantities of many enzymes, including
the relevant ones, that could benefit
the patient, even though the cells die
off fairly quickly. Another, related,
approach involves transfusing large
quantities of cell-free plasma.

Since I am not a clinician, I cannot
comment on these experiments in any
detail. But I believe most of the clini-
cians invelved in this work would
agree that the results to date are un-
questionably encouraging, though still
preliminary. Concerning the plasma
approach, however, there are certain
biochemical considerations that make
the results rather puzzling. We our-
selves have assaved the amount of cor-
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rective factor in plasma, and find that
one milliliter eontains enough factor
to produce 50% correction in a few
milligrams of cells. A liter of plasma
{ which is the dosage level that has
been used), then, would contain
enough factor to partially correct only
a few grams of cell mass, whereas
EVEDN il!l a d‘lild we are tnlking nhnut
kilograms. On the face of it, the
plasma technique should be insuffi-
cient by at least three orders of magni-
tude. Conceivably, of course, the fac-
tor may be more potent in vivo than
in vitro (thus reversing an all too
common phenomenon in pharmacol-
ogy ). Alternatively, we have specu-
lated that the therapeutic effects of the
plasma may be due to the presence of
other enzymes, which may set up an
abnormal, but efficient, pathway of
M Fs degradation. In any case, it is
clear that our understanding of cor-
rection in vivo leaves much to be de-
gired.

We ourselves have been working at
the pmhlcm from a :c[:!'mtwlml diFﬁ:r—
ent angle. Instead of plasma or leuko-
cytes, both of which depend on adding
a host of enzymes (and other sub-
stances ) of which only one is actually
needed, we hope to employ pure prep-
arations of individual factors. These
can be precipitated quite easily from
urine, a5 mentioned above, but one
then has the problem of separating the
factors from other urinary proteins in
order to minimize the possibility of
foreign protein reactions. These would

probably not be a problem in the ease
of the factor itself, if we are correct
in thinking that in the affected indi-
vidual the factor is not “missing™ but
merely inactive, Its immunologic char-
acteristics would then probably be
similar to those of the exogenous, ac-
tive factor.

Thus far, however, we have
achieved about 40% purity in one fae-
tor and, with present methods, it has
been a long, complicated, and expen-
sive business. But we hope to de-
velop more efficient methods of puri-
fication in order to accumulate suffi-
cient quantities for a clinical trial.

Meanwhile, it is worth noting that
both Hurler and Hunter syndromes
are now among the genetic diseases
that can be reliably diagnosed in
utero by testing eultured fetal cells
obtained by amniocentesis; it is possi-
ble that Sanfilippo may eventually be
added to the list. Assuming that moth-
ers and physicians are willing to fol-
low up a positive diagnosis by termin-
ating the pregnancy, we can hope that
at least two of these rare diseases will
become even rarer, while continued
advances in therapy give the possibil-
ity of eventual treatment for those
infants who escape the prenatal diag-
nostic net. Quite apart from these im-
portant clinical expectations, there
can be little doubt that we will con-
tinue to t:xpam‘,] our biochemical un-
derstanding of both the mucopoly-
saccharidoses and the normal meta-
bolic processes of which they repre-
sent a derangement.
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Genetic Defects
of Growth Hormone

DAVID L.
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Six years ago, when he was summing up the current knowl-
edge of growth hormone, John C. Beck of McGill Univer-
sity remarked that “the questions far outnumber the
answers.” To a large extent, his generalization remains
true. Yet though we still have more questions than an-
swers, some new answers have begun to emerge and some
tentative old ones have been firmed up. In both instances,
useful clues have come from the study of genetic defects
involving growth hormone, which may affect either its
manufacture and release by the pituitary or its actions
elsewhere in the body.

Before considering the findings relating to these rare
but intriguing disorders, however, it might be well to re-
view some of the basic facts about human growth hormone
{ncu), It is produced, of course, by the anterior pitui-
tary, and like the other pituitary hormones (thyrotropic
hormum;, fnl]il:]r.-st'lmu!aling hurmunf.‘, ACTH, L'l;:.} is a
protein. Its molecule, whose composition was elucidated
by Dr. C. H. Li in 1966, consists of 188 amino acid resi-
dues arranged in a single chain that is leoped back on
itself in two places by sulfhydryl bridges (see “The
Growth Hormone Puzzle”™ by John C. Beck, HosriTaL
Pracrice, May 1967).

Physiologically, the hormone’s most obvious function is
the promotion of growth, from infancy through adoles-
cence, and it is this property that is chiefly important in
genetic H G H disorders, all of which involve dwarfism as
their most prominent feature. In addition, however, growth
hormone enters into a number of other physiologic proc-
esses, both during childhood and in adult life. Some of
these less conspicuous effects are of special importance for
neH studies in adults, where growth has ceased and
therefore cannot serve as an index of Ha B function, and
often in children as well, when the assessment of growth
response to H ¢ H would require an impractically long time
or prohibitive quantities of the hormone. (The substance,
which thus far has been obtained only by extraction from
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Metabolic chain incorporating HGH incolves at least three dis-
tinct substances: the hypothalamic “releasing factor,” the hor-
mone itself, and the so-called sulfation factor. Genetic defects
apparfnﬂy My affect any point in the chain, or — as in the cose
aof the pygmies — the fissues” response to it.
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The 161 Molecule’s Amino Acid Sequence
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The recently announced synthesis of the HGH molecule — a se-
gquence of 188 aming acid residues incorporating two sulfhydryl
briclges — should open the way not only to improved therapy of
HGH-deficiency diseases but also to clarification of its multiple

cadaver pituitaries, is in chronically
short supply even for research pur-
poses. In January 1971, Li announced
the successful synthesis of H G 1, pav-
ing the way for a potentially unlimited
supply of the hormone. )

Thus we find, for example, that the
hormone mobilizes fats, increasing
free fatty acids (Fra) in blood. In
addition, it decreases the uptake of
glucose into muscle, counteracting the
effects of insulin and thereby produc-
ing hyperglycemia. In fact, it plays a
significant role in a rather complex
feedback system involving insulin,
serum glucose, and serum F F A. Thus
insulin injected into a normal individ-
ual will not only reduce serum glucose
and FFA but the resultant hypogly-
cemia will also increase serum HG H,
which apparently then helps restore
glucose and F F A levels to normal. An
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injection of the amino acid arginine,
which (for unknown reasons) releases
insulin, will also release v G H. Final-
]_"f'- and still in normal individuals,
H & H appears to potentiate the release
of insulin in response to hyperglyce-
mia or other stimuli.

Apart from its effect on these para-
meters, serum H G H can also be meas-
ured directly, or almost so. In high
concentrations (e.g., in pituitary ex-
tracts) it can be assayed chemically,
but in physiologic concentrations one
must employ the indirect technigue
known as radioimmunoassay. Briefly,
this begins with the production of an-
tibodies to HGH by injecting it into
rabbits. A measured amount of anti-
body is then added to the serum sam-
ple, binding whatever H G H is present;
then a measured amount of radioac-
tively labeled nG 1 is added, which

phystolpgic roles, including the determination of height. Answers
may also be expected sooner lo such questions as HGH's partici-
pation in metabolism of fats and carbohydrates, in sexual matura-
tion and lactation, in bone formation, and to other problems,

binds to any “unused” antibody bind-
ing sites. When the antibody is sepa-
rated out, the proportion of bound to
unbound radio-H ¢ H provides a meas-
ure of how many binding sites were
uncceupied and, inversely, of how
much H G H was present in the serum.

To understand how all these physi-
ologic processes are disordered in ge-
netic H G H diseases, we must now con-
sider the steps in H ¢ H metabolism at
which derangement might occur. The
process begins with the hypothala-
mus, which triggers the manufacture
and ‘or release of the hormone by the
pituitary through the secretion of a
small peptide known as growth hor-
mone releasing hormone, or GHRH
(for simplicity, I am ignoring the
complicated feedback loops — neuro-
logic, humoral, and hormenal = which
govern the hypothalamus). Even when



released into the h]nudﬁtruanh how-
ever, HG H appears to produce little
effect on the cartilage.

Slices of cartilage or isolated carti-
lage cells that will *grow™ (i.e., incor-
porate metabolites, including radio-
active sulfate) in normal human
plasmia will not do so in plasma from
a hypopituitary human or animal as
.'ll;.'_li'l.'t:l}-‘ as in that from normal indi-
viduals even when exogenous growth
hormone 15 added, Yet when the same
!1:;pn|}ituitnr}- individual is treated
with growth hormone for several
days, the serum will then induce nor-
mal “sulfation™ in the cartilage. We
conclude, therefore, that growth stim.
ulation is not induced by the hormone
per s¢ but rather by what is identified
as “sulfation facter.” This may be
either the hormone itself, modified in
SOME  Way that activates it 'E]]'i}'!i-il!]-
logically, or a quite different sub-
stance produced somewheres in the
body in response to H ¢ H stimulation.

In any case, and whatever its na-
ture or HOrce:, !'i.l]IE:Ili.HI'I f:iftl]r :Ii'l-
pears to be the actual substance that
acts on cartilage to produce what, for
simplicity, are usually called HGH
growth effects — always assuming, of
course, that the tissues are sensitive
to its influence. The other effects of
HGH (e, insulin release, fat mobi-
lization) may not act through this
intermediate.

One of the more interesting aspects
of growth hormone disorders is that
among them they seem to cover the
entire sequence of HGH metabolism
described above. That is to say, he-
rt:-.lilm'].' conditions have been identi-
fied that apparently interfere with the
hypothalamic releasing factors, with
the pitu'tl.'lr_',; manufacture and ‘or re-
lease of HGH (several types), with
formation of sulfation factor, and with
the tissues' response to it.

The hypothalamic abnormalities
are the most diversified and, in the
present context, of minor significance.
In many of them (e.g., anencephaly,
holoprosencephaly )  growth failure
does not develop because of death at
an 1':|r1:¢' age, while in others |1'Iiu'll.:|:r:.'
insufficiency does not occur until late
childhood or adult life, so that growth
is affected only minimally. Recently,
Grumbach and Kaplan in San Fran-
cisco described a hypothalamic abnor-
mality in pituitary dwarfs, coupled

GENETIC DEFECTS OF GROWTH HORMONE
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Tangled pedigree of panhypopituitary dwarfs comes from “extended family™ in one of
the more isolated cantons of Switzerland. As a result of many consanguineous marrigges,
all affected individuals appear to have three lines of descent (color) from a pulative
commaon ancestor; “ideally” only two would be necessary.

with absence of the septum pelluci-
dum, a single ventricle, and nystag-
mus, As yet it has not been clearly
established whether the condition is in
fact genetic. However, a hereditary
defect :!H'c:r.ti.n;; the h}';:lnth:ilmnin;' rn;‘--
]t‘:l..'i'-lll!lj.{ factors is certainly expectable,
and, in fact, some of ﬂu:r usual forms

of panhypopituitarism may involve
this mechanism.

When it comes to simple pituitary
hormone defects, the site of the de-
fect is still in question. We need
give only brief consideration here to
several groups of genetic conditions
in which hormanal insufficiency is,
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Three panhypopituitary dwarfs, aged 33, 26, and 20, are shown here with their two
normal siblings. All were borm to a single family of Canadion Hutterites, an isolated,
inbred community of the sort where recessive anomalies frequently crop up.
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Radivimmunologic assay is used to measure serum HGH. Antibody, added to serum
sample, complexes with endogenous HGH; labeled HGH is then added o occupy “free”
antibody sites. After bound and free labeled HGH are separated, their relative radia-
activity shows amount of free sites and, inversely, of endogenous hormone.
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in effect, secondary to absence of or
gross malformation of the pituitary.
These include a r::c::ntl}' described
syndrome in which a very small sella
turcica is located in a morphologically
abnormal sphencid bone, producing
generalized deficiency of all the pitui-
tary hormones, growth failure, hypo-
gl}'t‘.rmi:z, and motor and mental retar-
dation; it appears to be inherited as
an autosomal recessive.

The subtler pituitary abnormali-
ties occur in two sharply distinct
forms, the second of which may itself
be divisible into at least two different
conditions.

The first of these was originally
called asexual ateliotic dwarfism, but
5 MOW more commonly known as pan-
hypopituitary dwarfism (# rp). Even
this name is not wholly accurate, since
it does not always affect all the pitui-
tary hormenes in all cases. Invariably,
however, there is a severe [1{1FII_'.51.‘IJIE}'
in both HG 1 and the gonadotropins,
producing not only growth failure but
also  sexual immaturity (primary
amenorrhea in females, small penis
and testes in males, absence of see-
ondary sexual characteristics in both).
Increased subcutaneous fat and high
voice are also present, but curiously
these seem unrelated to the sexual hor-
mone deficiency, since, as we shall see,
they are present even in cases of iso-
lated 16 H deficiency.

It should be stressed that the great
majority of rrp cases are sporadic
rather than demonstrably familial,
and most of these probably involve no
genetic defect. Some are probably due
to pituitary disease, e.g., cyst forma-
tion, and several cases are known in
which the disease affected only one of
two identical twins, making clear that
no genetic component is involved. 1
might alse note that in most PrD
cases, hereditary or otherwise, in
1.-.']1'11:11 no pituitsr__l.r ﬂh!mrmn]it}r can
he demonstrated, we cannot with cer-
tainty exclude an absence of the hypo-
thalamic releasing factors as the cause
of the trouble — rather than failure of
the gland to manufacture hormones. It
|1:J.:~.i n_,hcq:l'ltl_]; h:;w;‘.j't demonstrated that
in the majority of cases of sporadic
rPD it is the hypothalamus rather
than the pituitary that is at fault.

Though most r P D cases are not fa-
milial, well over 20 families are known
with multiple affected members, The
presumption that these reflect a ge-



netic anomaly is strengthened to near-
certainty when we find that most of
them have originated in inbred com-
munities — notably in Switzerland, on
the Yugoslav island of Krk, and
in Hutterite communities of west-
ern Canada. The same genetic disease
has also been reported in families
where there is no evidence of parental
consanguinity. In both groups, the
hereditary patterns make clear that
we are dealing with an autosomal re-
cessive disorder. At least two families
are known, however, in which the
pedigree suggests that the disease
may also exist in a sex-linked reces-
sive form.

For a long time it has been known
that proportionate dwarfism can exist
without abnormalities of the gonado-
tropic hormones. One of the most fa-
mous pituitary dwarfs, P. T. Barnum’s
“General Tom Thumb” (Charles
Stratton ) married another dwarf, La-
vinia Bump, and the lady is said to
have become pregnant, though she
suffered a miscarriage. And her sister,
also a dwarf (or midget), is definitely
known to have died in childbirth. We
have been able to document isolated
growth hormone deficiency in a
dwarfed cousin of these sisters.

Clinically, cases of “sexual ateliotic
dwarfism” or isolated growth hormone
deficiency (161 D) are indistinguish-
able from those of r rp until puberty,
although the new immunoreactive
gonadotropic hormone assays may al-
low this distinction. HcH deficiency
in childhood coupled with clear evi-
dence of thyroid-stimulating hormone
(rsu) deficiency, e.g., myxedema, or
AcTH deficiency could safely be pre-
sumed to be the panhypopituitary
type. Even the nonoccurrence of pu-
berty at the normal age is not diag-
nostic, since its average age of onset
in 1GH D patients is about 16 years in
females and 19 years in males (in
one case, as late as 27 ). Significantly,
when such individuals are treated with
HGH, puberty is often accelerated,
suggesting vet another physiologic in-
volvement of the hormone: stimula-
tion of gonadotropin production and/
or increased tissue response to the
gonadotropins (or to the gonadal hor-
mones themselves ). Untreated males
undergo a sudden “growth spurt” dur-
ing puberty, showing that the well-
known growth-promoting effects of
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Feedback system incolving insulin, glecose, and HGH is deranged in IGHID. In nor-
mals, fnsulin infection produces hypoglycemia, releasing FIGH, which stimulates plo-
cose release; in IGHD cases, HGH stays low and recocery from hypoglyeemia is slower,
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HGH also potentiotes the release of endogenous insulin in response to hyperglycemia.
Four IGHD individuals showed a decreased insulin response to injections of glucose
(left), but responded at normal levels after three to five days” pretreatment with HGH.
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Wedding of “General Tom Thumb™ (Charles Stratton) and Lavinia Bump was a farrons
F. T. Barnum “stunt”: the bride was attended by her equally diminutive sister. Bump
el Stration Ira:'(ur[;:rr'r-'.'.' show that the three were r?ﬂ'.'rpﬂ'rlﬂ of consanguincous marrdges,
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testosterone do not require the pres-
ence of HGH.

Other '-Intf'l.‘l:‘.'ii'[i.i'lp" facts arise from
consideration of the reproductive
physiology of these individuals. As
suggested above, they appear to be
normally fertile without hormonal
treatment. Moreover, their infants are
of normal size (they must, of course,
be delivered by cesarean ) even if they
ultimately prove to have HGH de-
ficiencies. This mdicates that growth
in utero is not controlled by growth
hormone, either fetal or maternal — a
conclusion that had already been sug-
gested by other findings. Finally, the
1G H D mother lactates normally. Alse,
in humans and monkeys, though not
il'l. f]ihl"]' 'I'I.:IR_’I'Il'll'll..'!ll!i1 [;rr:n.'.'th hurumm:
and prolactin  (the milk-producing
hormene ) could not be distinguished
chemically until very recently and it
had been speculated that they were
one and the same substance; it 1s now
L'I.!‘.:lT.r I'I.(il"ﬁ'l‘:".'!‘]'.| H'il:li'.l!‘ l'\'|:'||!'|'|:'|i.["'.||. :il!f'EL'!r:i-
tion of the two hormones has been ac-
complished, that they are not, though
the two molecules are L:r‘tdcut]}' veTy
similar in primates.

Like Prn, 1GHD occurs both spo-
radically and familially, but unlike
PR I!'L.t' majority of :‘.'i;j!‘.‘i seem to be
inherited — in most cases, in an auto-
somal recessive pattern. Howewver, a
number of patients are on record who
differ from “typical” 1GH B patients in
various ]:I1}'.~i'm]r:5:5r. parameters, e,
they may be insulin resistant, and in
at Il"HHT SOIME l::l'r 'I.\'!'ll':l]'l'l autosom :].I l:]ﬂ“‘l‘
inance may be the inheritance pattern.

Thus far, T have said little about
therapy, mainly because the average
physician is unlikely to be able to
treat a case of pituitary dwarfism be-
cause of _ru:urv:il!.' of HoH. It is worth
nnlﬁng, however, that both Prn and
1GHD can be treated successfully. In
FPD, HGH injections are coupled with
{ where necessary ) oral thyroxin and/
or corticosteroids, plus, at the appro-
priate age, male or female hormones.
The HGH treatment is discontinued
when adequate stature is obtained,
but lifelong replacement l]'u:rﬂi:r:r of
the other substances is necessary.
With 16 1 D, of course, only the nG H
treatment is required. GHRH is a
small peptide whose actual structure
should soon be discovered; this mole-
cule will probably be adaptable to in-
expensive large-scale commercial syn-
thesis so that ¢ H R H may one day be



the treatment of choice in these cases
of pituitary dwarfism secondary to a
hypothalamic abnormality.

Because of the difficulty in distin-
guishing the two conditions and the
epiphyseal closure produced by sex
hormones, it is preferable to du:‘.'la:,' HeX
hormone treatment until growth is
completed. As mentioned earlier, in
1¢:H D, HGH alone will often bring on
puberty “in a rush,” thereby inciden-
tally clarifying the diagnosis, while in
P PD, premature administration of sex
hormones can damp the growth re-
sponse to HGH by triggering closure
of the epiphyses. (The lack of epi-
physeal closure in untreated prp in-
dividuals means that they may con-
tinue to grow, albeit very 5in;:|wi:,', un-
til well into middle age. Several cases
are known of circus [J1ii|gc*l:~c who
eventually “gh"\'.' out of their _]'Dhﬁ.":l

In the case of another type of fa-
milial dwarfism, however, there 15 ap-
parently little or no response to HG H.
And in fact when we assay serum
HGH in these individuals, its levels are
either normal or (in most cases) above
normal. Yet clinically there is little to
distinguish them from the types just
described. More refined tests, how-
ever, show a number of differences,
most notably a deficiency of sulfation
factor even after treatment with exo-
genous HGH. This suggests that the
hasic defect is |:rr|:h;|l]l:.' some problem
in the formation of sulfation factor,
but there 15 an alternative explana-
tion: a minor alteration in the HGH
molecule that is just sufficient to ren-
der it functionally inert while leaving
its immunologic 'ldmulll:r intact. { Al-
terations of this subtle type, the so-
called ¢RM-positive mutations, have
been observed in bacterial proteins.)
The altered molecule would presums-
ably still be able to bind to, and there-
fore inactivate, the normal receptor
sites in the tissues, including those
where sulfation factor is formed,
thereby blocking the action of exogen-
ous, normal HGH. Either mechanism
would be consistent with the Iﬁgh
serum levels of H G H in these patients,
since either the missing sulfation fac-
tor or the (hyvpothetical) altered mole-
cule might well fail to activate the
feedback mechanisms that normally
control pituitary hormone production,
leading to a serum buildup of im-
munologically normal but ineffectual
HGH,
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Pygmies studied in Central African Republic are shown here with members of the re-
search team, who are all about 6 fect in heicht. Males of this tribe have a mean height
urder 5 lrt'-l"f. I|=r'r.li|'.|'llr'-. FUErage under 4 lI‘H'f 1} inches (1536 and 144.7 cm, r-l"\-l]‘.l-e'l"fl-!'l'lr!_fu'.

This type of dwarfism (often called
the Laron type, after its Israeli dis-
("H'I."I.'Tf‘!'} if‘i i]'ll'll‘.ri.’.l!'{! as an illltﬂﬁﬂ'lnﬂ]
recessive. Originally, it turned up only
among Oriental Jews, but has since
I:]l'E!II ﬂ:*:-::t:r'ﬂ‘:t:tl i[i !'IIl[]-J!".'fi.f‘iIll. [‘Elrl'i'ili.t'l‘i
in a number of European countries
and in North America.

We have, then, identified, at least
provisionally, types of inherited pitui-
tary dwarfism in which the hypothal-
amus is abnormal, in which the hypo-
thalamus is normal but the pituitary’s
manufacture of HGH i5 not, and in
which both pituitary and hypothal-
amus are normal but the generation
of sulfation factor is not. L-u_El;ii.':l”}',
one would expect to find somewhere
individuals in whom all the foregoing
processes are normal but the tissue re-
sponse to HGH is not. In Fact they
have been found, and they are not
isolated individuals either but an en-
tire ethnic group of several thouwsand
people: the African pygmies.

The short stature of the various
pygmy peoples (who are found not
only in Africa but in New Guinea, the
Philippines, and the Andaman Is.
lands) has been something of an an-

thropologic puzzle. Some writers have
suggested that in the dense forests
most of them inhabit, short stature
may have proved advantageous in get-
ting through the underbrush.

Be that as it may, the physiology
of the pygmies’ short stature is cer-
tainly an interesting problem. A few
':':'11r.:1 ago, I had the opportunity of
joining an expedition, organized by
Professor Cavalhi-Sforza, to a rather
isolated part of the Central African
Republie, where we were able to carry
out a number of revealing physiologic
tests on pygmies and other indigenes.

In gross characteristics, the pyg-
mies are not unlike other pituitary
dwarfs, though they are somewhat
taller on the average. They possess
the childlike proportions of trunk to
limbs — not when compared with Eu-
ropeans but distinctly so in compari-
son with such neighboring black pop-
ulations as the Bantu. However, the
“childish” facies (bulging forehead,
hypognathia), fatty trunk, and wrin-
kled skin characteristic of other pi-
tuitary dwarfs are missing.

P!q'ﬁidngh‘.:ﬂ]}', their serum HCH
levels turned out to be altogether nor-
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% Increase in Flasma Free Fatty Acids

Pygmies
That pygmies’ small size is due to tissue insensitivity to growth hormone was demon-
strated by studies such as the one grupﬁad ahove. When rises in plasma free fatly aciel
concentrations following IV infusions of HGH were compared in pygmies, controls, and
IGHD dwarfs, it was found that the pygmies manifested a mean rise of only 11% above
basal levels while the rise in controls was 50% and that in the IGHD cases T8%.

mal. Injections of insulin produced
the normal sharp rise in plasma H G H.
The resulting hypoglycemia, how-
ever, was marked and prolonged — as
it is in most pituitary dwarfs; evi-
dently the released nGH was not do-
ing its normal job of releasing glucose
into the blood. Two explanations are
possible for these findings: either they
were manufacturing metabolically in-
ert but immunologically normal HG H
(as postulated in Laron-type dwarf-
ism) or their peripheral tissues were
insensitive to the actions of HGH.

The following year Dr. Thomas
Merimee and [ returned to Central
Africa with Professor Cavalli-Sforza
and carried out further experiments
using exogenous HGH. In every para-
meter we measured—insulin response,
drop in serum nitrogen levels, rise in
plasma ¥ F A—there was no metabolic
response to normal HGH, even with
enormous doses.

In a following expedition, environ-
mental or nutritional factors were ex-
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cluded as a cause of the pygmies’
H G H resistance. It was also found that
only the delayed effects of HeH (lipo-
lysis, nitrogen retention, insulin re-
lease) were blunted, while the imme-
diate effects of the hormone ( transient
decrease in glucose and F F A concen-
trations) were normal, suggesting
that the defect lies at the level of D~ A-
mediated protein synthesis.

There seems no doubt, then, that
the pygmies owe their short stature
at least in part to a generalized tissue
unresponsiveness to H G H. On the face
of it, such unresponsiveness, involv-
ing many types of tissue and organ
systems, might seem improbable, but
in fact it might be produced by some-
thing as simple as an abnormal cel-
lular receptor site that failed to
“recognize” the HGH molecule. Simi-
lar generalized peripheral insensitiv-
ity is thought to be responsible for a
number of well-known diseases, all of
them simply inherited, including
pseudohypoparathyroidism, testicular

feminization syndrome, and neph-
rogenic diabetes insipidus.

The mode of inheritance of pygmy
“dwarfism™ (obviously it is inherited)
has not yet been elucidated. There is,
indeed, no reason to suppose that
H G H production, or tissue response to
it, are the only genetic factors in-
volved in stature differences, though
they certainly play an important role
in them (including, one suspects, in
the differences between various ethnic
groups, e.g., Swedes and Vietnam-
ese). The second possibility is that the
tissue insensitivity is, like many
human characteristics including skin
color, a polygenic trait. This would
explain the hybrids’ intermediate stat-
ure. Studies of variation among
pyvgmy-Bantu hybrids and their off-
spring would help to resolve the un-
certainty between one gene and many
genes, but very few such individuals
are known thus far. In two such indi-
viduals tested, however, H G H respon-
siveness was normal. This form of
H G H resistance may well be the cause
of a type of short stature in our so-
ciety.

As we have seen, then, the genetic
growth hormone disorders, obscure
and rare though they are, are throw-
ing light not merely on the nature ol
H G H itself but also on some more gen-
eral problems of growth and of hor-
mones, e.g., the relationship between
HGH and human prolactin, These in
themselves seem to me quite respect-
able dividends. In addition, however,
there is a further fact worth keeping
in mind: As the medical significance
of infectious and nutritional disease
continues to diminish—as we can ex-
pect it to do in our society, at least
— the relative importance of the “path-
ologic residuum,” of which genetic
disease is a major component, will
go up. The more we know about ge-
netic diseases of any kind, the better
prepared we will be to deal construe-
tively with this shift in emphasis of
medical practice,
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Human Cell Culture Techniques
in Genetic Studies

WILLIAM T.

MELLMARN

The University of Pennsylvania

On theoretical grounds, culture of the human diploid cell
represents an almost ideal system for the study of genetic
diseases. By definition diploid cell lines possess the full
chromosomal complement of the individual from which the
cells are taken; if cultured cells of succeeding generations
express a defect present in the cells used to initiate the
culture, this is strong presumptive evidence that the de.
fect has a genetic basis. One would not expect an acquired
defect to be transmitted (unless the cell cultures carry an
infective agent). Moreover, the genetic nature of a defect
can often be confirmed by parallel studies on cells from
other family members. For recessive conditions, the defect
can be expressed by cells from both carriers and affected
individuals.

Given these principles, it is not surprising that intense
and continuing activity was stimulated among human cell
gweneticists when first Tjio and Puck in the late 1950,
and then Hayflick and Morehouse, demonstrated that one
could culture human cells with relative ease and that the
resulting cell lines would retain the chromosomal charac-
teristics of the tissues from which they were derived. Now,
15 vears later, it is fair to state that this activity has been
amply rewarding in terms of increased understanding of
the often subtle chromosomal alterations, and the even
more subtle biochemical aberrations, that underlie genetic
diseases. Some of the specific information obtained by cell
culture techniques is described elsewhere in this volume,
notably in the presentations en the Lesch-Nyhan syndrome
by Seegmiller {Chapter 10), on mucopolysaccharidoses
by Meunfeld (Chapter 14), and on Tay-Sachs disease by
Kaback and O’Brien (Chapter 25). This chapter, then,
will be concerned with a more general discussion of
the areas under study by cell culture methods, and on the
approaches being used.

It is important to keep in mind that the starting point of

most cell culture studies is a patient who is expressing a
defect. The investigator recognizes the defect and the
probability that it is an expression of some biochemical
aberration, and from experience he may have some clue as
to where to look in order to define the defect specifically.
He begins by taking cells from the patient and culturing
them, hoping that by using sophisticated biochemical
methodology he can identify the actual anomaly. Cell cul-
ture studies are mot usually critical to learning that the
defect is hereditary, although they may be confirmatory.
A good example in this context is work reported by Danes
and Bearn in 1965, It had been known from family studies
that Hurler's syndrome, like other mucopolysaccharidoses,
was inherited. However, by using diploid fibroblast cul-
tures, these investigators were able to suggest that cultured
cells from Hurler's patients expressed the genetic defect
by an increased degree of metachromasia when stained
with certain dyes, The value of this observation in stimu-
lating further diagnostic and therapeutic studies, and its
potential value in monitoring and designing therapy for
the mucopolysaccharidoses, is documented in the chapter
by Neufeld, cited above.

When one talks about human cell cultures, it must be
kept in mind that from any higher species, there are only
a few cell types that can be cultured with routine success.
In genetic studies, the standard for most investigations has
been the fibroblast. More recently developed and certainly
useful have been systems employing lymphoblasts. Finally,
amniotic cells have been cultured in a number of labora-
tories and in certain situations they are used for antenatal
diagnostic studies.

The failure to date to consistently develop viable cul-
tures from cells derived from specific organs such as the
liver probably reflects the fact that the more specialized
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the cell, the more specialized the miliew
it requires for survival and replica-
tion. And we have not yet learned
to duplicate “organ-specific” environ-
ments in vitro. By an extension of this
reasoning, one can also suggest a ra-
tionale for the preeminence of fibro-
blasts in diploid cell culture systems.
These cells after all form the matrix
of virtually all tissues and can be cul-
tured from almost any organ. To be
sure, the great majority of fibroblasts
used by human geneticists are ob-
tained from skin, largely for reasons
of availability. However, fibroblasts can
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also be obtained from kidney, liver, or
almost any organ that can be biopsied.
In fact, their ubiquity contributes to
the difficulty of culturing differentiat-
ing organ-specific cells such as hepa-
tocytes. Generally speaking, the fibro-
blasts accompanying the specialized
cells in the specimen will rapidly over-
grow the latter in culture. Attempts
to eliminate fibroblasts from organ-
specific tissues at the time of cultur-
ing have not been effective to date in
facilitating the culture of the special.
ized cells.

A second cell type now being used
in genetic studies, the lymphoblast,
appears to require some type of virus
component or product to maintain the
cell line in vitro, an inherent problem
that introduces a variable which can-
not be controlled completely. This
difficulty can in part be circumvented
by always employing the same virus
under the same conditions in the cul-
tures. Nevertheless, over the long pe-
riods required to obtain adequate ge-
netic information, the investigator is
handicapped by the problem of dif-
ferentiating between viral effects and
those specific to the cultured cells. An
alternative to this type of lymphoblast
culturing is the so-called short-term
lymphocyte culture, obtained by stim-
ulating cells to proliferate with phyto-
hemagglutinin_ or other mitogenic
agents. Unfortunately, this approach
provides sufficient numbers of divid-
ing cells for less than a week at best,
a major limitation for many genetic
studies.

The lymphoblasts do have certain
advantages over fibroblasts. It must
be remembered that in order to grow,
survive, and function, the fibroblasts
must be attached to a surface. In many
situations, they must also grow side
by side with a considerable density
before they will function in various
ways. These characteristics are cer-
tainly related to their in vive behavior
in solid tissues. On the other hand,
lymphoblasts grow free in suspension
in the culture medium, making it easi-
er to study many aspects of their meta-
bolic activity. For example, transport
of different substances in and out of a
cell is more readily observable if that
cell is floating in a medium, than if it
is one of many irregularly shaped cells
crowded by and crowding its neigh-
bors. A second significant advantage
is that lymphoblasts can be readily

cloned, and will give rise to definable
cell populations all derived from a
single parent and all normally mani-
festing characteristics identical with
that parent. With lymphoblasts there-
fore, the investigator can apply tech-
niques analogous to those used in bac-
terial genetics. One can, for example,
look for mutations simply by seeking
out inherent variations within a popu-
lation of cells. The way to do this is
to select individual cells from large
masses, grow them, and then study
their progeny as individual colonies.

While this can be done with lym-
phoblasts, such efforts, for the most
part, with normal human fibroblasts
have been largely unsuccessful. An
important exception has been the suc-
cessful use of fibroblast eultures to
study the Lyon hypothesis (the con-
cept that in any cell carrying the nor-
mal female complement of two X
chromosomes, one of the chromosomes
will have been inactivated on a ran-
dom basis). Animportant consequence
of this has been to show that for X-
linked biochemical traits expressed in
fibroblasts, if one takes cells from a
female heterozygous for two alternate
traits at the same genetic locus, and
clones those cells, the populations de-
rived will either express or not express
one of the two traits. The clones will
not be mixed with respect to the allele
involved (sece Seegmiller, Chapter 10).

However, if one wishes to take these
clones and study them further for spe-
cific biochemical properties, he finds
that the cells soon fail to divide. The
human fibroblast cell line has a defi-
nitely limited number of generations
in culture. In contrast, the lympho-
blast seems to have an infinite repro-
ductive capacity. This property ap-
pears to be related to the presence of
the virus with which it is cultured.
However, the limited life expectancy
of the fibroblast culture lines suggests
some interesting approaches to the
study of the biologic determinants of
aging (see table on this page ).

This approach has validity if a
correlation between the finite lifespan
of cells in culture and events taking
place in the intact organism can be
documented. Certainly, cell cultures
do provide us with a mechanism
for learning about the longevity and
survival of proteins and enzymes,
some of which are involved in inborn
errors. It is possible to tag an enzyme



radioactively. From precise knowl-
edge of when the tagging is done,
measurement of the half-life of the
enzyme within the cell becomes feas-
ible.

As noted, the third source of human
diploid cells for culture is the amniotic
fluid. The obvious advantage of am-
niotic cells is their now clearly estab-
lished fetal origin, the basis of their
usefulness in antenatal diagnosis.
However, standardization of cultures
of amniotic cells has been difficult,
largely because of the considerable
variability in the source of these cells,
It is currently believed that cells found
in amniotic Auid can derive from fetal
bladder, fetal trachea, fetal skin, and
from the amnion itself. Starting with
so heterogeneous a population, it is not
surprising that the cell growth in
culture tends to reflect this variability;
growth rates can be very different
from culture to culture, as can mor-
phology and often biochemical behay-
ior. Moreover,one cannot always draw
analogies between the behavior of
fetal cells and that of cells obtained
from individuals postnatally. Kaback
et al have shown that fetal eells ob-
tained at the time of abortion, cells
from the amniotic Auid of that fetus,
and cells from the mother all behave
very differently when compared on the
basis of certain enzyme activities.
Despite these differences, amniotic
cells have already proven valuable in
a number of situations involving ante-
natal diagnosis (see Dancis, Chapter
24).

It can be seen that the diploid fibro-
blast cultures are still in a position of
preeminence as tools of genetic study.
This remains true, at least temporari-
ly, even though only a fraction of the
inherited biochemical disorders ex-
press themselves in fibroblast cultures,
and among the many that do not are
such quantitatively important disor-
ders as phenylketonuria. It seems al-
most certain that to obtain a valid in
vitro model of PR U it will be neces-
sary to culture liver cells directly and,
as noted, it has not yet been possible
to establish cell lines from such highly
differentiated tissues. However, since
fibroblasts presumably contain the
genetic information present in liver
cells, we should not despair of finding
ways to “turn on” the gene responsible
for P U in fibroblast cultures,

This then fairly well sums up the
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Fibroblast cultures have been used fo test the Lyon hypothesis of random fnactivation
of the X chromosome. The rationale, disgrammed above, is that if cells taken from a
female heterozygous for an X-linked allele are cultured and then cloned, only one of
the two alternative traits will be expressed in any particular clone, Such segregation
has been obserced in a number of experiments.

status of human cell cultures, except
for the omission of tumor cell lines.
Many such have been developed but
'u!l ﬂn‘,‘. maill thu_'_l.-' |!Ja.1.re I'Itﬂq: x-::lu:; for
research in genetic disorders. Let us
turn now to the techniques that have
been and are being employed by tissue
culture workers. For purposes of this
review, one can assume that the most
common type of culture is one em-
ploying skin fibroblasts.

The starting point is to take a biop-
sy specimen two to four mm in diam-
eter from the dermal layer, in which
ome can expect to obtain some fibrous
tissue. The tissue specimen is very
finely minced in a small quantity of
tissue culture medium, which includes
some serum in addition to one of sev-
eral kinds of prepared medium ( pref-
erences here are quite individual). The
minced tissue-in-medium is placed in
an incubator under an atmosphere of
carbon dioxide and left for about a
week. At this point, if the culture is
likely to be successful, one sees ad-
herence of the tissue to the plastic (or
glass) surface of the container. A few
days to a week later, some amount of
cellular proliferation can be observed.
With proper nutrition, this continues
at a predictable rate until the cells

have reached an appropriate density
{roughly a million cells). The popula-
tion is then trypsinized and divided
into additional flasks. When several
million cells have been produced, some
flasks are then frozen for future use;
others are for immediate study.
Because these cells divide more
efficiently in less crowded conditions,
they are regularly trypsinized and di-

The nhiiil'y of electrophoresis to distin-
guish phenotypic expressions in cell cul-
ture of gﬁin!im”y determined enzymatic
activity is exemplified. Shown are the
starch gel electrophoretic patterns for two
z-6-PD types in homozygous and hetero-
zygous individuals (from H. M. Nitowsky,
R. G. Davidson, D. D. Soderman, and
B. Childs, Bull. Johns Hopkins Hosp,
117:6:370,1965 ),
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Defects in galactose metabolism are expressed in fibroblast cell culture when the cells
are “forced” to utilize that sugar; this ean be accomplished by eliminating glucose
from the medium (glucose blockade) and permitting cellular glycogen to be exhausted.
Two known genetic flaws are schematized above, a deficiency in galactokinase, asso-
ciated with cataracts, and a deficiency in galactose-1-phosphate  uwridyltransferase
(transferase), the biochemical hallmark of galactosemia. Cells in eulture having either
of these enzyme defects will be deficient in their metabolism of galaciase.

luted into additional culture vessels
when they reach a high population
density. When this is done, a high per-
centage of cells will be dividing; when
division is arrested in metaphase, the
condensed chromosomes are readily
visible under light microscopy. Arrest
at this stage requires the addition of
colchicine or of another mitotic poi-
“son; processing the cell for chromo-
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some study is much the same as with
standard testing using peripheral leu-
kocytes. It should be stressed here that
with fibroblasts, the chromosomes of
the dividing cells remain essentially
unaltered from generation to genera-
tion, a fact which has made these eul-
tures particularly suitable for genetic
studies. However, one can induce al-
terations in chromosomal morphology

by infecting the cultures with viruses
or mycoplasma or by exposing the
cells to irradiation. This, of course,
suggesis a research lead, the use of
these culture systems to study viral
and other types of mutagenesis.

Turning now from cell culture
methodology to the applications of
that methodology, one can exemplify
the value of these studies by citing
some specific contributions to knowl-
edge with respect to various categor-
ies of the inborn errors of metabolism.
These categories include: a) disor-
ders of carbohydrate metabolism; b)
disorders of macromolecular degrada-
tion; ¢) amine acid defects; and d)
defects in the synthesis of the nucleo-
tides of DN A and RN A,

Carbohydrate Metabolism

A number of genetic defects in cHoO
metabolism are expressed in diploid
fibroblast lines. Among the first to be
described, and still a good exemplar,
is deficient gulactﬂsc metabolism. Ac-
tually two different enzymatic flaws
that are expressed in cultures have
been described; the first affects activ-
ity of galactose-1-phosphate uridyl-
transferase (transferase) and is the
underlying defect in galactosemia
where lack of transferase activity leads
to the accumulation of galactose-1-
phosphate in the cells of individuals
on lactose-containing diets. The other
is a deficiency in galactokinase, clinic-
ally expressed, in large part, by for-
mation of cataracts.

The ability to differentiate cells
from galactosemic patients from those
obtained from normal individuals was
a,-ctua]l'rl.-' AMONE the Er:il dn’:mﬁﬂﬁtrﬂ-
tions of the application of cell cultures
to the identification and study of gene-
tically-controlled metabolic abnormal-
ities. In 1960, Krooth and Weinberg
at ¥ 1 1 showed that when radioactive
gaﬁactuﬁe was fed to normal fibro-
blasts in culture, they would metabo-
lize it, while fibroblasts from galacto-
semics would not.

Since then,galactosemia has proved
to be an extremely valuable model in
demonstrating the capability of cell
cultures for investigating inborn er-
rors of metabolism. In many in-
stances, disorders of carbohydrate
metabolism are masked by redun-
dancy in the enzyme systems involved;
that is, a genetic lack of one en-



zyme is compensated for by utilization
of other enzymes. Such choice of al-
ternate pathways appears to be less
available for galactose metabolism,
Moreover, while cells in culture do not
require galactose in their medium, they
do require a simple sugar, usually glu-
cose. Under certain experimental con-
ditions, galactose can be substituted
for glucose and the cells in culture
forced to utilize this sugar. In these
circumstances, an inability to metabo-
lize galactose will be manifested. Since
the work of Krooth and Weinberg,
who essentially did what has just
been described, techniques have been
developed to assay the specific en-
zymes involved in galactose metabo-
lism, using cells from patients with
various genetic states affecting these
specific pathways.

In broad outline, what is done is
to measure the number of cultured
cells in a sample, either directly by
counting or indirectly by measuring
the amount of either DN A or protein
in the sample. The cells are then ex-
tracted and assayed for galactokinase,
or transferase, or any of several other
enzymes involved in galactose metab-
olism. Generally this is done on a
comparative basis with control cells
from normal individuals, with cells
from galactosemic patients, with cells
from individuals heterozygous for gal-
actosemia, ete.

Defects in Macromolecular
Degradation

A number of the genetically-deter-
mined metabolic anomalies in lipid
metabolism which are expressed in
culture reflect diseases in which the
defective enzyme's substrates are
complex macromolecules. These dis-
eases are storage diseases and we now
realize they result from qualitative or
guantitative deficiencies in various en-
zymes involved in the breakdown of
macromolecules, In some cases, the
relevant enzyme activity is directed
against the carbohydrate moiety, in
others against other components. To
some degree, the situation with the
mucopolysaccharidoses ( Chapter 14)
is typical. Certain glycogen storage
diseases are also of this nature, as are
the gangliosidoses — Krabbe's disease
(galactocerebrosidosis), Gaucher’s dis-
ease (glucocerebrosidosis), and Nie-
mann-Pick disease. For most of these
disorders, the specific biocchemical de-

HUMAN CELL CULTURE TECHNIQUES IN GENETIC STUDIES

fect can be identified in diploid fibro-
blast culture. In Niemann-Pick dis-
ease, sphingomyelinase activity has
been found deficient in fibroblast cul-
tures derived from both skin and bone
marrow of affected individuals. The
disease, of course, is characterized by
abnormal accumulation of both sphin-
gomyelin and cholesterol in the tis-
sues. However, it should be noted that
in most of these metabolic disorders,
the role of cell cultures for diagnostic
purposes 15 made somewhat super-
fluous by the fact that the defects are
also detectable in lenkoeytes without
the need for culturing. But the cell
cultures have been important in iden-
tifying the specific biochemical defect.

One inborn metabolic defect, often
classified with the storage diseases, is
interesting in that successful “treat-
ment” of affected cells in culture has
been achieved. The disease is meta-
chromatic leukodystrophy (MLD), a
condition resulting from deficiency in
arylsulfatase A, in which sulfatides
accumulate in both the central and
peripheral nervous systems., M LD is
expressed in fibroblast cultures by cel-
lular accumulations of cerebroside sul-

fates and a deficiency in arylsulfatase
A activity. Porter and Fluharty have
shown that the addition of the defi-
cient sulfatase to the medium will
result in cellular pickup of the enzyme
and apparent normalization of sulfa-
tide content.

‘This accomplishment obviously sug-
gests a potential therapeutic modality.
And indeed, as is discussed in the pre-
viously cited presentation by Neufeld,
an analogous approach has been suc-
cessfully and quite extensively em-
ployed in the experimental treatment
of mucopolysaccharidosis. However, a
note of caution is appropriate. Cur
cell culture studies have not yet given
us very definite information on the
mechanisms of enzyme and protein
uptake by cells. The evidence sug-
gests that a phagocytic process is in-
volved, with resultant incorporation
of substances from the medium into
the lysosomes. So far most of these
experiments have been done with di-
gestive enzymes, like arylsulfatase A,
which only need to be taken into the
digestive mechanism of the cell (the
lysosome ) to be functional. Other en-
zymes would have to get into other

Cultured cells from normal individual (left) and from galactosemic individual {right)
can be distinguished by the former's ability and latter's inability to incorporate triticted
galactose during incubation (reprinted with permission from H. Z. Hill and T. T. Puck,

Science 179:1187, 1973).
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Cell hybridization (e.g., mouse-man) and subsequent culturing have been employed to
map the location of specific genes on the human chromosome, as exemplified here in
the context of locating the gene that codes for HGPRT activity. A culture medium
containing hypoxanthine and aminopterin is utilized for this purpose; in such a medium
the presence of HGPRT is obligatory if cells are to survive. Mouse cells selected for
absence of the enzyme are hybridized with human cells selected for the presence of
HGPRT and placed in the medium. Only those fused cells that carryy the chromosome
with the human HGPRT gene will survive. Thus the common surviving human chromo-
some (in this case the X} can be identificd as having the HGPRT gene locus.
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cytoplasmic organelles to be usefully
active, and it is possible that this can-
not be achieved.

Amino Acid Metabolic Defects

There are few inborn errors of
amino acid metabolism in which the
metabolic error is expressed in cell
culture. One of these is citrullinemia.
Why is citrullinemia so interesting as
a genetic defect amenable to cell cul-
ture study?

A major portion of the answer to
this question lies in the fact that
many amino acids, but not citrulline,
are essential to the growth of cells in
culture. In fact, more amino acids are
essential to cultured cells than to the
intact individual. If essential amino
acids are removed from the cultures,
both normal and mutant cells will
perish, and any possibility of the ex-
pression of impaired metabolism will
be obviated. Citrulline, however, is
not required; normally it is converted
into arginine, a required amino acid.
Experiments by Tedesco in my group
at the University of Pennsylvania
compared the effects in fibroblast cul-
tures of the removal of arginine and
subsequent replacement with citrul-
line in cells from a normal individual
and those from a citrullinemic. [t was
found that arginine removal greatly
reduced cell growth in both normal
and mutant lines. But whereas the ad-
dition of citrulline normalized growth
in the control line, it allowed the con-
tinued inhibition of growth in the cit-
rullinemic cells. Correspondingly, **C-
labeled citrulline was significantly
taken up by protein from control cells
but only minimally by citrullinemic
cell protein. We also were able to
measure the conversion of citrulline to
arginine in the control cells and in
those of the citrullinemic line and,
somewhat paradoxically, we found no
difference. However, when we varied
the citrullinge concentrations in the
medinm, the answer emerged. At high
concentrations of citrulline, enzyme
(argininosuccinate synthetase) activity
was adequate to convert citrulline to
arginine, but when the concentrations
were brought into the physiologic
range, the conversion was inhibited in
the citrullinemic cells.

Here, then, was a good example
of the use of cell culture not to iden-
tify the genetic etiology of citrullin-
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A second approach o genelic mapping invelves cloning of cul-
fured hybrid cells and studying the karyotypes of surviving cells
to determine which human chromosome persists in all cell popn-

emia — that had been nﬁtnhlfﬁh&d -
but to pinpoint the specific phenotypic
expression, in this case a low affinity
for substrate by the enzyme which
degrades citrulline; as a result there
is an accumulation of citrulline in
Blood and tissues.

What about the disorders of amino
acid metabolism that have not yet
been amenable to study in cell cul-

tures? The problem with rxU is
typical. Among the amino acids essen-
tial to cells in culture but not to man
is tyrosine. Tyrosine is normally me-
tabolized from phenylalanine by phen-
ylalanine hydroxylase, and all cell
cultures lack this enzyme. Therefore,
the defect in ¥ K U cannot be expressed
in culture. It should not be forgotten,
however, that the genome required for

lations that are positive for the phenotypic expression of the gene.
If encugh populations are studied, the particular chromosome
{shown here with white background) can be identified.

the synthesis of phenylalanine hydrox-
ylase is present in cultured normal
cells, 50 we can expect development
of techniques for production and de-
tection of this enzyme in culture.

Nucleotide Metabolic Disorders

The metabolic defect underlying
Lesch-Nyhan disease, a derangement
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in purine metabolism, has been exten-
sively discussed by Seegmiller ( Chap-
ter 10). However, it is worthwhile te
look at certain aspects of this disease
from the point of view of the value
of cell culture techniques. In that con-
text, the elucidation of the etiology
of this disease represents one of the
major “success stories” for these tech-
niques.

It will be recalled that the critical
biochemical lesion in Lesch-Nyhan is
hyperproduction of wuric acid. In an
effort to study the pathways leading
to this hyperproduction, Seegmiller
cultured skin fibroblasts from normal
individuals and from Lesch-Nyhan
patients, and then attempted to block
purine synthesis with 6-mercaptopur-
ine (6-mp). He found that such
blockade could be achieved in normal
but not in the Lesch-Nyhan cells. This
was an important clue because previ-
ous work with leukemic cell lines had
shown that resistance to 6-M P was
associated specifically with a defi-
ciency of the enzyme hypoxanthine-
guanine  phosphoribosyltransferase
(HoprT). It was therefore thought
highly probable that an Hc PR T de-
fect was involved in Lesch-Nyhan dis-
ease, and, indeed, specific assay proce-
dures confirmed this relationship. It
is noteworthy that the H G PR T defect
had not been suspected before the cell
culture studies were undertaken.

While on the subject of the achieve-
ments made possible by cell culturing,
it is also appropriate to return to the
mucopolysaccharidoses, discussed in
this text by Neufeld (Chapter 14).
As previously noted, this line of work
can be traced back to the observations
of Danes and Bearn that metachro-
matic cells appeared in cell cultures
from patients with Hurler's syndrome.
Since these observations corresponded
with the clinical findings of metachro-
matic cells in the skin of these pa-
tients, the investigators concluded
that the cultured cells were expressing
the basic disease defect, and that the
cell culture system would provide an
in vitre model for seeking to identify
that defect, or, more precisely, for
finding out what caused mucopolysac-
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Galactosemia (galactokinase
deficiency)

Galactosemia (classic transferase
deficiency)

Monspherocytic hemolytic anemia
(Mediterranean form of G-6-PD
deficiency)

Monspherocytic hemolytic anemia

Ketoacidemia

Glycogen storage, Type |1
Type 1
Type IV

Mucopolysaccharidoses
Hurler
Hunter
sanfilippo A
Sanfilippo B
Scheie
Maroteaux- Lamy
“Atypical”

I-cell disease

Generalized gangliosidosis
Tay-5achs disease
Sandhofi's disease
Krabbe's disease

Fabry's disease
Lactosylceramidosis
Fucosidosis

Gaucher’s disease

Human Biochemical Defects

Enzyme or Metabolic Defect

A. Carbohydrate Metabaolism

Galactokinase
Galactose-1-PO, uridyltransferase

Glucose-6-PO, dehydrogenase
(G-6-PD)

Phosphohexose isomerase

Phosphoglycerate kinase

Triose PO, isomerase

Succinyl-CoA transferase

Maltase (lysosomal)
Debrancher
Brancher

-L-iduronidase
Sulfoiduronate sulfatase
Heparan sulfate sulfatase
M-acetyl-g-glucosaminidase
=L=-iduronidase

'§

B-glucuronidase

i

B-galactosidase

Hexosaminidase A

Hexosaminidase A & B
Galactocerebroside
Ceramidetrihexosidase
Lactosylceramide galactosylhydrolase
ce-1-fucosidase

Glucocerebrosidase

charides to accumulate in the cells of
affected individuals. Was it a problem
of excess synthesis or of deficient
degradation?

Using labeling techniques in cul-
tures, Neufeld was able to demon-
strate that rates of synthesis were
normal but degradation was impaired.
Still employing cell cultures, Neufeld
then mixed cell lines from patients
with different but related diseases to-
gether, and with appropriate combina-
tions she found that these cells elab-
orated factors that were mutually cor-
rective. She then was able to isolate
and enzymatically characterize the

proteins which had corrective activity,
All of this in cell culture!

Before leaving the subject of Lesch-
Nyhan and the mucopelysacchari-
doses, a brief discussion is in order
with respect to the possibility that cell
culture techniques may provide a val-
uable means of studying cell-cell in-
teractions. This work is in its rela-
tively early stages but some of the
observations are interesting. For ex-
ample, if fibroblast eultures are estab-
lished from women heterozygous for
Lesch-Wyhan disease, one has two cell
populations in the cultures; in accord-
ance with the Lyon hypothesis, half
of the cells express the X-linked de-
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B. Amino Acid Metabolism

Maple syrup urine disease

Hyperlysinemia
Homaocystinuria
Methylmalonic acidemia

Ketotic hyperglycinemia
Citrullinemia
Argininosuccinic aciduria
Monketotic hyperghycinemia
Cystinosis

C. Lipid Metabolism

Refsum’s disease
Metachromatic leukodystrophy
Waolman's disease
Miemann-Fick disease

D. Nucleic Acid Metabolism

Lesch-Myhan syndrome
Oraticaciduria

Xeroderma pigmentosum

E.
Congenital erythropoietic porphyria
Acatalasia
Acid phosphatase deficiency
Hydrongy-hysine deficient collagen
Cystic fibrosis

Others

Enzyme or Metabolic Defect

Branched-chain amino acid
decarboxylase
Lysine-ketoglutarate reductase

Cystathionine synthetase

Bys coenzyme

Methylmalonyl CoA mutase
Methylmalonyl CoA racemase
Propionyl CoA carboxylase
Argininosuccinate synthetase
Argininosuccinase

i

i

Phytamic acid oxidase
Arylsulfatase A

Acid lipase
Sphingomyelinase

Hypoxanthine-guanine phospho-
ribosyltransferase (HGPRT)

Orotidylic pyrophosphorylase and
decarboxylase

DMNA repair

Uroporphyrninogen [l cosynthetase
Catalase

Acid phosphatase
Lysyl-protocollagen hydroxylase

¢

fect, half do not. As long as the cul-
ture population is such that the cells
do not come into contact, these popu-
lations maintain their individuality;
however, when growth produces cell
erowding that causes the cell mem-
branes to come into direct contact
with each other, then the cell popula-
tion becomes homogeneous and the
mutant cell no longer expresses the
defect. Presumably, a diffusion of en-
zyme has occurred between the cells.

In contrast, cells from patients with
mucopolysaccharide disease do not
need such direct contact for the cor-
rective factors to enter into the defec-

tive cells. In fact, if abnormal eells are
placed in the medium from normal
cells, they will be normalized.

Genetic Mapping

Once it i8 known that an inborn
error of metabolism results from a
specific mutant gene, a natural ques-
tion is: “On which chromosome is the
gene located? Cell cultures have
demonstrated their ability to answer
this question in a number of cases
through hybridization of human cells
and cells from the mouse, hamster, or
rat. All things being equal, such hy-
bridization generally results in the

preferential survival of the rodent
chromosomes and the disappearance
of the human ehromosomes. However,
in cell culture one can manipulate the
medium to provide for selective sur-
vival of the human chromosomes. As
an example, if a mouse cell is selected
for an absence of H G P R T activity and
fused with a human cell possessing
normal HGPRT activity in a me-
dium designed to permit survival
of only cells having HGPRT, the
fused cell will survive only if it re-
tains the human chromosome with
the gene that codes for HGPRT.
Since most of the other human
chromosomes will have been lost in
the hybrid, one can apply chromo-
somal karyotyping techniques in a
number of hybrids and determine
which chromosome always survives in
viable cells. By this method the
chromosome carrying the HGPRT
gene can be identified (in this case,
of course, it is the X chromosome ).

Another approach to mapping with
cell culture techniques involves the
cloning of hybridized cells; hybrid-
ized cells clone readily and such
clones will lose their human chromo-
somes at random, but will keep per-
haps one, two,erthree human chromeo-
somes in each clone. If the gene one
is trying to locate is that which
codes for, say, lactic dehydrogenase
(LD H-A), one then tests each clone
for the human L b H-A expression (dis-
tinguishable from the LpH-A of the
animal species by electrophoresis).
Once again the problem is that of find-
ing enough hybrid clones having the
human tliz}rmu al:_li\.rit}r, ﬂf kar}rut}rp-
ing such hybrids one can find the
chromosome persistently associated
with the ﬂ:ti\:it}r. In the case of
LD H-A, it proved to be chromosome
11.

In summary, then, human cell cul-
ture systems have already proved
their value in the study and definition
of many inborm errors of metabolism.
As the techniques improve and the
cellular resources are expanded, this
value can be expected to increase ex-
ponentially.
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Genetic Control of the
Antibody Response
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Stanford University

Any analytic dissection of the humoral antibody response
must take into account at least two, and probably three,
cell populations: the B cells, derived from the bone mar-
row, the T cells of thymus origin, and the macrophages.
The B cell manufactures antibody after it has come into
contact with the haptenic determinant on the antigen. It
is mow well established that this event does not occur in
isolation but is dependent on some kind of signal emitted
only if there is simultaneous recognition of a carrier de-
terminant on the antigen by the T cell or a T cell product.
While the role of the macrophage has not been clearly
defined, it has been suggested that it acts by acquiring
a surface receptor from the T cell so that it can bind
antigen for presentation to the B cell. Abundant evidence
exists in some systems that the macrophage is an essential
participant in the chain of events leading to an antibody
response,

Clearly, there is considerable complexity in the cellular
events that facilitate an antibody response to an antigen.
Moreover, a tremendous amount of both diversity and
specificity is involved in the immune response. Both the B
and the T cells must be precommitted, in the sense that
they must exist prior to the organism’s encounter with
the antigen and must have been genetically programmed
to react with specific antigens that stimulate them to pro-
liferate, Add to this the fact that every antigen has a large
number of antigenic determinants and one is confronted
with a system of impressive sophistication. It would be
reasonable to assume that identifying the genetic controls
involved for this system in the immunologically intact
animal would be a Herculean task and that any geneticist
attempting it would have very little expectation of success.
With a very large number of functions requiring specific
controls, one might well assume that a very large number
of genes would be needed to do the controlling. To find an

animal deficient in a particular immune response clearly
might be an extremely difficult problem.

And so it proved. For many years this difficulty was
not surmounted. There were a few observations in the
literature, largely ignored, suggesting the existence of
animal responders and nonresponders to particular anti-
gens. However, such experiments were generally clouded
by the imprecision of the assay systems employed. It was
not until Baruj Benacerraf took note of an observation
of Paul Maurer’s that the logjam was broken. The latter
had reported that when the very simplest of polypeptides,
containing only two or three amino acids, were employed
as antigens, immune response could be elicited from only
about 40% of tested animals. Picking up this observation,
Benacerraf put a hapten on poly-L-lysine (#rL) and in-
jected the complex into outbred guinea pigs. He found
that some animals were indeed responders, others absolute
nonresponders. He then performed cross-breeding experi-
ments and found that if he bred two responders, about
80% or 90% of the offspring were responders; with two
nonresponders, the offspring were 100% nonresponsive.
These results suggested that response was dependent on
a single gene inherited as an autosomal dominant. Con-
firmation was obtained by experiments with inbred strains
(2 and 13}, in which it was seen that one strain (2)
showed a 100% response to hapten-r L L. conjugates and
another (13) a 100% nonresponse.

Equally significant was Benacerrafl’s finding that the
response to the poly-1L-lysine was independent of the hap-
ten conjugated with it. In other words, whether he used
dinitrophenyl (o~ ®), benzylpenicilloyl, or picryl as the
hapten, the pattern of response and nonresponse was iden-
tical so long as poly-L-lysine was the carrier; it was the
ability of the animal to recognize the carrier that was the
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Antibody response appears dependent on simullaneous recog-
nition of carrier determinant on antigen by T cell and of hapten
determinant by B cell. Signal moy pass directly from T to B

determining factor in responsiveness.

To establish the immunologic basis
for this observation more ﬁ:rrnl:.r, Ben-
acerraf turned to a molecule that had
been unequivocally identified as a
foreign protein antigen, bovine serum
albumin (Bsa). After complexing
the oM ¢ poly-L-lysine with acetylated
B35 A, he immunized guinea pigs that
were completely unresponsive to the
hapten poly-L-lysine antigens. Now
these animals had clear-cut antibody
responses to the immunogenic coms-
plexes; they produced anti-p ~ P anti-
body. He then made these animals tol-
erant fo B3 A and by deing so suc-
ceeded in abolishing the anti-b N P re-
sponse. Here, then, was incontroverti-
ble evidence not only that the genetic
control was directed at the carrier but
that the carrier had to be recognized
by the host for the response to be
evoked. This was one of the first sug-
gestions that the T cell might be the
primary site of the defect in the non-
responder. This could only be placed
in context after Mitchell and Miller
documented the function of the T cell
in recognition of the carrier.

Studies of the antibody produced
by the responder immunized waith
px P-PLL alone and of the nonre-
sponder immunized with DN P-PLL
on the foreign carrier (B 5 A) strength-
ened this point still more. In terms of
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affinity for v~ e, the antibodies ap-
peared to be identical. Apparently
hoth rg:.s[mn(li:r!i and nmln::-jpmldcr:i
had the ability to make the same anti-
body. The defect in the nonrespender
was at the T cell antigen recognition
1.1:".-'!’\!'..

These experiments created some-
thing of a paradox for the immuno-
logic community, which had, in gen-
eral, been proceeding on the hypothe-
sis that the host recognized foreign-
ness through the agency of antibody,
and that, in the context established by
Burnet, the clones of cells precom-
mitted to recognizing a particular anti-
gen did so via specific antibody either
on their surface or in some latent or
precursor form within their synthetic
mechanism. If both nonresponder and
responder animals have the same
genes for antibody structure, but a
nonresponder fails to recognize the
antigen and produce specific antibody,
it implies mediation by a different
recognition system,

Benacerraf, whose contributions to
the field cannot be overestimated, per-
formed a number of other experiments
that served to confirm the T cell as
at least one site of expression of this
type of genetic control. In summary,
these experiments demonstrated that
responder and nonresponder animals
could be differentiated in terms of the

(left), or receptor fransfer, pr.rnib]'y in form of T receptor, may go
from T cell to macrophage; signal is then transmitted to B cell,
which is “turned on” to elaborate specific antibody {right).

capuc;it}r to manifest reactions thuugllt
to be pure T cell functions. Thus, non-
responder animals immunized with
DN P-FLL on a carrier failed to ex-
hibit delayed hypersensitivity to the
hapten conjugate although they made
antibody to o~ r. However, the re-
sponder immunized with pNP-PLL
alone had completely normal delayed
hypersensitivity to the hapten conju-
gate. Another parameter of T cell
function absent in the nonresponder
and normal in the responder proved
to be antigen-induced blast transfor-
mation. The evidence clearly indi-
cated the genetic defect in the nonre-
sponder affects T cell function.

At the outset of this discussion, it
was noted that in the light of the com-
plexity of cellular interactions in-
volved in immune responses, one
would not have expected to be able to
identify responders and nonrespond-
ers to specific antigens. Yet such
patterns were identified in the work
of Benacerraf, in work in which I par-
ticipated directly, and in experiments
in several other laboratories. In the
past few years, at least 30 examples
of this type of genetic control have
been reported, almost all arising out
of chance observations. These appar-
ently fortuitous findings shared a
common element; in each instance, the
antigen employed was either a syn-



thetic polypeptide having only a small
number of antigenic determinants, or
an isoantigen (analogous to the blood
group antigens in which there is only
a single foreign determinant), or a
complex protein antigen presented to
the immunized animal in an extreme-
ly low dose. The importance of dose
wias demonstrated with bovine gamma
globulin, against which nonresponder
animals did react when the dose was
made large enough, While the signifi-
cance of dose in d::l‘.f:clit‘lg genctic dif-
ferences in response has been shown,
the ::,w;plun:ttim] for the differential
response has mnot yet really been
proved experimentally. However, the
explanation that seems entirely con-
sistent with our other knowledge of
the behavior of immune response
genes is that even when an antigen
has multiple determinants, the thresh-
olds of response to these different de-
terminants are different. With low
doses, the threshold for only one de-
terminant may be exceeded; if the
animal is not gum‘.l'.'lcal]:.' EﬂpnhEE of
responding to this determinant, it will
fail to respond to the entire complex.
As the dose is increased, the response
threshold for other determinants may
be reached and now a response will
be elicited.

My own interest in the genetics of
immune responses was first stirred
about 10 Vears ago when [ was work-
ing in John Humphrey's laboratory at
Mill Hill in London. The work there
was addressed toward obtaining ex-
perimental evidence about the mecha-
nisms of antibody formation. We
were employing a synthetic compound
called (T,G)-A--L. The backbone of
this compound is poly-L-lysine; each
lysine residue has outwardly extemd-
ing side chains consisting of nonanti-
genic poly-p-L-alanine. When tyrosine
and glutamic acid [(T,G)] are added
to the alanine side chains, the mole-
cule [{T,G)-A--L] becomes immuno-
genic. When we first immunized rab-
bits with (T,G)-A--L, we got very
poor responses. This was surprising,
since Michael Sela in Israel, who had
synthesized this compound, as well as
many other polypeptide antigens, had
reported excellent antibody responses.

The one explanation offering any
hope of resolving this contradiction
was that perhaps we were using the
wrong rabbits. For this reason, the
experiments were repeated using dif-
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Plasma Cell

a ° 195 Antibody

Memory Cell

(TG)-A=L Antigen

Memaory Cell

Diagrams, emploging the T cell-macrophage-B cell receptor transfer model (facing
page), suggest differences between responder and nonresponder animals are quali-
tative as well as quantitative. Responders (top panels) first react to antigen by
production of 198 antibody and memory cells. Second immunization will cause memory
cells fo differentiate to ?'S-dliﬁbml'y-prudu{‘irtg pfﬂ.'m:r.r cells. With n'a}mrlder animals,
195 response is intact but there is no “switchover™ to 75, The implication is tha
the 195 response is partially thymus-independent, but that for 75, the helper role of
the T cell must be fulfilled. It should be noted that in this scheme, the TS memorny
cells are depicted as descendants of 195 precursors, However, one cannot exclude the
possibility that the two cell lines are independent and that the 195 cells mature first.
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ferent rabbit lines, and indeed some
lines were found to give consistently
good responses, others consistently
poor ones. This suggested that these
responses might be under genetic
control. Genetic studies were attempt-
ed with the rabbits, but because they
were not inbred we were confronted
with a multiplicity of segregating
genes and were unable to relate the
immunologic differences to a specific
pattern of inheritance. It was logical,

therefore, to turn to inbred animal
strains; mice were chosen because of
the availability of a large number of
such strains developed over many dec-
ades by mouse geneticists.

In our initial experiments we tested
(T,G)-A--L. responses in ¢ A mice
and in F, generation animals from
cBA x C57 matings. The csaA ani-
mals turned out to have a very low
antibody response, the F, animals a
high response. C57' were tested next

and they were very high responders
to (T,G)-A--L. This suggested that
a single gene governed response quan-
titatively and that the gene for high
response was dominant; the CRA x
C57 (F;) animals showed responses
much closer to the C57 than to the
o6 A. In this respect the mice differed
from the Benacerraf guinea pigs, in
which response was 100% or zero.

At this time we were aware of Ben-
acerraf’s observations with p 1L and

Poly -0, L- Ala
|
all Tyr
Porlylysine
Backbone
Poly-D, L-Ala Glu Tyr
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Structures of “simple” synthetic antigens, (T,G)-A--L and (H,G)-
A--L are diagrammed. Both have poly-L-lysine backbones with
side chaing of nonantigenic poly-D,L-alanine. Antigenicity de-
pends on addition of either tyrosing and glutamic acid (T,G) or
histidine and glutamic acid (H,G). Graphs show genetically de-
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termined difference in immune responses of two inbred strains
to (T, Gl-A--L: C57 mice are hfgh responders, CBA low. Breed-
ing studics show that the gene for high response expresses domi-
nance. Although the data for (H.G)-A--L
here, the situation was reversed, with CBA high and C57 low.

are not given



wondered whether we were dealing
with some enzymatic peculiarity re-
lated to the handling of lysine, ala-
nine, or both, rather than with some
phenomenon of basic importance to
the genetic control of antibody pro-
duction. Fortunately, Sela was able
to provide the tools with which to
answer the question, since he had also
synthesized two other compounds—
(H,G)-A--L, in which histidine is
substituted for tyrosine, and (Phe,
G)-A-L, in which phenylalanine re-
places the tyrosine. We repeated the
experiments with (H,G)-A--L and
found a response pattern that was ex-
actly opposite. Now the cBA's were
the high responders and the €57 the
low. Once again, high response was
dominant in the F; generation.

Although this was clear evidence
that what was being expressed was
genetic control and that the gene or
genes involved were dominant for re-
sponsiveness, the evidence needed to
answer three basic questions was ei-
ther lacking or indirect. First, how
many genes were involved? Second,
were the controls involved related to a
basic aspect of antibody structure,
manufacture, or elaboration? Third,
if, as was indirectly implied, the con-
trols were expressed in the T cells,
could this be unequivocally shown,
and would this demonstration exclude
concomitant expression of the same
genes in the B cells?

We were able to attack the first
question by employing conventional
genetic maneuvers involving F, eross-
es and then subjecting the response
patterns to mathematical analysis.
The results clearly pointed either to a
single gene, or possibly a major gene
with modifiers, or, at most, to two
genes. Later experiments, cited be-
low, proved a single gene was in-
volved. The second question was more
difficult to approach, and the efforts to
find an answer involved the testing of
various possible relationships between
the immune response genes and genes
that might control other parameters of
antibody structure and function.

Our first working hypothesis was
of a relationship between the response
gene(s) and those known to be in-
volved in the determination of anti-
body structure. It should be ex-
plained that a number of workers in
the 1960°s had shown that antibody
structure was controlled by genes cod-
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Mouse erythrocyte antigen Ea-1%" H-3 or H-6
Mouse male (Y) transplantation antigen H-2n!
H-2.2 specificity Mot known
Mouse g A myeloma H-2

H-13 specificity H-3*

= Porcine lactic dehydrogenase Mot known
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Above is a partial list of the immune respense (It} genes that have been identified
thus far. With a few exceptions, when linkage has Been established, it is to the
histocompatibility system, and many Ir genes have been linked to specific H types.

ing for the heavy and light chains that
form the immunoglobulin eombining
sites. Genes for the constant (C) por-
tion of light chains and for the con-
stant and variable (V) portions of the
heavy chains had been defined first in
the rabbit and were called immuno-
globulin allotype genes. These genes
constitute identifiable linkage groups.
{ Linkage groups will be discussed in
detail later.) Similar genes for heavy
chain constant regions have been iden-

tified for both mouse and man.

To test the possibility of associa-
tion between the immune response
gene(s) and antibody structure, we
did crosses between animals that were
high responders of one immunoglobu-
lin allotype (A) and low responders
of another allotype (B). Theoreti-
cally, if the two genes were associ-
ated, then A A allotype offspring would
continue to express high responsive-
ness to the test antigen, while low
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responders would continue to be con-
centrated among animals of BB allo-
type. Our results were negative in
that the offspring included a randomly
distributed number of low responders
who were A A and of high responders
who were BB, In other words, no
genetic association between immune
response patterns and immunoglobu-
lin allotype could be discerned.

With one possibility eliminated, we
next sought evidence for an associa-
tion with the process of antibody for-
mation. Since immune response genes
are dominant, we were able to transfer
spleen cells from a responder x non-
responder (F;) into an irradiated
recipient of the nonresponder parental
strain. In this situation, the Fl Fjplfcn
cells will be histocompatible with the
parental recipient, and the spleen
cell graft will not be rejected by the
irradiated host. The chimeric animals
thus created were high responders to
(T,G)-A--L. This experiment is the
primary evidence that immune re-
sponse genes are expressed in immu-
nocompetent {;4:":;.T such as lel,'.:m
cells. They are therefore directly im-
plicated in controlling some aspect of
the immune response. In further ex-
periments, we tried to take into ac-
count both the evidence that this proc-
ess involved several major cell types
and the work in both Benacerraf's
laboratory and our own, which
pointed to the T cells as the expres-
sors of the Immune response genes.

Also relevant to the experiments
designed to pin down the relationship
between the immune response genes
and T cell behavior were findings by
Grumet in the laboratory here at Stan-
ford. He had shown that when re-
sponder and nonresponder animals
were stimulated to produce anti—
{T,G)-A--L antibody by single injec-
tions of (T,G)-A-L in aqueous solu-
tion, both produced an equal response
in the form of 195 (IgM) antibody
exclusively. But when a second anti-
genic stimulus was applied, the re-
sponder animals had a huge anam-
nestic response that was characterized
by a prompt switchover from 195
to 78 (IgG) antibody. The nonre-
sponder animals had no such secon-
dary response. This strongly suggested
that one function of the T cell con-
trolled by the immune response gene
was a switchover from 195 to 75 im-
munoglobulin, a suggestion that was
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strengthened when we irradiated and
thymectomized the responder animals,
thereby removing all their T cells.
After replacing their bone marrow, we
then challanged them with antigen.
Their initial 195 response was unaf-
fected, but secondary stimulation
failed to produce the conversion to 7S.
In other words, when thymectomized,
the responders acted exactly as if they
were genetically nonresponsive.

While these and other experiments
gave ample proof that the immune re-
sponse genes had major expression in
T cells, we still could not exclude a
concomitant expression in B cells. In-
deed, Shearer and Mozes have pre-
sented evidence that suggests either
expression of these genes in T and B
cells or, if expressed only in T cells,
they have a marked effect on T cell-B
cell interaction. Our first attempt to
find out about this involved the use
of cell transfer systems. The working
hypothesis was that if you mixed re-
sponder T cells with nonresponder B
cells, then, if responsiveness was en-
tirely a T cell function, the T cells
would turn on the B cells to make
antibody. The antibody would be rec-
ognizable as being of nonresponder
origin by virtue of immuneglobulin
allotype markers (i.e., of allotype B
in the example cited above).

These experiments were tried in a
number of different ways without suc-
cess. The strains identified as respon-
der and nonresponder all differed in
their major transplantation antigen
(H-2) type. All our attempts to de-
velop chimeras with immunccompe-
tent cells of both responder and non-
responder strains were frustrated by
severe graft rejection reactions. In-
deed, it was our attempt to identify
strains that were responders and non-
responders of the same H-2 type that
led to the discovery that the immune
response genes were on the same
chromosome with the genes for the
major transplantation antigens, a
finding of fundamental importance, to
be discussed in detail later. Because
of this association, attempts to mix
responder and nonresponder animals
were confronted with an obligate his-
tocompatibility barrier. All of the ani-
mals succumbed to either graft-vs-
host or host-vs-graft reactions. We
then tried to create radiation chimeras
by first lethally irradiating the apimals
and then grafting them with bone

marrow of the opposite strain. In the-
ory, this should produce animals with
both responder and monresponder T
and B cells. These would be differen-
tiable by their allotypic markers, and
one therefore could study the cellular
interactions and their immunoglobulin
products. Conceptually this was fine
but, as it turned out, the animals
tended to “select” either responder or
nonresponder cells on a mutually ex-
clusive basis.

We needed a better way to get
chimeras that were stable; if they
could not be 50-50 responder and non-
responder, at least we required rea-
sonably good mixtures. The solution
was the tetraparental mouse system
developed by Tarkowski in Europe
and Mintz in Philadelphia. The spe-
cific details of the method employed
to produce these remarkably useful
experimental animals are diagrammed
(facing page ). Briefly, one starts with
two mouse strains (for these purposes,
responder and monresponder)  and
many young females of each strain in
estrus at the same time. The females
are first given hormonal treatment to
induce the production of a large num-
ber of ova (superovulation ). They are
then mated with normal males. At
the appropriate time, the uterus is re-
maoved and the embryos flushed out of
the oviduet with an injection of tissue
culture medium. The protective zona
pellucida is then digested off the
eight-cell-stage embryos and one em-
bryo from a responder is placed to-
gether with one from a nonresponder
in a droplet of tissue culture medium
under oil. After 18 hours in culture,
many of the embryos fuse to form a
larger embryo. Many of these go on
to form blastocysts. These fused blas-
tocysts are then transplanted into the
uterus of recipient females that had
been made pseudopregnant by a previ-
ous mating with vasectomized males.
Approximately 18 days later, mice are
born that carry cells from the two
strains. These mice are called tetra-
parental because they carry four cop-
ies of each chromosome of the normal
mouse Karyotype.

In appropriate strains, these ani-
mals show all sorts of bizarre mosai-
cism, with coat colors that vary from
all black to all white to patches or
stripes of each. In our experiments,
we used animals that did not differ in
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Vasectomized Male

Monresponder

8-Cell Embryos

'-.\\ Tetraparental Mouse
kA

Drawings show steps in the making of a tetraparental mouse. Al embryos are nudged together in culture. If they combine into a
the same time as animals of responder and nonresponder strains  single 16-cell embryo, this is then implanted into the pseudo-
are, mated, a third female is mated with o vasectomized male.  pregnant “foster mother,” which has undergone the necessary hor-
Eight-cell embriyos are removed from the two pregnant mice and  monal changes that facilitate implantation. Here the implanted
placed together. Zonae pellucidae are digested off and the two  embryo can subsequently decelop into o tetraparental mouse.

175

-




McDEVITT

coat color and, in fact, were geneti-
cally identical except for chromo-
somes carryving H-2 and the immune
response genes and the immunoglobu-
lin allotype genes.

One of the most fortunate attrib.
utes of the tetraparentals, from our
point of view, is that they have a re-
markable consistency in their hema-
topoietic and immunocompetent cell
populations. Cell distribution through-
out the lymphoid-reticuloendothelial
system is reflected in any part of that
system, so that if there is a 60:40
responder : nonresponder  distribution
in the marrow, the same distribution
is found in the Splr.tn, the I.I'L],'mu:-_i,
and the lymph nodes. Furthermore,
these distributions appear te remain
stable for long periods of time. Finally,
cells from the two strains operation-
ally tolerate each other immunologi-
cally.

This then appeared to be an ideal
system for mixing nonresponder B
cells and responder T cells in order
to see whether the T cells turn on the
B cells to make antibodies; or, to put
it another way, to see whether one can
pinpoint the genetic defect in the non-
responder animals at the level of a T

cell recognition function. If this could
be done, it would show that the non-
responder B cell is functional and
capable of making antibody when
given an opportunity to interact with
the right T cell. In the tetraparental
mice “made™ in our laboratory by
Bechtol and typed by Freed in terms
of the origins of the specific anti—
(T,G)-A-L immunoglobuling that
they produced, we found a substantial
number of animals with lymphocyte
populations derived from both strains.

When we ujiﬂl:{xﬁﬂ the anti—
(T,G }-A--L antibody from these ani-
mals, it included large amounts of
immunoglobulin produced by the non-
responder B cells. While the 78 anti-
body from the nenresponder strain
was sometimes less than that from the
responder cells, it still was readily
detectable and, of course, greatly in-
creased over the levels that one finds
in the normal, intact nonresponder
animal. In a strict sense, the result
shows that something from the re-
sponder can turn on nonresponder B
cells. Our assumption that it is the T
cell is reasonable, since this is the only
other cell type with immunologic spe-
cificity. However, hefore we can claim

“Ideal” chimera in tetraparental mouse will include approximately equal distribution
of T and B cells from both responder and nonresponder strains.
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that the immune response genes are
expressed entirely in T cells, two pos-
sible objections must be overcome.

“The first is that within the chimeric
system of the tetraparental mouse,
infopmation transfer might be taking
place; that is, the nonresponder could
be transferring its immunoglobulin
genes to the responder, or some other
gene’s expression could be trans-
ferred from responder cells to nonre-
sponder B cells. However, work at
Stanford by Herzenberg and Hattis
with tetraparental mice (being used
in another context) has produced evi-
dence against this possibility, and one
would have to classify the information
transfer hypothesis as unlikely.

A more serious objection is the
possibility that the T cells in the tetra-
parental animals are responding to the
histocompatibility differences between
the two cell populations in such a way
that they emit signals that turn on the
B cells to antibody production. Such
nonspecific turning on of B cells by
nonspecifically activated T cells has
been shown in other systems. One
way to test this possibility would be
te make tetraparentals from two dif-
ferent H-2 nonresponder strains and
see whether these animals are con-
verted to responders in the non-
specific way.

We are now doing such experi-
ments. From both the preliminary
evidence and from the fact that there
is a great degree of tolerance between
the two cell lines contributing to tetra-
parental mice — and therefore very
little histocompatibility reaction — we
are reamab!}r sure that this nhjer:lian
too will be answered. If so, it will be
established that the difference be-
tween responder and nonresponder
animals is a genetically determined
lack of a recognition unit, almost cer-
tainly of T cell origin, capable of re-
sponding to whatever the carrier de-
terminant on (T,G}-A-L or PLL is.
It will also be clear that both the re-
sponder and nonresponder B cells
have the same “library™ of genetic
information and therefore the same
antibody-producing capability.

Perhaps most important is the im-
plication that we are dealing with two
distinct systems of antigen recogni-
tion. Antibodies recognize antigens
by virtue of having heavy and light
chains through which they develop
combining sites for particular anti-
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(T.G)-A--L

Tetraparental Mouse

Respander T—Responder B

Responder T-Monresponder B
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The extraordinary usefulness of tetraparental mice arises from
the opportunity they provide to study cell-cell interactions
for all possible combinations of responder and nonresponder T
and B cells, with these interactions expressed in the form of
antibody elaboration (or nonelaboration). Cells are identifiable
by their immunoglobulin products. With responder T and re-
sponder B cells (top left) and responder T and nonresponder B

gens. B cells appear to recognize anti-
gens via antibodies on their surfaces.
This antibody recognition system
does not appear to operate in exactly
the same way at the T cell level, since
while both responders and nonre-
sponders can make the same antibod-
ie5, the responder T cells can recog-
n'l'.ﬂ'. thi: |!rurlit;u|ﬂr aﬂtigr,:n, while the
nonresponder T cells cannot. This
hypothesis is supported by the fact
that the immune response gene in-
volved is linked to the H-2 locus and
not to any of the known genes for
immuneglobulin chain structure:
Most immunologists are under-
standably reluctant to accept the con-
cept that recognition can operate
through a system completely different
from that of antibady. A number of
“compromise” hypotheses have been
put forth in an effort to reconcile the
evidence for a T cell recognition sys-
tem with the classic role of antibody.
Perhaps the one that has the widest
acceptance is that the immune re-
sponse gene or genes really code for

a new heavy chain class (IgV or IgT)
never detected before because it is
uniquely bound to the T cell surface
and never circulates free in the serum.
In f.il-.tl:, this hd.'.m':,' chain class may be
the evolutionary precursor of other im-
munoglobulin linkage groups.

All of the available evidence indi-
cates that wariable regions of the
heavy chains and the two types of
light chains (kappa and lamda) are
genetically different and the variable
region genes are linked to the con-
stant region genes for the heavy chain,
the kappa light chain, and the lamda
light chain. Each of these is in sepa-
rate linkage groups, so that we al-
r¢ﬂd}r I1m—¢ m"ldt?n-:;_{: of thrr,:i_: Separate
generators of immunoglobulin diver-
sity. In light of this evidence, the
existence of a fourth generator of di-
versity is not difficult to accept. In-
deed, the evolutionary argument is
extremely appealing if one conceives
of a starting point in which a small
gene product of, say, 110 amine acids
is the progenitor. From that point on

cells, 75 r.rrn'I.E.rvu:ﬁJl response is normal. With nonresponder T cells,
there is little or no 785 response whether B cells are dericed
from responder or nonresponder. Key recognition role of T cells
i in this way confirmed. Cell-cell interaction scheme involving
a T cell receptor transposed to the surface of a macrophage 15
diagrammed here. This mechanism is supported by evidence from
experimenits by Feldman and others, but it is not fully proved.

a whole series of immunoglobulins
could have developed as the need of
the host to recognize foreignness
grew; in the course of evolution, gene
duplication could well have led to an
immunoglobulin with specific C and
V regions always bound to cells. Sub.
sequently, further gene duplication
and translocation could have led to
“migration” of the gene, the emer-
gence of light and heavy chains, and
the development of classical circulat-
ing immunoglobulins,

A second compromise hypothesis is
that the immune response (Ir) gene
products are cell surface antigens that
interact with a typical immunoglobu-
lin receptor and modify the function.
The difficulty with this concept is
that these genes seem to have a degree
and range of specificity equal to anti-
body; the hypothesis then merely be-
comes another way of postulating a
new “antibody”™ class. The most ex-
treme interpretation is that Ir gene
products are in fact T cell receptors
but they have a structure completely
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high, probably depending on cell mizes. Antigen used in these studies was (T,G)-A--L.

unrelated to the known immunoglob-
ulins.

All this is highly speculative, of
course, and will remain so unless and
until we learn how to isolate the spe-
cific gene product. Although many
gaps remain, one can reascenably pos-
tulate that the immune response genes
control a set of recognition units or
receptors for antigen that are found
only on T cells and are the T cell re-
ceptors; they are likely to be either a

new heavy chain class found only on
T cells and not circulating, or a dif-
ferent way of recognizing foreignness
on a still-to-be elucidated molecular
basis. This view of the Ir gene prod-
uct can then be fitted to the accepted
'I.'i!!“" H-F lhl! ﬂl:llll!ﬂ!’ i.l'ltt.‘rﬂctliﬂl'l!i T.hal'.
take place when a foreign antigen is
presented to the organism, as follows:

The bone marrow cell “sees™ an
antigen in the form of the particular
antigenic determinant complementary

7.0

H-2K

i
)
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Map of linkage group on 17th mouse chromosome that includes H-2 complex is at top;
enlargement of the H-2 complex below includes Ir genes on H-2K side.
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to its particular surface immunoglob-
ulin. The B cell recognizes this anti-
gen, say DN P, on a carrier. At the
same time, a T cell, perhaps through
close proximity to the B eell or
through secretion of a molecule that
attaches to another cell (the macro-
phage? ), recognizes another part of
the same antigen — another determi-
nant. This dual recognition having
taken place, a signal is passed from
T to B cell, perhaps chemically, that
turns the B cell on to make antibody,
or switches it to make 78 rather than
195 antibody, or makes the B cell be-
come a memory cell. The sine qua non
seems to be the simulfaneous recogni-
tion of the haptenic determinant by
the B cell and of the carrier determi-
nant by the T cell.

There are some established excep-
tions to this scheme, which certainly
include functions subserved by the
T cell alone, such as cytotoxicity and
delayed hypersensitivity, as well as
some functions the B cell fulfills
alone. But on the whole, this is an
extremely sophisticated biologic con-
trol system of cellular checks and
balances. For example, in the course
of the human antigenic experience,
many endogenous substances are en-
countered that could cause elaboration
of B cell antibodies capable of in-
appropriate response to self antigenic
components. An illustration may be
those streptococcal antigens  that
cross-react with heart valve or glom-
erular tissue (according to currently
prevailing concepts of the pathogene-
sis of rheumatic heart disease or
glomerulonephritis). The probability
is that such antoimmunization will
not occur unless the antigens can also
“fool” the T cell recognition system.

Linkage of Ir and
Histocompatibility Genes

So far our discussion of the im-
mune response genes has focused
largely on their cellular expression.
With this as background, it becomes
appropriate to go a little more deeply
into the experiments that have led to
the identification and localization of
these genes, particularly since much
of the reasoning about their function
has been derived from our knowledge
of their chromosomal location. For
example, the belief that the Ir genes
are cell surface receptors got its origi-



nal impetus in part from the finding
that they were in a linkage group in
which one finds a number of genes
that code for cell surface proteins.

In the 1930% a number of scien-
tists, particularly Gorer and Snell,
began to study the mechanisms in-
volved in tumor transplantation and
rejection. For these studies, they used
inbred strains of mice homozygous
for every gene in the entire genome.
Comparisons of genetic effects be-
tween inbred strains can therefore be
done with the minimum of genetic
complexity. It became apparent that
there were no barriers to transplanta-
tion of tissue within an inbred strain,
but that rejection of tissue was uni-
versal upon transplantation between
strains. Systematic studies revealed
that there were several genes, located
on different chromosomes, that coded
for cell surface transplantation anti-
gens. It is now known that there are
more than 30 transplantation-antigen
genes in the mouse.

Befurc gu'mg furthcr with this l;]iﬁ-
cussion, it is necessary to review the
concept of linkage groups, genes lo-
cated in close proximity on a single
chromosome. Linkage groups are
identified by the high frequency in
which the genes involved are found
to segregate together in crossbreeding
studies of inbred strains. When two
traits always segregate together, they
are considered to be the effect of a
single gene. However, breeding stud-
ies may result in the appearance of a
recombinant, the result of crossing-
over between the two chromosomes
of a chromosome pair during meiosis.
The frequency of crossing over by re-
combination is used as a measure of
distance between two genes. A fre-
quency of one recombinant per 200
offspring in an experimental cross is
translated as a distance between the
two genes of 0.5 map units.

By the time we embarked on our
studies, it was obvious that the major
barriers to grafting, those that eansed
rejection of allografted skin within 12
to 14 days, were a rather complex set
of antigens coded for in the ninth
mouse linkage group (see map, page
178).We now know that this group
of genes is on the 17th chromosome.
It was also clear that these H-2 genes
{so called because they happened to
be at the second histocompatibility
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locus to be studied) appeared not to
be at a single-point locus, but rather
to involve many genes spread over a
considerable chromosome length, This
was learned by cross-immunizing ani-
mals of different strains with spleen
cells and preducing an antiserum. An
antiserum was defined by its ability
to react with cells from certain strains
but not from others. Thus, it is said
to have a serologic specificity that is
designated as 4. It may also react
with another group of cells to which
a specificity designation, 31, has been
assigned. By crossbreeding experi-
ments, one finds that specificities 4
and 31 segregate together with a fre-
quency that could be accounted for
either by a single gene or by two
linked genes very close to each other.
Similar findings linked specificities 2
and 33. However, Gorer then found
that if a mouse from a 2-33 strain was
crossed with one from a 4-31 strain,
so that the Iy generation had all four
specificities, and the F; was then
backcrossed with 4-31 mice, the off-
spring of the latter matings would
sometimes lack the 33 specificity. This
result indicated a crossing over in the
F, parent between the genes coding

for specificities 2 and 33. By calcu-
lating the frequency with which 2 and
33 were separable by recombination,
Gorer was able to start the process of
chromosome mapping. After many
years of intensive work by many in-
vestigators, it became clear that the
chromosome region involved in cod-
ing for H-2 histocompatibility anti-
gens was at least 0.5 map units long
and could accommodate 2,000 or
more structural genes.

More recent work has shown that
the H-2 genes are not spread through-
out this region, as had been thought,
but are concentrated at the two ends,
the left hand or K end, and the right
hand or D end. Parallel findings have
been reported with respect to the
H L-A histocompatibility antigens in
man. For histocompatibility antigens
in either mouse or man, it is now be-
lieved there are two clusters of gene
coding for serologic specificities. In
man, the loci analogous to K and D
in the mouse are designated as 4 and
LA, respectively. On the basis of re-
combination rates, there is a half map
unit between these loci in both spe-
cies. Recent discoveries of other ap-
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parently related genes in the chromeo-
some region have served to focus at-
tention on the question: What is
going on in the rest of the chromo-
some region?

A short distance to the right of the
D locus, there is a gene designated as
Tla (thymus leukocyte antigen),
which controls a series of cell surface
antigens expressed only on thymo-
cytes. On the left side of the chromo-
somal region there is another identi-
fied gene unrelated to histocompatibil-
ity; it codes for short tail (T'). Per-
haps most important in our context is
the gene discovered by Shreffler that
codes for the serum alpha globulin
known as serum substance — the Ss
gene. By a series of crosses between
strains with low levels of serum sub-
stance (Ss') and those with high lev-
els (Ssh), it was found that the Ss
gene sits on the chromosome virtually
equidistant from the K and D loci.
Practically, now, one has a three-point
map of the H-2 region in the mouse,
K to the left, D to the right, and Ss
in the middle. Having such a clearly
defined way to delineate the chromo-
some region and its two halves has
proved a great convenience in efforts
to locate the various Ir genes.

The reason that our knowledge of
the H-2 region has been of such im-
portance to the localization of Ir genes
is, of course, the linkage between the
two systems. This was discovered al-
most h}' acl;;iﬁg_:l!ll_ It w'i" l‘m ri_:f;ﬂilt}d
that in order to obtain direct evidence
for the relationship between Ir genes
and immunocompetent cells, we un-
dertook cell transfer studies aimed at
transferring responsiveness from re-
sponder to nonresponder animals. To
do this it was necessary to circumvent
histocompatibility barriers.We looked
for strains that would be different in
response level to the test antigens but
of the same H-2 type. (Some 25 H-2
types have been identified and these
are designated H-22, H-2% etc.) In
this way it was hoped that frustration
of the experiments by graft-vs-host
and host-vs-graft reactions could be
avoided. Our original aim was to trans-
fer tissues from C57 mice, which are
H-2" and responders, into ¢ B A mice,
which are H-2* and nonresponders.

These efforts were frustrated by
histoincompatibility. Therefore, we
searched for inbred strains that
were genetically similar to C57 but
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carried the H-2¥ type of the cra
mice. Fortunately, such mice were
readily available almost “off the shelf”
because Snell and his students over a
number of years had undertaken to
produce a series of inbred strains that
were genetically identical except for
the chromosome :_:;J,r:r}'i]'tg the H-2
complex of genes. Such lines of mice,
which differ only for a single trans-
plantation antigen and therefore re-
ject tissue grafts, are called eoisogenic
resistant or congenic mice. We pur-
chased several congenic lines in order
to make the appropriate cell transfers.
We tested them with (T,G)-A--L
and its related antigens simply to
make sure that their response was
consistent with their major genetic
background. We were very much sur-
prised to find that the responses of
every congenic line tested correlated
identically with those of the donor of
its H-2 chromosome, without relation-
ship to the rest of its genetic back-
ground. This suggested linkage be-
tween H-2 and Ir was confirmed by
subsequent linkage studies.
Establishing the linkage between
the Ir and H-2 was a piece of extreme
good luck. Out of a vast number of

possibilities, Ir was linked with an
extremely well-studied chromosome
region. We instantly became heirs to
more than a half century of knowl-
edge acquired by the geneticists who
had been studying the inheritance of
histocompatibility. The Ir-H-2 link-
age has greatly facilitated not only the
identification of some 30 specific Ir
genes but also precise mapping of
many of them on the chromosome.

Such mapping can be done by us-
ing animals carrying recombinant
chromosomes. It will be recalled that
the H-2 region has a K locus at one
end and a I} locus at the other, that
the H-2 type is determined by genes
associated with each of these loci, and
finally that there is a predictable rate
of crossing over in which animals will
obtain the K locus from one H-2
chromosome and the D locus from
another. If animals homozygous for
such recombinant chromosomes are
used for immunization with (T,G)-
A--L, it becomes possible to deter-
mine whether the Ir gene under study
is associated with the K or with the
D side of H-2. By using other known
points on the chromosome, such as T
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by thymectomy, while those of the responder are converted to nomresponsive ones.
Results are compatible with the postulate that Ir-1 gene is phenotypically expressed in
T cells and that the gene controls antigen recognition by these cells.

and Ss, it is possible to localize the Ir
genes with great precision. It has now
been shown that the Ir genes are near
the middle of the H-2 region to the
right of K and to the left of 3s.

The finding by Lieberman of re-
combination between two  penes
among the relatively small number of
antigens under this type of genetic
control so far discovered speaks for a
linear array of genes that control rec-
ognition of different foreign antigens.
At the cellular level, these genes are
probably expressed as receptor sites
on the T cells. If the individual is a
high responder to the antigen, it will
recognize the carrier determinant on
the antigen —say (T,G)-A-L — very
well, because of a close complementar-
ity between receptor and antigenic
determinant. In the low responder,
the gene is in some way mutant. It
presumably still codes for a receptor
on the T cell but this receptor is de-
ficient in its complementarity for the
(T,G)-A-L carrier determinant, al-
though it may have great efficiency in
recognizing another antigen.

The interest in this genetic system
is growing. For example, until re-
cently it had been assumed that the

mixed leukocyte culture (M 1.C) test,
widely used to help determine suita-
bility of transplant donors, was a di-
rect in vitro reflection of H L-A genes.
However, Bach has now shown that
the » L¢ gene (or genes) is (are)
separable from mr-A, although like
the Ir genes, a 1. maps on the same
ehromosome 25 H 1-A in man. In Fact,
Klein and Bach have shown that in the
mouse, M L¢ and Ir are controlled
from exactly the same position on the
chromosomal region as are the genes
controlling a third phenomenon, graft-
vs-host reaction, and indeed the genes
involved could be the same ones.

What is now emerging is a picture
of a large chromosome region contain-
ing anywhere from hundreds to thou-
sands of genes that have arisen to-
gether in evolution and remained to-
gether; most seem to code for a series
of structurally and possibly function-
ally related molecules on the cell sur-
face. What is the seleetive survival
advantage of such a complex? Logi-
cally, it could be a sophisticated sys-
tem for cell recognition and cell-cell
interaction, related both to protection
against foreignness and identification
of self components.

Clinical Implications

Clinically, such a system has some
important implications, Among them,
of course, would be a possible role for
genetically determined defects of the
Ir system in the etiology of both auto-
immune and malignant disease. If one
recalls that the failure in the non-
responders is not in ability to produce
antibody but in the necessary concomi-
tant recognition system, it seems quite
plausible that in autoimmune disease
there is perhaps an inappropriate rec-
ognition of foreignness. Autoimmune
reactions could then arise by a number
of routes. For example, a number of
workers have postulated that recog-
nition by T cells of viral determinants
on the surface of B cells could stimu-
late the latter to produce antibodies,
some of which might be autoanti-
bodies whose elaboration would ordi-
i'mr]l}r not occur. Similarly in cancer,
defective T cells might fail to rec-
ognize tumor-specific antigens and
thereby permit tumer growth.

There are also H-2 associations
that have been found with respect to
certain viruses, particularly the Gross
leukemia virus and the lymphocytic
choriomeningitis virus (LoaMm) in
mice. Patterns of suseeptibility and
resistance to these viruses in mice are
consistent with part of an Ir gene
effect. In addition, resistance to Gross
virus—induced leukemia is associated
with the K side of the H-2 complex.

Very recently, Rose has shown a
close correlation between H-2 type
antithyroglobulin antibody level and
pathologic severity of autoimmune
thyroiditis in mice immunized with
mouse thyroglobulin. This is the first
situation in which the correlation be-
tween  histocompatibility  type, im-
mune response to a pathogenetic anti-
gen, and disease severity has been
n:|m1'tt:d.

MNor is the evidence for association
limited to animals. In man, associa-
tions have been shown between the
presence of Hodgkin's disease and a
number of cross-reacting H1-A types
(5, Ws5, W15, WI18), between
systemic lupus  erythematosus  and
HL-A type W15 in Caucasians amd
W5 in blacks, and between type
W27 and ankylosing spondylitis in
Caucasians. These associations are by
no means absolute; in fact, in some
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Frequency of HL-A Specificities

Percent Positive
HL-A Normal SLE
Antigens | Controls | Patients
HL-A1 27 41
HL-A2 46 59
e W2E (Ba*) 11 24
E HL-A3 33 21
E HL-A9 22 21
i HL-AT0 14 16
HL-A11 3 20
La-W 15 7
HL-AS 1 16
W5 (Te5) 27 16
W1E (Te18) ] 12
HL-A7 29 17
W22 [AA) 5 0
4a W27 (FIH) 5 0
E  HLAs 16 36
e W14 (Makil 9 4
HL-A12 27 2
HL-A13 3 12
W10 (BE) 11 28
Wis 10 36
Wir E 8

A relationship iy exist between HIL-A
specificitics and SLE in humans, There
iz a statistically significant rise of HL-
A8 and WIS specifhcities in SLE pa-
tients. Later study did not confirm the
relationship of HL-AS to SLE.

cases they seem to be rather weak and
variable, but they do have statistical
significance. Bodmer has presented
evidence that HL-A types 5, W5,
W15, and W18 are a set of cross-
reacting antigenic specificities at the
4 locus, which seems to be the human
analogue of the K locus in the H-2
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system. All of these antigenic specifi-
cities were presumably derived from
the same primordial ancestor,

It is particularly interesting that
the association between these genes
and disease is not perfect. In patients
with s L E typed at Stanford the W15
type is present in about 40% as
against 109% in the general popula-
tion. The question of why these asso-
clations are not universal merits con-
sideration. Obviously, one reason is
that diseases like s L £ and Hodgkin's,
if genetically controlled at all, would
almost certainly be subject to many
different genes, not just one or a few.
But Bodmer offers another hypothesis
to explain the variability, namely, that
we are looking at the “wrong” genes.
An analogy would be with the MLC
genes. These, it will be remembered,
were first thought to be directly asso-
ciated with the HL-a antigens but
now seem to have been localized to
closely linked genes sitting on the
chromosome at or very close to the
Ir genes. Could the Ir genes be the
ones involved in coding susceptibility
to these diseases? If so, this would
explain the rather weak associations
between HL-A and specific diseases,
since crossing over in an outbred
population such as man would have
destroyed the association between
HEL-A and any possible human Ir
genes.

Until recently, there was no evi-
dence that H-linked Ir genes existed
in man. However, Levine at New York
University has now shown a close
association between one H1-A chro-
mosome (haplotype) and the level of
IgE antibody response to ragweed
allergen E and clinical symptoms of
ragweed hayfever. This is the first
evidence that H-linked Ir genes exist
in man and have a role in disease
pathogenesis.

Other striking associations have

been detected. One is that between
HL-A antigen 8 and gluten-sensitive
enteropathy, or nontropical sprue.
Somewhere between 80% and 90% of
nontropical sprue patients have HL-A
8, as against about 20% of the normal
population. There is another associa-
tion, between H L-A 15 and psoriasis,
a disease having a very strong heredi-
tary element.

One must be careful not to over-
interpret these associations. Very
likely, the pathologies involved will
prove to have highly complex, multi-
factorial etiologies. Nevertheless, one
cannot ignore the possible importance
of the associations nor the possible
connection with the immune response
genes, Ultimately, as techniques for
HL-A and M LG typing improve, and
as we develop precise methods for Ir
typing of patients by exposing their
cells to an appropriate battery of test
antigens, we could find that these
correlations have significant adjune-
tive diagnostic value as well as pre-
dictive value. For example, one can
envision that if the association with
nontropical sprue holds up, a built-in
statistical bias will develop. Thus, if
the gastroenterologist knows that a
patient presenting with malabsorption
is HL-a B, he will recognize that the
likelihood of gluten-sensitive enter-
opathy as the diagnosis is greatly
enhanced.

We have only seratched the surface
of clinical potential. Although the evi-
dence that H-linked Ir genes exist in
man is persuasive, we will need meth-
ods for determining human Ir geno-
types, and we will need their applica-
t'::;-n to Ia.rgg_—: mmlbcr:lj af pﬂlitjlts be-
fore the role of these genes in human
disease becomes clear. The evidence
from animal models and the prelimi-
nary evidence in man suggests that
the game is worth the candle.



The Genetics of Histocompatibility

MARILYN L. BACH and FRITZ H. BACH
Untversity of Wisconsin

The study of histocompatibility in man grew out of a very
practical problem in the field of organ transplantation:
how to pair the donor and the recipient of an organ so that
the transplant (and the recipient) would have a maximum
chance of survival. As practical problems often do, how-
ever, this one has engendered extensive basic research both
in immunology, i.e., the nature of the mechanisms re-
sponsible for transplant rejection, and in genetics, i.e., the
way in which those mechanisms are inherited. These stud-
ies, in turn, have suggested new approaches to the match-
ing problem, which have begotten new hypotheses in im-
munology and genetics, and so on. In part, the mutually
beneficial results of this complex interplay between clinic
and laboratory, and particularly the very significant altera-
tions in our understanding that have been taking place in
the past couple of years, are documented in the chapter
immediately preceding this one.

The work of McDevitt, Benacerraf, and others in de-
fining the immune response gene system and associating it
with the histocompatibility gene system certainly consti-
tutes a major contribution in the evolution of our delinea-
tion of a single chromosomal region; on this region we can
now locate a great many genes coding for a variety of
related functions. It is also probable that the same
chromosomal region contains a set of genes that govern
the reactions seen by transplantation workers in the mixed
leukocyte culture (Mrc) system. These genes could
either be the same as the immune response genes or they
could be closely associated with them. But it now seems
clear that the M L ¢ genes are not — as was assumed until
very recently — identical with the serologically identifiable
genes of what might be called the “classical™ major histo-
compatibility loci (the H L-A in man and the H-2 in mouse).
In fact it would now seem appropriate to speak not of the
major histocompatibility locus or loci but rather of a major
histocompatibility complex (MHuc).

Genetics has, of course, been deeply involved in the
transplant problem from the beginning. As is well known,

the first successful organ transplants were performed be-
tween pairs of identical twins, since it was held (correctly)
that neither would “recognize” tissue from the other as a
foreipn substance. Had transplantation remained thus
limited, however, it would have been filed in medical
archives as merely another technically interesting but
therapeutically trivial procedure. In fact, the transcend-
ence of these narrow limits has raised the number of kid-
ney transplants, for example, from four in 1958 to about
2,700 in 1972. This expansion is ascribable chiefly to
research in two areas: the use of immunosuppressive drugs
and improved pairing techmigues. The latter, in turn,
involved major advances in genetics. Thanks to these
achievements, we now know that transplants between
properly paired siblings can be nearly as successful as
between monozygotic twins; in addition, there is reason
to hope that these success ratios can eventually be ap-
proached in transplants even between genetically unre-
lated individuals.

The genetics of histocompatibility are remarkably com-
plex, and for this reason they have been elucidated (par-
tially } only by means of equally complex researches that
have, moreover, approached the problem from several
quite different angles. The following account, then, will
necessarily be something less than ideally coherent; several
of the disparate strands of research will have to be ex-
amined individually before they can be woven into a
meaningful whole.

We begin with the central and generally accepted fact
that transplant rejection in man, as well as in all other
animals in which it has been studied, and its counter-
phenomenon, the so-called graft-vs-host reaction, are trig-
gered by the antigenic differences between grafted tissue
and recipient. These differences can be identified (to vary-
ing extents in different species) by their capacity to induce
and react with antibodies both in the intact animal and in
various biologic systems, some of which are to be dis-
cussed later. Having stated what for many readers must
appear to be the obvious, let us now set forth two im-
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Diagrams illustrate how a monospecific serum for lymphocyte
tiyping can be prepared from a polyspecific serum obtained from
a multiparows woman. The mother's fmmune system can form
antibodies to whatever fetal antigens she does not herself possess,

portant provisos, the first of which
may perhaps be equally as obvious
as the basic premise; that is, the actual
rejection process does not involve the
action of antibodies, at least to any
large extent. Instead, it depends on
the development of delayed hyper-
sensitivity or cellular immunity, in
which the host's lymphocytes first
come to recognize certain foreign anti-
gens as foreign substances and then
attack and cause rejection of the tis-
sues carrying those antigens. The
second is one which we have just
begun to appreciate, that there are cer-
tain histologic differences between
transplant and host that have not been
identified with antisera. Or to put it
another way, we are now aware of
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two types of tissue differences, the
serologically defined (sp) and those
that can lead to a thymus-derived
lymphocyte (T cell) response with-
out causing elaboration of identifying
antibodies; these we now call lym-
phocyte-defined (rLp) differences. It
is our ability to demonstrate a separ-
ability between the genetic controls
of the sp and 1.0 responses that has
so greatly enlarged our knowledge of
the scope of the major histocompati-
bility complex.

At the beginning of transplantation
studies, it seemed at least possible that
the rejection-triggering antigens repre-
sented a very large number of cell-
surface components in the trans-
planted tissues, i.e., that they re-

Antigens
on Cells of

Panel Member |

m————— I.1'1ib3d}'ii". :
ST s eliminated R

eg., C, D, E, and F. Her polyspecific serum is then successively
reacted against lymphocytes from members of a panel; panel-
member lymphocytes will in each case complex with and remove
from serum whatever antibodies correspond to their own anti-

flected the activity of scores of the
donor’s genes. Had this been true, of
course, the problem of tissue match-
ing would have remained impossibly
complex except between monozygotic
twins. As it turns out, however, in
practical terms the genetic situation
is a great deal simpler than that,
though still more complex than is true
of many other genetic traits that have
been extensively studied.

Many of the basic concepts were
developed by experiments with highly
inbred strains of mice. Such strains
can be refined to the point where any
individual of a given strain will, for
the most part, accept a graft from any
other; by further manipulation, it is
possible to develop strains that are
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gens. Successive reactions can eventually yield a monospecific
antiserum that will react with, for example, only antigen I on
the infant’s (ex-fetel) lymphocyfes, assuming that it, but no
member of the panel, has this antigen. It should be noted that

congenic, i.e., which differ for all
practical purposes at only the Muc.
Skin grafts between individuals with
such congenic differences will be re-
jected, since the Muc by definition
contains the genes that govern histo-
compatibility, or at least, in their dif-
ferences, provide the mosc formidable
barrier to the free exchange of tissues
from individual to individual. Actu-
ally, close to 30 genetic histocompati-
bility systems have been identified.
But for some time it has been recog-
nized that there is one among these
that is dominant in importance, and
that differences between animals for
this system are responsible for both
rapid rejection of skin grafts and for
lack of responsiveness to immunosup-

Antigens
an Cells of
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pression, In man, the major histo-
compatibility system is identified as
HIL-A: in mouse, it is H-2.

We have always thought of the H-2
system as consisting of two loci, which
represent the extremes of the chromo-
somal region involved. At the left
hand of the region is the H-2K, at the
right the H-2D. (Left and right are
oriented on the basis of a convention
that defines left as closeness to the
chromosomal centromere.) Roughly
equidistant between H-2K and H-2D
is a gene coding for a serum sub-
stance, designated Ss, which does not
have any apparent functional relation-
ship to histocompatibility but which
serves as a convenient marker for
mapping the region. The immune

Fetal
Lymphocyte

——— Monospecific
Anti=D Serum — >

while this serum will be “operationally”™ monospecific, it might
in fact contain two (or more) distingt antibodies. This would
aeeur if the fetal lymphoeytes had two (or more) unigue antigens
not found in any panel member,

response (Ir) genes, previously de-
scribedd by MeDevitt, have been lo-
cated to the left of Ss, that is between
5s and H-2K. With these landmarks
in mind, we can now take a systematic
look at the major histocompatibility
complex.

The reason that immunogeneticists
for a number of years thought of histo-
compatibility control as a function of
genes at two loci, the H-2K and the
H-2D, is that the phenotypic products
of these loci are cell-surface antigens
detectable with antisera. For years the
dogma has been that these s prod-
ucts are the strong transplantation
antigens principally responsible for
both the T and B cell responses lead-
ing to rejection. Only since about
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In “one-way” mived leukocyte culture (MLC), donor leukocytes
in suspension are inactivated with mitomycin C, which blocks
DNA synthesis but leaves cells” antigens intact, enabling them
to stimulate other cells (1). After inactivated cells are mixed with
recipient leukocytes not so treated (2), the cells are cultured to-
gether for three days (3)stritiated thymidine is then added (4)
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and is subsequently incorporated into DNA of the recipient cells
to the extent these are stimulated by the denor cells - d.e., to the
extent donor cell antigens are not present on recipient cells. After
a set period of time, cells are filtered and washed (5); stimula-
tion is fhen measured by the redioactivity in the precipitate,
which represents amount of thymidine taken wp by recipient cells.




1970 has evidence been growing
that within the major histocompati-
bility complex — between H-2K and
H-2D, if you will —are other loci
whose phenotypic products, although
difficult or perhaps impossible to de-
tect serologically, are highly signifi-
cant in  host-vs-graft and graft-vs-
host interactions. Moreover, the recog-
nition of these Lo genes, which has
shaken up our thinking about the
events leading to allograft rejection
in vivo, has had, if anything, an even
more profound effect upon our think-
ing with respect to the clinically most
widely utilized in vitro reflection of
histecompatibility, the mixed leuko-
cyte culture (Mrc) technique for
evaluating the suitability of potential
transplant donors for a particular
recipient. To appreciate the impor-
tance of these recent developments,
we must first examine some of the
methods by which histocompatibility
has been studied in the human animal.

Man is, of course, much more
genetically diverse than inbred strains
of mice, nor can he be bred to order.
The basic data in human histocom-
patibility studies, therefore, are ex-
ceedingly heterogeneous and corre-
spondingly difficult to analyze; it is
only through the collaboration of
many laboratories over many years
that we are now beginning to reduce
them to some sort of order.

Some of the problems can be seen
by briefly examining an early, and
now superseded, method for match-
ing donor and recipient, the so-called
third-man test. In this procedure, an
unrelated volunteer is first sensitized
to the antigens of the prospective re-
cipient and then grafted with skin
from several prospective donors. The
more antigens a given donor has in
common with the recipient, the more
rapidly will the third man reject that
donor’s graft. However, the fact that
a donor and the recipieht can be
shown to share a large number of
antigens says little about the number
of antigens they do not share, and in
transplantation it is, of course, the
difference that matters. There is also
the fact that the results of this test
will be affected by the number of
antigens shared by the recipient and
the third man. Obviously, what was
needed was some way of defining the
individual’s complement of antigens
more precisely, presumably by react-
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When recipient leukocytes (color) of individual A are cultured with mitomycin C-treated
lenkocytes from an HL-A identical donor B (B, cells)no increase in “Blast” or “trans-
formed” cells is observed over the low number observed in a culture of A cells with
A's own mitomycin C-treated cells (A ). Mixture of A cells with C_ cells results in
moderate stimulation in MLC; there is an increase in incorporation of tritiated thymi-
dine fsymlm.l'fmd by black dots) and a corrc.tp{:rndiug maoderate increase in hlast cells,
Mirture of A cells with D cells results in high stimulation in MLC, with marked in-
crease in blast forms, C and D both differ, in varying degree, from A at HL-A locus.
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Antigen inheritance is shown in simplified example using ABO blood groupings. In
cach case, child can inherit only one allele from each parent; the two matings dia-
grammed (many more combinations are possible) could between them produce all the
six possible combinations of alleles, HL-A histocompatibility system is transmitted simi-
larly but instead of only three alleles (A, B, O) involving only two antigens, there are
maore than 30, each involving a different combination of many different antigens.

ing them against “standardized” anti-
bodies. But the latter proved singu-
larly difficult to obtain.

A good primary source of such anti-
bodies (to define the sp phenotypic
products, i.e., antigens) is the serum
of a multiparous woman. Such an indi-
vidual, as is well known, forms anti-
bodies to antigens on the fetal blood
cells that were inherited from the
father; Rh disease is caused by the
mother’s formation of such antibodies
to erythrocyte Rh antigen. Our con-
cern, however, is with the leukocyte
antigens, which have been shown to
ke implicated in transplant rejection.
Clearly, the mother will form anti-
bodies only against such leukocyte
antigens as she herself does not al-
ready possess, just as only an Rh-
negative woman will form antibodies
against the Rh-positive fetus. Tt will
be equally clear, moreover, that unless
the human leukocyte antibody system
is far simpler than that of the mouse
—and there is no reasen to suppose
this = the multiparous mother’s serum
will be multispecific, containing not
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one but several antibodies, those
formed against several or all the
leukocyte antigens that the fetus has
inherited from the father but which
the mother does not possess.

To obtain a presumed monospecific
serum — one containing antibodies to
only a single antigen — the multispe-
cific serum can then be reacted against
a “panel” of leukocytes from a num-
ber of unrelated individuals. Each
individual’s leukocytes will react with,
and remove from the serum, any anti-
bodies keyed to their own antigens,
but the remaining antibodies will still
show activity against appropriate anti-
gens in other leukocytes. If this pro-
cedure is repeated enough times with
different panel members, all the anti-
bodies that can react with their collec-
tive leukocytes will have been re-
moved. What remains will be a serum
that cannot react against any member
of the panel but will still react with
leukocytes of the original immunizer
(the fetus), i.e., with an antigen (or
antigens) that it, but none of the
panel members, possesses,

The reasoning behind this can per-
haps be clarified somewhat by a much
simplified example. Let us suppose
that the fetal leukocytes contain only
three antigens that the mother does
not possess, called A, B, and C. The
mother’s serum, then, will contain
only three antibodies: a, b, and c. If
the first leukocytes in the panel con-
tain, say, antigens B, DD, and F, they
will remove b from the serum; a sec-
ond panel member with antigens C,
F, and G will extract . The modified
serum will then react with neither
member of the panel, but will react
with the A antigen in the fetal leuko-
eytes, and will therefore be defined as
a monospecific serum.

In practice, of course, the number
of antigens would be unknown but
presumably much greater than in our
example. In addition, there would be
no way of assigning particular anti-
gens to particular panel members
(had there been, the whole rigmarole
would be unnecessary). It will be
clear, likewise, that even in our simpli-
fied example it would have been per-
fectly possible to obtain a “mono-
specific” serum that actually con-
tained antibodies h, k, I, and m along
with a—assuming that the fetus
possessed the corresponding antigens
but none of the other panel members,
nor the mother, did. The “monospe-
cific” sera obtained by this method,
in other words, are defined in a purely
operational sense and, moreover, only
in terms of the particular panel em-
ployed in a given case. There are other
methods by which single antigens can
be defined, but these are equally oper-
ational and even more complicated.

The initial fruits of these involved
operational definitions can be im-
agined with no great difficulty: con-
fusion. At the Second International
Histocompatibility Workshop, held in
Leyden in 1965, some scores of anti-
sera prepared in half a dozen labora-
tories were tested against a panel of
45 individuals. No two sera gave
identical results. Happily, however,
there was enough similarity in some
cases to indicate that different investi-
gators were talking about more or less
the same thing. With this encourage-
ment, and through exchange of sera
among laboratories, work during sub-
sequent vears has clarified the picture
to the point where, in one way or an-
other, more than a dozen antigens can



now be detected and identified by sera
from a sufficient number of labora-
tories. These antigens have been given
official identifying numbers {m1-Al,
HL-A2, ete.).

The identity, however, is still a
matter of operational definition. We
emphasize this because it is altogether
too easy to fall into the trap of equat-
ing an antigen with some specific sub-
stance, e.g., a particular protein mole-
cule. To some degree this is probably
true, but how true remains to be seen.
It is a fact that proteins, e.g., bovine
serum albumin, possess not one but
several antigenic determinants. It is
also easy to imagine two different pro-
teins, each capable in theory of gener-
ating a distinct antibody, that for one
reason or another invariably occur to-
gether in leukocytes (or at least in
all the leukocytes that have thus far
been typed). With present methods,
there is no way of producing an anti-
serum to either of such a pair singly,

One Locus
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and therefore no way of distinguish-
ing them; operationally, they consti-
tute a single antigen.

There are other problems. For all
the progress that has been made in
defining leukocyte antigens, it has
now become obvious that we could
not have defined them all; to begin
with we could only test for the pres-
ence of known antigens, and therefore
had to be missing the unknown ones.
Add to that our new-found “knowl-
edge” that in addition to the serologi-
cally defined antigens, there is an-
other whole category of antigens that
cannot be detected by currently used
serologic methods, the Ilymphocyte-de-
fined antigens, which are probably
important in graft rejection. (Inci-
dentally it should be noted that in
using the term “antigens” for pheno-
typic products that do not elicit a
detectable antibody response, we may
offend immunologic purists. Neverthe-
less, it is our feeling that on a func-

Two Loci

tional basis, the nomenclature is justi-
fied.)

Mor, for that matter, can we be sure
that all leukocyte antigens (either sp
or L) play a role in transplant rejec-
tions, or, if they do, whether they play
equally important roles. These prob--
lems have stimulated further re-
searches, some of which will be re-
counted later on. Because of the
present limitations of leukocyte typ-
ing, it has proved of unequivocal prac-
tical value largely in matching trans-
plant donors and recipients among
siblings. The evidence bearing on typ-
ing in relationship to matching be-
tween unrelated donor-recipient pairs
is less definitive.

More important are the genetic
findings. Analysis of antigen patterns
in families has established a strong
presumption that all the leukocyte
antigens are controlled by a single
genetic system comparable to the
MHuC in the mouse. Confirmation of

Three Loci
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Genetics of histocompatibility in one family were elucidated, in a collaborative study
with R. Cerppr”ilii, . B. Amos, and associates, by identifying antigens of parents el
stx children, By careful analysis it was possible to identify antigen groups associated
with the two paternal alleles (ab) ane the two maternal alleles (c.d) and to show that
all patterns found in the children can be formed by carions combinations of one pa-
ternal and one maternal allele. To ilustrate: the father is positive for antigen 3, mother
and siblings A through E are negative, Sibling F is also positive. If antigen is arbi-
trarily assigned to allele a of the father, F has inherited that allele. The father is also
positive for antigen 10, for which the mother is negative. In this case, however, siblings
A-E are positive and F negative. Antigen 10 is therefore assigned to allele b of the
father, and allele b to siblings A-E. Only one possible combination —a/c — was not fownd,

Lhis I'L],'putlu:si:i. has cOme l|'n1‘mg|:'! a
quite different approach to transplant
matching, one that may turn out to
possess extensive practical applica-
tions. This technique seeks to obtain
a physiologic measure of histocom-
patibility without attempting to de-
fine the antigens imvolved.

Some years ago it was noted that
when leukocytes from two unrelated
individuals are mixed together in tis-
sue culture they stimulate one an-
other to enlarge and divide. Further
experiments showed that a mixed
leukocyte culture of cells from identi-
cal twins produces no stimulation and
that in related individuals stimula-
tion averages below normal. These
and other findings suggested that the
s L ¢ could provide a useful measure
of histocompatibility in man; this sup-
position was strengthened by the clas-
sical finding that peripheral blood
lymphoeytes can be used to sensitize
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individuals to skin grafts from other
individuals, indicating that they are
among the cells that carry histocom-
patibility antigens. They are, more-
over, known to be involved in the pro-
cess of graft rejection. In addition, it
was soon demonstrated that skin
grafts between siblings whose cells
did not stimulate in ML C survived
longer than grafts between “stimulat-
ing” siblings.

There were, however, a number of
weaknesses in the original MLc
method, notably the fact that it was
impossible to differentiate the stimu-
lus exerted on individual A’s leuko-
cytes by individual B's (which would
presumably reflect A's potential re-
sponse to a graft from B) from that
exerted in the opposite direction
{ which would prefigure B's response
to a graft from A). In 1966, we and
our associates at the University of
Wisconsin were able to develop a

technique for measuring “one-way”
stimulation. Cells from a potential
*donor” are inactivated with the drug
mitomycin C (an experimental anti-
neoplastic compound), which pre-
vents them from responding to stimu-
lation but leaves intact the ability to
stimulate other leukocytes from the
“recipient;” the latter respond by in-
creasing  their synthesis of pxa,
which can be measured through the
cells” incorporation of isotopically
labeled thymidine. As a control, the
uptake of labeled material in this sys-
tem, A B, (A active, B inactivated), is
compared with that produced in the
autogeneic A Ay system. In some cases,
notably those of siblings whose cells do
not stimulate each other, we introduce
a further control by stimulating A's
cells with inactivated cells from an-
other individual (Ax,) and by stim-
ulating these latter with inactivated B
cells (xm,). By furnishing control
levels for both A's response capacity
and B's stimulus capacity, this final
step helps exclude variations due to
technical problems.

Our hypothesis that the one-way
ML technique for measuring leuko-
cyte “compatibility™ in vitro would
prove to be a good prognosticator of
histocumpntibilt}r in vive has in the
main been borne out, but with certain
notable exceptions. Both the suppor-
tive evidence and the exceptions are,
we believe, of great importance in our
understanding of the bialogy of histo-
compatibility,

A number of studies presented to
the 1972 International Transplanta-
tion Conference very specifically ad-
dressed themselves to the question of
whether one-way mM L studies done
prior to transplantation were predic-
tive of subsequent graft survival. For
example, van Rood, Koch, and their
colleagues from Leyden showed that
one could predict the relative survival
times of skin grafts from two differ-
ent donors on the basis of M L ¢ stim-
ulation with a very high level of sta-
tistical confidence. Similarly, Kountz
of San Francisco demonstrated the re-
liability of L predictions in rela-
tionship to clinical kidney transplants
between unrelated  donor-recipient
pairs. Hamburger and his colleagues
in Paris have for years presented data
consistent with the validity of ML C
prognostication.

Evidence that the major histocom-




patibility complex system controls
both M L ¢ reactivity and the serologi-
cally defined lenkocyte antigens actu-
ally predates considerably our aware-
ness — or even our suspicion — of the
existence of the s p-LD configuration
that we now call the Mmuc. In fact,
the first hint of the complexity came
in the mid-60". Working with Amos
of Duke, we were studying families to
determine whether siblings who had
inherited the same HL-A (sD) anti-
gens would also manifest identity if
their eells were combined in the MLC
system. In the vast majority of cases,
the answer was affirmative, that is to
say brothers and sisters who had in-
herited the same serologically defined
antigens did not demonstrate M L&
stimulation. However, we found one
exceptional sibling pair. They were
identical with respect to their 5 p anti-
gens, but their cells did stimulate in
MLcC. In retrospect, this can now be
seen as the first suggestion of the
existence of what we now talk of as
L0 genes and antigens. Even then we
postulated the possible existence of
genes coding for antigens that were
not serologically detectable.

Shortly thereafter, Plate and her
coworkers found a similar case and es-
sentially suggested the same explana-
tion. But what was probably the
critical breakthrough came with the
study by Yunis and Amos not only of
a sibling pair identical for the s loci,
but of a third sibling who had a one-
allele difference for the s p antigens,
but whose leukocytes showed little or
no stimulation with those of the other
two in M LC. In other words, in this
case, the HI-A (5D) identity did not
prevent stimulation, nor did the sp
heterogeneity cause stimulation —a
bidirectional demonstration that some-
thing besides the serologically defined
antigens could govern histocompati-
bility, and that it is possible that dur-
ing the course of recombinational
events, the 5 » loci are separable from
what we now postulate to be the LD
loci. Incidentally, these findings of
Yunis and Amos have subsequently
been extended in The Netherlands by
the work of van Rood, Eijsvoogel,
and their colleagues. They have de-
scribed a number of families in which
recombinations have occurred with re-
sultant separation of 50 and LD com-
ponents of the M1 C.

These findings in man that we have
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just cited constitute immensely impor-
tant contributions to our understand-
ing of the M 1 ¢. However, because of
the obvious udvnntng-q:e: of (Iq;a_!i.ng
with inbred strains of rapidly and
controllably reproducing species, it is
work with mice that has given us a
more precise and sharply focused
view of what goes on within the major
histocompatibility complex. Let us re-
view some of that investigation now.

The first clue to us that the H-2
system had a greater-than-realized
complexity came in a collaborative
study with Bailey of Bar Harbor,
Maine. He had produced a congenic
mutant strain of the C57 Black 6
mouse in which the mutation invelved
what we then thought of as the MucC
locus; that is to say, the new Hizl)
strain was for practical purposes the
SAMeE A% t|1:: nrigin::l Htraiﬂ except for
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Histocompatibility patterns deduced in the family shown opposite are supporled by
one-way MLC tests in which leukocytes from child A were successively reacted against
inactivated cells from every other family member. Children B, C, and D, having same
genotype as A (bie), produced zero stimulation in A. Leukocytes from E and from
parenis, all of whom were deduced to have one allele in common with A and to differ
by one allele, produced moderate stimulation. Leukocytes from F, presumed to have
no allele in common with A (i.e., a/d vs b/c) produced maximum stimulation.
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an M HC difference. Bailey was able
to localize the mutation as being on
the H-2K side; and in skin grafting
experiments, there was mutual rejec-
tion of grafts between the congenic
animals in a manner consonant with a
major transplantation barrier. Work-
ing with Chary and Snell, Bailey then
tried to produce antisera to the anti-
gens responsible for rejection. But
no serologically identifiable antigens
could be detected.

When we learned of this phenom-
enon — rejection without serologic dif-
ference — we asked Bailey if he would
let us study these mice in the M1LC
system. Essentially the question being
asked of the system was whether, de-
gpite the fact that the B cells of the
mouse failed to produce antibodies to
the skin graft, the T cells in the cul-
ture would respond by being stimu-
lated. And indeed, we did find stim-
ulation in both directions, the first
firm evidence that differences other
than those detectable serologically
could lead to MLc activation. We
called these 1o differences, obviously
because they were definable by activ-
ity in T lymphocytes.

In terms of chromosomal location,
it could be said at this point that the
mutation that accounted for separa-
tion of the sp and 1D genes was to

Mumber of MLC Mixtures

1/8 1[4 1]2
Degree of Stimulation

the left of the 5s. We could not tell
whether it was within the Ir region,
between Ir and H-2K, or even to the
lefe of H-2K, that is outside of the
H-2 locus. If the last were true, there
was a possibility that we were still
dealing with differences at the H-2K
locus not detectable by our methodol-
ogy. The opportunity to test this pos-
sibility came in experiments with
Klein of Ann Arbor. In these investi-
gations, the mouse strains used were
B10.A (2R) and B10.A (4R). These
strains have a significant advantage in
that they are both derived from the
same F, heterozygote between two
parental strains, so that the exact
» H ¢ differences can be mapped. Re-
combinants within the M 1 ¢ are read-
ily recoverable. Stimpfling and other
workers were able to recover sequen-
tially recombinants between Ss and D
and between two of the Ir genes. The
segment between these two recombi-
nants could then be isolated with
assurance that it would include differ-
ences only for part of the Ir region
{ that closest to Ss), going to the right
on the chromosome but not including
H-2D. It thus appears that differences
are in the middle of the Mmu e, and
that in terms of s the animals are
identical.

The 2R and 4R mice did not reject

1 2

Composite presentation of 17 MLC experiments — in each of which the cells of a poten-
tial recipient are tested with stimulating cells from 15 to 20 different potential unrelated
donors — indicates that there is a very great variation (more than 80-fold) between the
weakest stimulating mixture, i.e., the best recipient-donor combination, and the strong-
est stimulating mixture. In each experiment the average stimulation of the 13 to 20
different mixtures is equated to 1, and the stimulation in each of the individual miz-
tures is plotted as a fraction of the average for that experiment.
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skin grafts from each other. But it
was the mixed leukocyte culture stud-
ies that produced the remarkable
results. In most MLC experiments,
whether in unrelated humans or in-
bred mice, one finds that if cells stim-
ulate in one direction, they will also
stimulate in the opposite direction,
But here, we found that 4R cells re-
sponded to 2R stimulation, but 2R
cells essentially were unresponsive to
4R cells. In the light of the mutual
tolerance of skin grafts, these MLG
results suggested to some that per-
haps the mixed leukocyte culture is
a very elegant in vitro model with no
relevance to the allograft response.

We were, understandably I think,
reluctant to accept this proposition.
Instead, with Klein, we decided to
look at another parameter of the
homograft reaction, one which inci-
dentally Simonsen, among others, had
always equated with M L¢ — the graft-
vs-host reaction, Klein injected 2R
lymphocytes into 4R animals, and
then 4R cells into 2R animals. In the
first instance, there was no response,
but in the second he was able to ob-
serve a very strong reaction which was
unmistakably graft vs host. In short,
there was complete correlation with
the M L ¢ observations. There appears
to be a region of the M HC between
the two serologically defined loci and
separable from them by recombina-
tion, closely associated with and per-
haps identical to the Ir region, the
phenotypic products of which lead to
M L ¢ activation and to graft-vs-host
reactions. These phenotypic products
are lymphocytically but not serologi-
cally definable.

The one obvious question that
arises from this is, if there are LD
differences that lead to T cell activa-
tion in the form of graft-vs-host reac-
tions, why do they not also lead to
allograft  rejection via host-vs-graft
reactions? :

S0 as not to arouse expectations
unduly, let us begin by stating that
we are not yet able to provide a def-
inite answer to the question. However,
there are some intriguing pieces of
evidence that are important in them-
selves and that provide a springboard
for some interesting hypotheses and
speculations. First, there has been the
most elegant family study in man by
Eijsvoogel and his colleagues show-
ing that with cells from siblings one
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can obtain M LC activation with an
Lb difference either in the presence
or absence of an s difference. How-
ever, if the cells were then tested in
another system, that of cell-mediated
lympholysis (cm L}, in which the
critical criterion is the ability of cells
from one individual to proliferate and
kill target cells from the other indi-
vidual, one could differentiate between
those pairs with only an L b difference
and those with both L p and s p differ-
ences; specifically, for killing, the sp
difference was needed. Schendel and
Alter in our laboratory have obtained
similar results in some of the mouse
strains discussed above.

However, Alter has also shown that
in some strains, at least, one could get
active killing, as measured in the
© M L system, without a detectable s
difference. A possible explanation for
the disparity is that there are two
types of L p loci; one results in activa-
tion of M L ¢, the other determines the
target for c M L. Be that as it may, it
seems fair to say that the phenotypic
products required to get M L C activa-
tion and those that induce cytotoxicity
are, at least in some cases, controlled
at different genetic loci, and the latter
may map with sp.

By extension, this also suggests
that in addition to the 5 o and L o loci,
the Mmuc may also include a third
component, one that provides the ge-
netic control for cytotoxicity in the
cell-mediated cytolysis system. This
may or may not be separable from s o
and could be a model, although not
likely an exclusive one, for the effector
arm of allograft rejection. ( And one
might add that at some future date
the genes functioning at such a locus
might provide the ideal target for
immunosuppression. )

If one starts from the premise that
cytotoxicity is representative of the
effector arm of graft rejection and
that its genetic controls can by recom-
bination be separated from leukocyte
activation controlled at Lo, ‘one can o  sertad” of HEA (riaked SDL wad SD2)E e eied

e : - egregant se [0 antigens {(mark -Ia -2) have been identified.
wsuahze‘ ,L:E"S pﬂ!ﬂlblllll}"-. o dlﬁﬂ-: Thegmagwlulinn of any antigen ofgmm series for the given HL-A allele will exclude the
ences within the major histocompati 2 - g
T e e for any other antigen of fﬁ.ﬂi_.rerws from that d"ei.&_. Ecﬁ_smnhmfh , these segregant

¥ o P]_ P series are shown as imaginary slides passing through imaginary slots on the chromo-
one population of T lymphocytes. At ., . e can be filled by genetic material specifying only one antigen from each
times, as in the C57 Black 6 x H(zl) group. Individual inheriting a gene for a different antigen in each series from his father
model, this population can i:"]l’ itself and mother has genes 2, 3, 8 and 12, There is also at least one LD locus {presumabliy
induce graft rejection. More often, to the left of SD-2), alleles of which are represented by letters P,Q, R, S, etc. There
these cells act as helpers required to  may be a second LD locus between SD-1 and SD-2, Alleles of this locus are represented
activate a second T cell population or by letters A, B, ete. If both LD loci exist, individual would have four antigens associated
a B cell population (a relationship with the two 8D loci, and four “antigens” for the LD loci.

LD SD-2 LD SD-1
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The experimental demonstration that mixed leukociyte culture stimulation can be
separated from cell-mediated Iymphalysis {presumably an expression of the effector
arm of allograft rejection) is depicted. If A cells are incubated with B alloantigens in
an MLC, the MLC-reactive cells will incorporate radivactive tritiated thymidine, and
when placed on a monolayer will not adhere to the monolayer cells; most of these non-
adherent cells will not be active in cell-mediated Eympﬁnfym'a. On the other ﬁuruf, O
can identify a nonstimulated, adherent cell population which possesses significant kill-
ing activity when added to target cells in the CML systen,
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perhaps analogous to the T-B cell in-
teractions deseribed by McDevitt in
the preceding chapter). This second
T cell population, controlled by an-
other M H ¢ difference, possibly at s b,
would then act to affect cell killing
and allograft rejection.

We have recently obtained some
evidence consistent with such a two-
cell system, paralleling the dichotomy
of the genetic control ever M Lo and
C M L. Several investigators have dem-
onstrated that it is possible to adsorh
cytotoxicity-mediating cells to mono-
layers of specific target cells (taken
from the individual initially used as
donor of the sensitizing cells). We
have used this principle by sensitiz-
ing cells in MrLc, subsequently ad-
sorbing the M L C-reactive cells to a
target monolayer. The results indicate
that whereas the oM L-active cells
adsorb to the monolayer, most of the
cells dividing in M L¢ (those incor-
porating radioactive thymidine) do
not adsorb and are found in the non-
adherent cell population. This work
has been done by Zier, Sondel, and
Alter here in Madison.

This concept presupposes the im-
portance of both Lp and sp differ-
ences to achieve transplant rejection.
[t also suggests that perhaps this
second T cell population might recog-
nize sp antigens and that it might
use some surface-bound immunoglob-
ulin as its receptor, a possibility that
in the light of current debate about
the nature of T cell receptors is cer-
tainly controversial. To carry on with
the speculation, it also can be consid-
ered possible that the gene controlling
the T cell receptor is actually an Ir
gene. It is clear that L genes, or at
least some of them, map very closely
with Ir genes, or at least some of
them. If Lo is Ir, and Ir genes control
molecules that are T cell receptors,
then it may be that what these mole-
cules recognize are the Ir products.

Probably one of the most attrac-
tive things about this speculation
is that it postulates a system that
would beautifully exemplify evelu-
tionarily derived biologic efficiency.
Another is that it could readily explain
the predictive value of M L ¢ with re-
spect to transplant survival. If one
needs the Lo difference to initiate the
sequence or to affect the degree of
intensity of cytotoxic reactions lead-
ing to graft rejections, and if these




reactions are directed against s p anti-
gens, then the severity of the reaction
would, given some s b difference, be
modulated largely by the degree of
activation in the mixed culture — the
stronger the reaction, the greater the
helper cell effect upon the second T
cell population. However, the correla-
tion would not be absolute since a
seeond parameter must be taken into
account. Nor can one exclude, in the
light of the fact that one can some-
times get skin graft rejections without
sn differences, that what we have
been talking about is only one of sev-
eral pathways that arrive at the allo-
graft reaction.

In the preceding discussion, we
postulated an evolutionary advantage
for the scheme we were proposing for
certain interrelationships of a1 1 loci.
Let us switch now to another concept
that also has as its teleologic rationale
selective advantage. To do this, how-
ever, it is necessary first to outline a
genetics phenomenon called linkage
disequilibrium.

Let us assume that on a given
chromosome there are two loci, A and
B, and that in a random population
each of these will be expressed by four
different forms of a trait, or four dif-
ferent alleles. At locus A, the alleles
are al, a%, a3, and a®. Similarly at locus
B. Let us further assume that these
alleles are present in the population
with equal (25%) frequency. Since
the two loci are linked, on any one
given chromosome they will segre-
gate together 995 of the time, There-
fore, if one parent is a'b! on one
chromosome and a*h? on the other,
the offspring will receive ome of the
two combinations intact 99 times out
of 100. In the random, unrelated pop-
ulation, these alleles will, given suffi-
cient time, come into equilibrium
purely on the basis of allelic frequen-
cies. If we choose ome allele of one
locus, say a', and ask how frequently
it will be found with one allele of the
second locus, b, in linkage equili-
brium, the answer will be 25% of
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the time.

However, if there is some selective
advantage to the population to have
a'b? rather than a'h®, etc., then this
combination will be found far more
often than it would without such selec-
tive advantage. This is linkage dis-
equilibrium.

With this background, one can
view from a particular perspective the
histocompatibility system as it exists
in the randomly mated population
that is humanity — Hr-a. In man
there are two 5D loci, LA and 4. And
we know that linkage disequilibrium
for these loci is common. The com-
bination of allele 1 at L A and allele 8
at 4 is disproportionately frequent, as
is the 2-12 combination, to cite but
two examples. With respect to the
MLC system, there is a fascinating
finding, first made by Sorensen in
Copenhagen and confirmed and ex-
tended in our laboratory by Segall,
which is explicable on the basis of
linkage disequilibrium between an 5 b
and Lo locus. In unrelated persons
who are identical for the 5 0 antigens
— the four antigens of the LA and 4
loci — there is less M L stimulation
than in individuals who differ for the
antigens coded at the HL-a loci. In
general, there is a correlation between
s 0 antigens and mixed culture acti-
vation. Now if one aceepts the evi-
dence that the loci that code for prod-
ucts leading to M LG activation are
separable from the 5 o loci, then there
are two explanations for this phenom-
enon: 1) sp antigens can play a
direct role in M C L activation, per-
haps only after L p-reactive cells have
been activated:; 2) there is linkage
disequilibrium not only between the
two 5D loci but also between sp
and L.

Both explanations are reasonable,
but to us the second is the more in-
triguing because of some of the things
we know about the muc, and, of
course, because of the need to ask the
question, “What is the evolutionary
advantage?”

In this context, one of the common
denominators of the loci in the MHC
is that they code for cell surface mol-
ecules, receptors and /or antigens that
are of immunoclogic significance, as
well as some molecules that do not
appear to be immunologically related,
such as the thymus leukemia antigen
in the mouse (see McDevitt, Chapter
17 ). Now, in view of the tremendous
complexity of functions subserved by
the cell membrane, the activation of
cells, general control mechanisms,
etc., it is logical to assume that there
is a nearly perfect fit among the mole-
[.Z'LI]I::5 01 1'_ha: |!'L:;'|:‘|'Lhrﬂ|ic that are cnd:}d
for at different loei within the M H C.
It may in fact be very important that
given two sp antigens there should
be certain L b antigens associated with
them for functional purposes. Keep-
ing such associations through linkage
disequilibrium could allow a series of
membrane components to work to-
gether not only to “protect” against
iatrogenic insults, such as organ trans-
plants, but also in surveillance against
neoplastic changes, the biologic pur-
pose first suggested by Lewis Thomas
for the histocompatibility system.

In entering, as we have, areas of
speculation, we should not forget that
there are still many unanswered ques-
tions with respect to the intricate sys-
tem we are calling the major histo-
compatibility complex. How closely
can we genetically isolate the L loci?
Are they restricted to the region of
the Ir loci? Are they identical with the
Ir loci? As we isolate more L Db and
more Ir loci, will the correspondence
hold? And there are many more ques-
tions. All that can be safely predicted,
other than that there is a vast amount
of work to be done, is that as our
knowledge increases we will be en-
riched immunologically by an ever-
increasing ability to foresee accurately
the fate of allografts, and we will
be enriched genetically by an ever-
increasing understanding of the con-
trols that give shape to our existence
from molecule to whole organism.
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Multifactorial Genetic Disease

C. . CARTER
Medical Research Council, Londen

Readers of this text will have noted a salient fact about the
disorders thus far described: with few exceptions, they
are either rare or very rare, with incidences ranging down-
ward from one per thousand to one in several hundred
thousand. Cellectively, these inborn errors of metabolism
and chromosomal defects constitute a public health prob-
lem of no small magnitude; individually, they are so un-
common that the average physician may practice for years,
even his entire professional life, without seeing a case.

Yet it is becoming increasingly clear that the patho-
logic and epidemiologic significance of genetic disorders
i5 far greater than might be inferred from the above. Every
physician knows of a host of conditions that, in the old
phrase, “run in families.” These range from congenital
defects such as cleft lip, pyloric stenosis, talipes equino-
varus, and spina bifida (with incidences of from one to
three or four per thousand) to diabetes, ischemic heart
disease, schizophrenia, and rheumatoid arthritis (each of
which has a ﬂmrbidi'l‘._-,r at least an order of magnitudc
greater and collectively affects a sizable fraction of the
population ).

The precise nature of the familial element in these con-
ditions is hard to decipher. Pedigree studies show clearly
that none of them is inherited in the simple Mendelian
fashion of single-gene disorders, whether “dominant” or
“recessive,” nor has evidence turned up of any simple, un-
derlying metabolic defect such as we find in the enzymatic
and similar pathologies. Nor, for that matter, are any of
them associated with detectable chromosomal anomalies.
MNonetheless, mathematical analysis of familial data {some
details of which I shall recount here) has begotten some
better-than-plausible hypotheses on the etiology of these
medically very important diseases. These can be summed
up as follows:

* The familial disorders result from the interaction
of both heredity and environment (the latter term includ-

ing, of course, the intrauterine conditions encountered by
the fetus). The relative weight of the hereditary element
varies, however, from one condition to another,

* They are multifactorial — meaning that each of them
involves a sizable number of different hereditary and en-
vironmental influences.

* Their hereditary component is polygenic, reflecting
the activity of many genes rather than one, resulting in a
continuum of genetic predisposition te the disease in
question.

* Their actual expression requires a strong genetic pre-
disposition that pushes the individual beyond the “thresh-
old of risk,” at which point environmental influences will
determine whether and, in some cases, to what extent the
individual is affected.

Let us now examine these hypotheses in detail:

The existence of both genetic and environmental factors
eMErges most Eleari:,' from studies of identical twins.
When we consider, for example, cases of congenital cleft
lip (with or without cleft palate), we find that where one
monozygotic twin is affected, the other will also be affected
four times out of ten — about 400 times the “chance” ex-
pectation, i.e., the incidence in the general population.

Clearly, there are powerful genetic influences at work
here, yet it is equally clear that genetics cannot be the
whole story — otherwise we would consistently find both
twins or neither affected. Evidently there must be differ-
ences in the intrauterine environment even of identical
twins, though it is admittedly difficult to conceive of what
these might be! The possibility that uterine conditions are
entirely responsible, i.e., that no hereditary component is
involved, is disposed of when we note that among fraternal
twins both individuals are affected only 4% of the time,
a figure that, though much greater than the chance ex-
pectation, is still no more than we find in two siblings born
at different times. Similar contrasts in incidence between
identical and fraternal twins (or siblings) have been found
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in congenital pyloric stenosis, schizo-
phrenia, and a number of other puta-
tively multifactorial conditions.

To understand the significance of
the multifactorial and polygenic as-
pects of genetic diseases, we must first
consider how these phenomena mani-
fest themselves in the normal indi-
vidual.

Many of the most basic and obvious
parameters of the human animal are
multifactorially determined. These in-
clude height, body build, basal meta-
bolism, blood pressure, and the like.
These traits are alike in having a con-
tinuous variation across a fairly wide
spectrum and in manifesting a distri-
bution described by the *normal® or

(GGaussian curve of variation, with the
bulk of the population concentrated in
the midrange and only a few indi-
viduals at the extremes. Indeed, the
existence of a continuous, normal dis-
tribution in respect to any character-
istic is the strongest sort of presump-
tive evidence of multifactorial causa-
tion. Why this is so can be seen by
considering how the normal curve can
be derived. The flipping of coins pro-
vides a good example and analogy.

A single flipped coin will abviously
come up either heads or tails { we may
ignore the remote probability that it
will land on edge ). This is equivalent
to a unifactorial situation: only one
variable is operative, and it is either
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wholly present or wholly absent. Ge-
netically it is analogous to a condition
determined wholly by a single gene,
i.e., if environment plays no part in
the gene's expression. As we know,
there are few if any genetic traits that
are quite so rigorously determined;
perhaps the best examples are the
commen blood groupings. An indi-
vidual will be A positive or negative;
there is no intermediate condition.

Consider, now, the situation where
we flip not one coin but six. The most
probable result is obviously three
heads and three tails (3H3T ). There
are, in fact, 20 different arrange-
ments which will produce this result:
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Coin-flipping probabilitics provide a model of multifactorial
causation, Bar graph showing likelihood of various heads-tails

shaped “normal” probability curve; if more coins were flipped,
the fit would be even closer. Put in medical terms, each *

"

combinations when 10 coins are flipped approximates the bell-  would correspond to a single, independent pathogenic factor.
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HHHTTT, HTHTHT, HHTTHT,
TTHTHH, and so on. If the propor-
tion shifts to 4H2T or 2H4T, the
number of possibilitics drops to 15
and continues to drop as the propor-
tion of heads to tails (or vice versa) in-
creases, until we find only a single pos-
sible arrangement that will produce
all heads or all tails. If, now, we graph
the number of arrangements cor-
responding to each possibility, rang-
ing from all heads to all tails, i.e., the
probability that any one of them will
occur, we will obtain a rough approxi-
mation of the normal distribution
curve. It will, of course, be a *stepped™
rather than a smooth curve, but one
can easily see that by increasing our
number of coins to 50 or 100 or 1,000
we can smooth the curve as much as
we choose, obtaining any desired ap-
proximation to the “perfect” Gaussian
CUTVE,

Our multiple coin situation is, of
course, a paradigm of multifactorial
causation in nature. In relation to
height, for instance, one can visualize
a set of 50 or 100 coins, for each of
which heads represents a factor tend-
ing to increase height while tails is a
factor tending to decrease it, and so
for blood pressure, intelligence, etc.

One should note that the term mul-
tifactorial does not in itself imply
anything about the genetic or environ-
mental balance of the factors. In the-
ory, one can comceive of a multifac-
torial trait determined entirely by the
environment, though no example oc-
curs to me. Nor (again in theory)
need a multifactorial trait be poly-
genic, though the two terms are some-
times used synonymously; its appear-
ance might reflect the actions of one
or two genes plus a dozen or two en-
vironmental factors. It is also possible
to imagine a multifactorial trait that
is purely polygenic, i.e., produced by
the additive action of many genes, but
without the intervention of environ-
mental factors. Here, the theoretical
possibility can be fleshed out with
some actual cases.

The first of these was discovered
by no less a personage than Gregor
Mendel. In one of his experiments, a
cross between purple-flowered and
white-flowered beans produced mauve-
flowering plants in the first generation
and a range of colors from purple to
white in the second, results that Men-
del suggested must be due to the
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Fingerprint Ridge Count

Near-normal distribution of fingerprint ridge counts in unselected population provides
powerful presumptive ecidence that multifactoriel cousation s at work,

action of more than one gene pair.
Subsequent work has turned up other
examples, in both plants and animals.

In man, perhaps the “purest” case
of polygenic inheritance is that of
fingerprint ridges. The variable here
is the total number of ridges for the
10 fingers when eounted according to
certain specified rules — a quantity
that is finally determined by the fourth
month of fetal life, so that the influ-
ence of the environment is minimal.
Its polygenic character is shown,
first, by its normal distribution in the
population and, second, by the fact
that the degree of resemblance among
relatives with different degrees of kin-
ship corresponds wvery closely to the
number of genes they have in com-
mon. Thus in identical twins, with
precisely the same gene component,
one would expect a correlation of 1.0;
the actual figure (for B0 twin pairs)
is 0.95=0.01 (even here, it appears,

environment plays a small role). For
parent and Chikl, the number of frenes
in commoen is, of course, precisely
50%:; for fraternal twins and non-twin
siblings, the average, though not nec-
essarily the individual, resemblance is
also 50%. The actual correlations,
shown in the table on this page, are
very nearly perfect within the mathe-
matical limits of the data. Numeri-
cally these correspondences are also
what one would expect in the case of
a single dominant gene, but the exist-
ence of a continuous, normal distribu-
tion rules out that possibility.

Having filled in the background of
multifactorial and polygenic causa-
tion, how do we apply these principles
to the genesis of disease? As our ex-
Ilj'np]E,, let us revert to our initial case
in point: cleft lip, with or without
cleft palate. For reasons already cited,
we assume that this condition results
from a genetic predisposition com-

Genetics and Fingerprint Ridges

Relatives | Crhserved Correlation Theoretical Coreelatiaon
Hushand-wife 0.05 = 0.07 0,00
Monozygotic twins | 0.95 = 0.07 1.00
Dizygotic twins U_,f;':'-l L.I:}DF: 7 050
Sib-sib ; 050 = 0.04 | 0.50
Farent-child 0.48 = 0.03 | 0.50 ;

Kinship patterns of rid'ge counts indicate that the causative factors are almost com-
pletely penetic. Observed correlations closely approximate the theoretical correlations
that can be caleulated from the number of genes shared by each pair of individuals,
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Single recessive-gene model fails to predict incidence patterns
in conditions such as cleft lip. Though both siblings and chil-
dren of an index case are first-degree relatives, sharing the same

bined with unfaverable environmental
(in this case, intrauterine) factors.
In principle, the predisposition could
be monogenic, resulting from the op-
eration of a single dominant or reces-
sive gene, rather than polygenic.
However, when we examine the in-
cidence patterns of cleft lip, the case
for monogenesis seems improbable.
If we assume that the genetic pre-
disposition is furnished by a single
dominant gene, we would expect that
the risk, and therefore the incidence,

of cleft lip in a particular group would
vary directly with the number of
genes which that group shares with an
affected individual. Thus first-degree
relatives (parents, children, siblings),
who average 50% common genes with
the affected individual, should show
half the incidence of monozygotic
twins, with 100% common genes;
second-degree relatives (aunts, uncles,
nephews, nieces) would have one
quarter the twin incidence, and so on.
In fact, we find that first-degree rela-
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Single dominant-gene model is equally nonpredictive. Here, in
theory, the incidence should be directly proportional to the

202

100
75
=
g so
&
o
25
=1
Index  1st Degree 1st Degree
Case  (Siblings) (Children)

number of genes with him, the theoretical incidence among the
children would approximate zero. In fact, the disease is almost
equally common in both groups of first-degree relatives,

tives have only one tenth the incidence
of identical twins (4% as against
40% ), while second-degree relatives
have less than one fiftieth the twin
incidence (0.7% ).

If we assume a single recessive
gene, we are no better off. Here, the
affected homozygous individual must
inherit the “risk” gene from both
heterozygous parents, a combination
that occurs with a probability of 2545,
and the same 25%, of course, would
apply to the siblings of the affected

100
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Case Degree Degree Degree

Index st 3rd

number of genes shared with the index case; in fact, all degrees
of kinship show a far smaller incidence than the model predicts.



individual: one in four will be at risk.

When we consider children of an
affected individual, however, we have
quite a different case, They will cer-
tainly inherit the defective gene from
the affected parent, but barring con-
sanguinity between mother and father,
will have very little chance of getting
a second defective gene — and with it
the risk of cleft lip. It would follow,
then, that the risk and incidence of
the condition in children of affected
individuals should be wvery much
smaller than in siblings of those same
individuals. Actually, it is almost the
same: in an American study, 4.3%
as against 4.6%; in a London group,
3.0% vs 3.2%.

Since the consequences of neither
single-gene model seem to square even
moderately well with the facts, let us
see what the polygenic model will do.
Here we assume a sizable number of
different “risk™ genes randomly dis-
tributed throughout the population.
We need not assume that any single
such gene is “defective,” and indeed
there are reasons [ whose discussion is
beyond the scope of this chapter) for
suspecting that many of them are not.
In combination, however, they gen-
erate o risk in the individual whose
gene complement happens to include
all, or nearly all, of them (the “thresh-
old” effect).

Since we have assumed a good
number of independent risk genes,
their distribution in the population
will form some sort of approximation
to the normal curve: most people will
possess a moderate number of the
genes (say, from one third to two
thirds of the total), a few will have
almost none of them, and an equal few
will have almost all of them — enough
to push them over the risk threshold.
How many of these actually develop
cleft lip will depend, first, on how
many risk genes they have and, sec-
ond, on how favorable or unfavorable
is the intrauterine environment., Only
some, perhaps a minority, of the in-
dividuals with a high proportion of
risk genes will develop cleft lip, but
all the individuals with cleft lip will
possess a high proportion of the genes.

Let us now consider the first-degree
relatives of the latter group. On the
average, they will have more risk
genes than the general population,
though less than the affected group.

MULTIFACTORIAL GENETIC DISEASE
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Multifactorial model, constructed as explained in text, generates incidence patterns
rcwmb[[ﬂg thoze ﬂctuﬂﬂy fﬁun{i in congcm'lu,i hl'p dislacation and many other putaﬂpﬁfy
multifactorial conditions. “Normal” curves show size of risk group in relotives of
differing consanguinity (dark color areas) compared with that in general population
{hatched areas); actual incidence patterns should, and do, reflect these proportions.
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3rd Degree
Relatives
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As multifactorial model predicts, differential incidence due to genetic factors drops
off, for all degrees of kinship, as incidence in general population increases.

Since they have, on the average, 50%
common genes with the affected indi-
viduals, their average number of risk
penes will be half way between the
average of the general population and
the average of affected individuals.
That is (to pull some figures out of
the air), if the total number of risk
genes is 10 and the average number in
affected individuals is nine, the first-
degree-relative group will average
half way between five (the mean for
the general population) and nine, i.e.,
seven.

Parents

330
Index Patient-
Fathers

+—B Daughters Affected of 337

It is possible to show that the gene
distribution in this group will approxi-
mate a normal curve, but one that has
been shifted bodily in the direction of
greater risk so that the mean (peak)
of the curve will lie half way between
the mean of the general population
curve and the mean of affected indi-
viduals (see diagram on page 203).
And because of the geometrical prop-
erties of the Gaussian curve, this*half-
way” shift in the risk direction will
far more than double the proportion
at risk, Similarly, the distribution

Children

239
Index Patient-
Mothers

<—7 Daughters Affected of 96

| | I

10 20 30 40

Percent of Children with Pyloric Stenosis

Multifactorial model postulates that where one sex is less frequently affected (here,
females), its affected individuals will transmit a higher risk to their offspring. The
incidence figures in congenital pyloric stenosis conform to this pattern.
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curve of second-degree relatives will
be shifted only a quarter of the way
toward the affected mean, third-
degree relatives only an eighth, and
so on. And when we employ these
curves to estimate the number of indi-
viduals at risk in each group (which
is, of course, proportional to the in-
cidence in each group) we find pre-
cisely the sort of figures that occur in
actual studies of cleft lip: a very sharp
drop in incidence between first- and
second-degree relatives and a much
less precipitous drop between second
and third. By the time we reach
fourth-degree relatives, the difference
from the general population ap-
proaches marginal significance. Simi-
lar patterns of inheritance have been
found in talipes equinovarus, congeni-
tal dislocation of the hip, and con-
genital pyloric stenosis.

All this highly involved ratiocina-
tion may seem a rather shaky founda-
tion on which to erect so elaborate an
etiological hypothesis. It happens,
however, that the hypothesis also gen-
erates several predictions of incidence
that can be independently tested.

1) The influence of relationship on
incidence should vary inversely with
the overall (the general population)
incidence of the disease. That is, the
higher the overall incidence, the lower
the genetic threshold can be presumed
to be, resulting in a smaller span be-
tween the genetic mean of the general
population and the mean of affected
individuals. And the smaller the span,
the less the average genetic difference
between relatives of affected individu-
als and the general population, mean-
ing that the increase in risk with in-
creasingly close relationship to an
index case will be relatively less,
though absolutely greater. And, in
fact, we find that in cleft lip, with an
overall incidence of .001, the risks for
third-degree, second-degree, and first-
degree relatives are respectively 3, 7,
anc 40 times that of the general popu-
lation, while in congenital dislocation
of the hip (in females) the overall
incidence is .002 and the comparable
risk factors for relatives are 2, 3, and
25 times the general incidence. Simi-
larly, in congenital pyloric stenosis
(males only), with overall incidence
of 005, the risk factors are 1%, 5,
and 10 times.



MULTIFACTORIAL GEMNETIC DISEASE

Postpartum freatment of infant is an encironmental factor in
comgenital hip dislocation. Condition is common in groups such

2) In contrast to the usual situa-
tion with single-gene diseases, the risk
of polygenic conditions should vary
from one affected family to another,
since it is not a matter of the presence
or absence of a single pathogenic
gene but of what one might call the
family’s average component of risk
genes. And the more individuals in the
family who are affected, the higher,
presumptively, is the risk component.
And we find, for example, that in an-
encephaly and spina bifida, where two
children in a family are already af-
fected, the incidence in subsequent
children is twice that in families
where only one previous child was af-
fected. (We may contrast this with
a single-gene condition such as cystic
fibrosis, where the risk to a child re-
mains one in four, regardless of
whether the mother has previously

borne one, two, or even three affected
children.) Again, in cleft lip we have
seen that the risk in first-degree rela-
tives is from 3% to 4%; however,
where a parent and child, i.e., fwe
first-degree relatives, are already af-
fected, the risk to subsequent children
rises to 10%, reflecting the presum-
ably greater genetic risk in the family.

3) The risk to relatives should
vary directly with the severity of the
index case; that is, the more severe
cases can be presumed to possess, on
the average, a higher number of risk
genes, with a consequent greater risk
to relatives. For cleft lip, we find that
for a child with unilateral cleft, the
risk to subsequent siblings is about
2,5%, while with bilateral cleft lip
and palate, the sibling risk rises to
6%. Similar findings have been re-
ported for aganglionic megacolon

as the Lapps, who swaddle their infants, very rare when “back
sling” holds legs flexed and abducted, as with some Chinese.

{ Hirschsprung's disease), where the
risk to siblings increases with the
length of the aganglionic segment.

4) Where a multifactorial condi-
tion shows a marked difference in in-
cidence with sex, the risk to relatives
should depend on the sex of the index
case: specifically, the less-affected sex
will presumably have a higher risk
threshold (as in 1), so that affected
individuals of that sex would neces-
sarily have a greater genetic risk fac-
tor, with a proportionately greater
risk to relatives. An example is con-
genital pylorie stenosis, with a normal
ratio of five males to one female, in
which children of affected females are
more than three times more likely to
be born with the malformation than
children of affected males.

Thus, for the cited congenital mal-
formations, at least, the predictions
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generated by the polygenic-multifac-
torial theory are consistently con-
firmed by the facts, and the case for
the theory seems better than plausi-
ble. For the common diseases of adult
life, matters are rather less clear-cut.
In contrast with the congenital mal-
formations, which are clearly defined
and unambiguously diagnosable, the
diagnosis, and in some cases even the
defimition, of such disesses as schizo-
phrenia, ischemic heart disease, and
diabetes mellitus is considerably less
than certain. Moreover, again in con-
trast with the congenital malforma-
tions, these adult diseases manifest or
fail to manifest themselves in a g'u.'q_:n
population over a span of many vears,
so that incidence figures must be cor-
rected for age, i.e., for the “unexpired
risk™ of developing the disease.

MNonetheless, such figures as are
available seem to be r.u.‘t-n:-il:-jit:]'tt with
the polygenic-multifactorial hypothe-
gis — and not I'nerf.‘lf its g‘E]'I:!.'rill fea-
tures, but some of the postulated pre-
dictions that I have already cited. In
particular, the influence of consan-
guinity on incidence consistently var-
ies inversely with the overall incidence
of the disease in question,

Ischemic heart disease is, of course,
a very common condition indeed, and
several studies have indicated that in
first-degree relatives of such heart
patients the risk of death from cardiac
ischemia or its complications (e.g.,
coronary thrombosis}) is only about
2.5 times that of the general popula-
tion. However, when we consider only
cases of early-onset ischemia (before
age 55 for men, age 60 for women),
we find a moderate, general incidence
(.015 for men, .010 for women) and
a sixfold increase in deaths among
first-degree relatives.

Rheumatoid arthritis, with some-
what greater incidence (.020 to .030),
has a fourfold increased risk in first-
degree relatives; the much rarer an-
kylosing spondylitis (incidence .002
in men, .0004 in women) shows a
greatly increased risk of 35, 10, and
5 times in male first-, second-, and
third-degree relatives respectively.
Significantly, these latter figures are
close to those we find in female con-
genital dislocation of the hip, which
has about the same general incidence.

The existence of a genetic factor in
diabetes mellitus has been known for
years, but its nature has been debated,
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with a number of investigators pro-
posing a single-gene mechanism, ei-
ther dominant or recessive, much
modified by environment. However,
both these possibilities can be all but
eliminated on much the same grounds
as we ruled them out for cleft lip.
Thus, for example, the incidence in
parents of index cases is as high as in
their siblings, when the latter are cor-
rected for age, a pattern not consistent
with recessive inheritance. We also
find consistency with the polygenic
postulate of differing risk among fam-
ilies, measured by the number of in-
dividuals affected. Thus, the risk to
siblings of a'diabetic is doubled when
one parent is also affected and in-
ereases even further if both parents
are affected. It is also significant, per-
haps, that early-onset diabetes (before
age 30}, which may be a somewhat
different disease and is certainly a
rarer one (incidence about .002),
shows a much higher {24 times) in-
creased risk to siblings.

In the case of schizophrenia, not
merely the nature but the very exist-
ence of a genetic factor has been a
matter of bitter dispute, The presence
of some sort of Familial element has
been noted since the 19th century,
and a number of studies (notably,
those of F. J. Kallmann ) long ago re-
vealed some of the incidence patterns
that I have already cited. The risk of
di'.\'i'.]nping the disease varies din"ct]}‘
with the genetic relationship to an
index case — close to 50% for mono-
zygotic twins, 10% to 15% for first-
degree relatives, perhaps 4% for
second-degree relatives. Significantly,
too, the risk to dizygotic twins was
found to be no greater than that for
other first-degree relatives. Nonethe-
less, the existence of a genetic predis-
position was attacked by many psy-
chiatrists, notably those of the ana-
Iytic persuasion (in some cases so
heatedly that one is tempted to postu-
late some form of Freudian resist-
ance! ). They insisted that the inci-
dence figures could be explained
equally well by purely environmental
causation, i.e., that the closer the so-
cial contact with a schizophrenic, the
greater the risk of developing the
disease.

Whatever the merits of this view,
it was persuasive enough to block
wide-spread acceptance of the impor-
tance of a largely genetic predisposi-

Familial joint laxity, perhaps determined
J}y a single gene, has been identified os

ﬂul:l for a gt:mrrslt'lml_ Recent Muﬂiu:’i,
however, have disposed of the en-
vironmentalists’ objections by show-
ing that in children of schizophrenics
the risk is only slightly diminished
when thi_:}' are .-j.l,;EJ;Lr.'lh,'.d from their
parents at birth and reared by normal
adoptive parents. That adoption per
se is not responsible is shown by con-
trol studies of adopted children with-
out schizophrenic heredity. Another
of our pn:-alulntes is satisfied h}r‘ the
finding that where two first-degree
relatives are affected, the risk about
doubles in both cases.

Similar findings have turned up in
the other major form of severe mental
illness, manic-depressive psychosis,
though the genes invalved appear to
be quite different from those predis-
posing to schizophrenia, i.e., an in-
creased risk of one disease does not
imply increased risk of the other.
There are indications, however, that
the genetic risk of schizophrenia is
closely related to that for the rather
looser diagnostic category of schizoid
illness, giving further weight to the
belief that both these conditions are




one of at least fwo genetic factors in the pathogenesiz of con-
senital l:r'p dislocation; it was found in a third of affected females

different manifestations of the same
underlying pathology.

Persuasive though all these statis-
tics may be, one would still like to
know more about the genetic — and
environmental — factors in putatively
multifactorial diseases before embrac-
ing this hypothesis to the exclusion of
all others. In most instances, we can
as yvet do little more than speculate.
In the case of ischemic heart disease,
to be sure, we know a great deal about
predisposing environmental factors —
cigarette smoking, diet, hypertension,
obesity, and the like. About the ge-
netic factors, however, we are almost
totally in the dark, though one might
hazard a guess that these have to do
with differences in fatty-acid metabo-
lism and perhaps also in the structure
and /or metabolism of the vascular in-
tima. Similarly, in schizophrenia the
environmental component presumably
involves certain kinds and degrees of
psychic stresses, while the g!'lu‘.t'u;
component might consist of imbal-
ances and/or abnormalities in the
nenrohumors, but the ]H't'fih:l! nature
of either remains obscure.

It happens, however, that in one
putatively multifactorial abnormality
— congenital dislocation of the hip —
we can now identify with confidence
at least some of the genetic and en-
vironmental components concerned
and even reproduce their action in ex-
]:u'r'uuvl:ﬂ:ll animals.

One of the environmental factors
concerns the treatment of the infant
postpartum. An early clue came from
studies of Lapps and certain Ameri-
can Indians. In both these racially un.
related groups the incidence of con-
,r_'":'ulll;:] I1ip dislocation is nulrke-d[}'
higher than in Europeans, and in both
the young infant is swaddled “papoose
style” — bound tightly to a eradle
board with the hips extended and ad-
ducted. (:H[i'ﬁﬂ'ﬁt‘l_’f.' hip dislocation is
reported to be low in tropical popula-
tions where the infant’s movements
are not restricted, and especially in
populations where the infant is car-
ried in a back sling with hips flexed
and abducted —this being precisely the
hip position used in therapeutic cor-
rection of congenital dislocation.

A second environmental factor is
breech  hirth, toa, been

This, has

MULTIFACTORIAL GENETIC DISEASE

and nearly three guarters of the males. Another genetic factor,
acetabular dysplasia, may be polygenic,

known for some time. A 1953 study
tound that 16% of :'l:-:15:1'||it:t| disloca-
tion |1:l.1i|'lltti were breech births, as
against 29% to 39% breech presenta-
tions in the general population. A
more recent study, which I carried out
with John A, Wilkinson, obtained the
same figure and also established that
another 8% had undergone therapeu-
tic version close to term. These two
groups add up to a quarter of the af-
fected group, and it is likely that a
sizable i}l'ilijtll'titlll of the rl.:-|:|1:1ii1{]1'1'
spent some time in the breech position
in utero but underwent Spontaneocis
version before birth. ( The length of
time spent in the breech position by
either group would, of course, provide
an additional variable.)

Az to the ;:-:'m-l'u: tactors, one of
them appears to be acetabular dys-
plasia, with incomplete covering of
the head of the femur. The depth of
the acetabulum can be estimated quite
l!':l.‘iil:'.' ane accurately in children of a
eertain age by measuring Hilgenrein-
er's angle: the greater the angle, the
shallower the acetabulum. Measure-
ment of the angle in normal popula-
tions reveals a normal distribution,
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strongly suggesting that it is itself
multifactorially determined and prob-
ably, though not certainly, polygenic
as well. The genetics of acetabular
dysplasia are hard to investigate, since
Hilgenreiner's angle cannot be meas-
ured in adults. Recently, however, Dr.
R. Wynne-Diavies in Edinburgh, using
a measure of acetabular dysplasia
more suited to adults, has shown that
children with acetabular dysplasia
are likely to have one or both parents
with the same condition.

Whatever the genetics of acetabu-
lar dysplasia, however, it is clearly
associated with congenital dislocation.
In 25% of our unilateral cases, Hil-
genreiner’s angle on the unaffected
side was more than two standard de-
viations above the norm, while in an-
other 20% it was between one and
two standard deviations.

A second and perhaps more per-
vasive genetic factor is familial gen-
eralized joint laxity. Hyperlaxity of
the joints is present in certain syn-
dromes, such as Ehlers-Danlos, Mar-
fan's, and osteogenesis imperfecta.
Maore often, it occurs alone and be-
haves in families as a dominant trait.
In extreme form (possibly correspond-
ing to the homozygous state) it is n-
capacitating, causing not only congen-
ital dislocation of the hip but also
recurrent dislocation of other joints
5|_1ch as t_i1t: :jhmlld&r, r.:lavit:le, and
patella. In milder Cheterozygous?)
form it is fairly common, being found
in about 6% of normal schoolchildren.
In our congenital dislocation group,
however, it was present in nearly
three quarters of the boys (24/33)
and about a third of the girls (18,/55).
This finding has recently been con-
firmed by the Edinburgh workers.

The lower incidence of this “pre-
disposing factor” in girls creates a
seeming problem, since, as already
mentioned, congenital hip dislocation
iz much more common in girls than
in boys, the actual ratio being at least
five to one. There must be some addi-
tional, and important, Factor in females,

One possibility would be a differ-
ence in the development of the acetab-
ulum, and in fact studies have shown
that this socket is somewhat shallower
in female infants. This difference,
however, is much too small to account
for the radical difference in the inci-
dence of congenital dislocation. A
more plausible factor is a temporary,
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generalized joint laxity in females in
the fetal and early neonatal periods.

It has long been known that such
laxity develops in women (and other
female mammals) during the later
stages of pregnancy; the process af-
fects the pelvic ligaments, those of the
anatomically adjacent hip joints, and
perhaps others as well. Its evolution-
ary significance is ohvious: it imparts
an extra elasticity to the pelvis in
preparation for the physical demands
of childbirth.

In part, the laxity is hormonal; as
early as 1926, pelvic relaxation was
induced in both mature and immature
female guinea pigs by injecting them
with estrogen followed by progester-
one. In addition, however, it depends
on a specific, ®sex-limited” property of
female ligaments, for male animals
do not respond in the same way to the
hormone injections. It seems likely,
therefore, that the special female pro-
pensity to congenital hip dislocation is
due to the special properties of female
ligamentous tissue stimulated by the
endocrines of the female fetus, (The
latter, under the stimulus of maternal
gonadotropins, secrete both estrone
and progesterone during the last tri-
mester of pregnancy. }

In babies, the significance of this
sex difference is difficult to demon-
strate clinically; however, my associ-
ate, Mr. Wilkinzon, has reproduced it
experimentally in rabbits. If the leg of
a G-to-8-week-old rabbit is splinted in
a position of hip flexion, knee exten-
sion, and lateral rotation of the leg
(the rabbit equivalent of the human
frank breech malposition) no disloca-
tion occurs in either sex. If, however,
the animals are first treated with es-
trone, followed by progesterone, the
females — but not the males — develop
generalized joint laxity and an atrau-
matic dislocation of the hip very simi-
lar to human congenital dislocation.

Thus in congenital dislocation of
the hip, we have what seems to be a
convincing paradigm of multifactorial
disease: two genetic factors — one of
them (acetabular dysgenesis) appar-
ently itself multifactorial and prob-
ably polygenic, the other (familial
joint laxity) possibly monogenic —
modified by two environmental factors
—one of them prenatal and, again,
multifactorial (the existence, timing,
and duration of breech positioning),
the other postnatal (the “swaddling

factor™). In the latter connection, it
is significant that in two European
populations studied, the incidence of
congenital dislocation ar birth was
something like four times that in the
general population. Presumably three
quarters of these infants recover spon-
taneously — but would not do so in a
culture where swaddling was the rule.
If, then, multifactorial disease is in
most cases still a hypothesis, in con-
genital dislocation of the hip it seems
to be a demonstrable fact.

Doubtless a great deal of research
will be needed before multifactorial
causation can be demonstrated in such
detail for ischemic heart disease, dia-
betes, schizophrenia, and the like.
Such research, however, can be ex-
pected to provide very important divi-
dends, practical as well as theoretical.
A clearer understanding of the genetic
risk factors would be of obvious im-
portance in genetic counseling. Al-
ready, for example, we can estimate
that if a man and a woman are both
early-onset diabetics, there is about
one chance in eight that they would
produce a similarly affected child -
not an overwhelming risk, certainly,
but one worth taking into considera-
tion when deciding whether or not to
marry or to have a child.

Long-term studies of individuals
presumed to be at high genetic risk
might well enable us to identify at
least some of the environmental fac-
tors that turn risk into disease and, to
the extent that these are controllable,
to reduce markedly the incidence of
multifactorial disorders even in the
genetically susceptible.

Finally, one might expect, or at
least hope, that ultimately the pre-
sumed genetic abnormalities can be
associated with biochemical abnor-
malities (as has already been done in
many simpler genetic disorders) — at
first in affected individuals, then in
their unaffected but genetically high-
risk kin, and eventually in the popula-
tion at large. Developments along this
line would do much to achieve what
must always be a major goal of medi-
cine: to single out the one individual
requiring special care, treatment, or
prophylaxis from the ninety and nine
who, possessing what was once called
a naturally strong constitution, will —
barring the accidents of infection or
trauma ~ thrive on little or no medical
attention.
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The Nosology of Genetic Disease

VICTOR A. MCKUSICEK
Johns Hapkins University

At first glance, the subject of nosology — the classification
of diseases — might seem to be the essence of theoretical,
academic medicine. To the practicing clinician, the ques-
tion of whether a particular pathologic constellation is
filed in the proper conceptual pigeonhole would appear as
little relevant as the subtle taxonomic distinction between
Pinus strobus and Pinus sylvestris would be to a practic-
ing lumberman or carpenter. A moment’s thought, how-
ever, will show that nosology — in medicine, if not in car-
pentry — is an eminently practical study. One need only
recall, for example, that hardly more than a century ago
such phenomena as jaundice, dropsy, and anemia were
still often classified, and treated, as “diseases™ in their
own right, rather than as symptoms consistent with many
distinct pathologic entities. Accurate nosology is obvi-
ously essential in the area of prognoesis and therapy (e.g.,
pernicious anemia versus irondeficiency anemia) , and no
less so in the field of prophylaxis, whether this concerns
recurrence in a given individual or among the population
at large (e.g., joundice due to Rh disease, to alcoholic
cirrhosis, or to infections hepatitis ).

The same considerations obviously apply to the nosol-
ogy of genetic disease. Here, however, questions of prog-
nosis in the usual sense and treatment tend to be second-
ary. In the area of prophylaxis, however —meaning genetic
counseling — it can be of key importance.

A brief anecdote will make this point clear. It concerns
a couple whose first child suffered from what the family
doctor diagnosed as the severe type of genetic dwarfism
called achondroplasia. Seeking counsel on whether to have
additional children, they wrote to a geneticist quoting
this diagnosis and noting that the condition had not hith-
erto occurred in the family of either parent. Rather injudi-
ciously, I would say, he undertook to advise them without
himself seeing the patient; since achondroplasia is inher-
ited as a dominant, he wrote, and since it had not been
previously observed in the lineage, the child in question

could be presumed to represent a new mutation — so that
the chance of a recurrence was close to zero.

Subsequent events, unfortunately, made elear that the
child did not have achondroplasia but a similar condition
called diastrophic dwarfism, which is inherited not as a
dominant but as an autosomal recessive, meaning that the
risk of recurrence was not zero but 25%. In fact, it did
recur — twice.

Beyond even such practical considerations, however, is
the fact that accurate nosology is essential to the under-
standing of disease. If we are to talk intelligently about
a disease (or any other subject) we need to be sure that
we are actually talking about the same thing, that we are
discussing the same pathologic entity. In genetic terms,
this amounts to saying that we are considering a pheno-
type resulting from a specific and unitary genetic etiology.
Certain chromosomal defects provide clear examples:
Down’s syndrome, the cri-du-chat syndrome, and some
othefs are consistently associated with specific chromo-
somal anomalies (see Hirschhorn, Chapter One) and iden-
tified unequivocally by karyotyping. A more difficult prob-
lem is posed by the so-called point mutations, whose nosol-
ogy will be discussed in the remainder of this article.
Here, present techniques do not permit us to identify the
genetic defect directly, so that its existence must be in-
ferred on various grounds — sometimes inadequate ones —
of which I shall have much more to say in a moment.

Before going into this, however, I should mention two
of the fundamental phenomena that the genetic nosologist
must cope with, The first is pleiotropism — meaning the
multiple effects of a single mutant gene. The great ma-
jority of known gene defects de not affect a single tissue
or organ and often not even a single organ system. On
the one hand, this is an asset, since it facilitates the sepa-
ration of similar phenotypes into distinct entities by “the
company they keep.” But it can also be a source of con-
fusion; since there are more mutations than organs, it fol-
lows that different mutations will not infrequently affect

211




MCEUSICK

the same combination of organs, and
often enough in at least roughly the
same way. A further source of confu-
sion arises because a given gene may
affect different organs (or systems)
to different degrees in different indi-
viduals. Thus in the Marfan syn-
drome, for example, in which major ef-
fects are on the eyes, the aorta, and
the skeleton, any one of the three may
be severely damaged with little or no
involvement of the remaining two.
Where two similar syndromes show
this sort of individual variability, the
physician may be hard put to deter-
mine whether he is dealing with an
“atypical” ‘case of syndrome A or a
“typical” case of syndrome B.

The second basic nosologic prob-
lem is genetic heterogeneity, which in
a sense is the conceptual opposite of
pleiotropism; “one from many” as
against “many from one.” Mutations
at quite different loci can give rise to
clinically very similar (in some cases,
clinically indistinguishable) disor-
ders. In some instances, not merely
the genetic locus but the mode of in-
heritance will differ; for example,
spastic paraplegia, retinitis pigmen-
tosa, and Charcot-Marie-Tooth peron-
eal muscular atrophy are inherited as
autosomal dunﬁnantrﬁ. m some famil-
ies, as autosomal recessives in others,
and as X-linked recessives in still
others. Here, correct nosology is of
obvious importance in genetic coun-
seling, but even where the mode of
inheritance does not differ, the coun-
seling implications may be important,
as we shall see.

The phenomena of pleiotropism
and genetic heterogeneity are re-
flected in two tendencies among nosol-
ogists: “lumping™ and *splitting.” In
the t!:.il:'l}" [,l:L:r'!i uf |'r'||:rdit;:|] gf:m_:t'l::_fi the
splitters tended to dominate, often as
an inadvertent result of specialization
in medicine. Thus the dermatologie
symptoms of pseudoxanthoma elasti-
cum were described as early as 1881,
and angioid streaks in the fundus
oculi were reported only a few years
later. It was not until 1929, however,
that these two phenomena were
lumped together (appropriately),
through collaboration between a der-
matologist and an ophthalmologist, as
pleiotropic manifestations of a single
syndrome.

Even as the lumpers have been cor-
recting much of the “oversplitting™ of
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“Lumping” and “splitting,” here personified by two famous U S, historical figures, are
perennial and complementary tendencies in nosology, as well a5 in zovlogical and

earlier years, a new wave of better-
founded splitting has greatly ex-
panded the list of discrete genetic en-
tities. This reflects not inadvertence
but the development of subtler meth-
ods for distinguishing phenotypically
similar but genetically heterogeneous
ccmdilimm; as 51!1‘.]1, it can be ex;m-cted
to continue.

In seeking to establish an accurate
classification of genetic disease, the
nosologist relics on three categories
of evidence: elinical, genetic, and bio-
chemical.

Clinical evidence — differences in
the phenotype —is by all odds the
least reliable category of evidence.
These differences can too easily lead
the noselogist inte circular reasoning:
having selected a particular group of
cases because of certain symptomatic
similarities, one assumes that the dif-
ferences among them represent the
“normal” range of variation for the
entity in question. In the absence of

other evidence, however, we may ac-
tually be dealing with an “entity”
more specific but hardly less hetero-
geneous than the old-time physician’s
“dropsy” or “jaundice.” Alternatively,
ONe may assume that the differences
observed reflect the existence of two
(or more) distinct entities, when in
fact they stem merely from normal
variability, in particular the influence
on the mutant gene of the rest of the
individual’s genetic complement. That
this can be considerable has been dem-
onstrated experimentally in mouse-
breeding experiments. In human be-
ings, a given mutation can express it-
self with |mlil|:!:ﬂh|1’: vurisb‘ilit}r EVEn
in sibs, where (on the average) 50%
of the genetic complement is identi-
cal. Thus in two Marfan sibs, one
may show ectopia lentis while the
other has normal eyes.

However, when other evidence of
genetic heterogeneity {(or homogene-
ity ) is present, phenotypic differences
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botanical taxonomy. The awthor's selection of the dramatis PErsaTae {Stephen A.
Douglas and Abraham Lincoln) suggests his own strong bias in faver of splitting.

begin to attain their proper perspec-
tive, and, not infrequently, unnoticed
differences emerge to serve as truly
diagnostic phenotypic features. Thus
in gargoylism (mucopolysaccharido-
sis ), for example, evidence of the ex-
istenice of an X-linked form ( Hunter's
syndrome) as well as an autosomal
recessive form (Hurler’s syndrome}
led to the finding that in the former
corneal clouding was uniformly ab-
sent, Su!mquuntlf, plmnmypic and
other evidence (e.g., that of Neufeld,
see Chapter 14) has split mucopolysac-
charidosis inte no less than six dis-
tinct entities (often called mucopoly-
saccharidosis I, T, TII, etc.).
Perhaps the commonest form of
genetic evidence comes from studies
of large, extended families (kindreds)
or “demes,” the latter being isolated,
inbred populations that are in effect
extended kindreds. The demes in par-
ticular have played a most important
role in genetic studies of all sorts;

examples include groups in the more
remote cantons of Switzerland, on is-
lands off the Yugoslav coast, and, in
MNorth America, endogamous religious
communities such as the Hutterites of
Canada and the Amish of our own
country, Twenty, or even a dozen,
cases of a presumed entity occurring
within a kindred or in a deme, where
precisely the same (ordinarily rare)
gene can be presumed to be operating,
are far more valuable in defining the
phenotype in question than twice the
number of sporadic cases. In the latter
sitnation, indeed, even the bare fact
of a genetic etiology may be in doubt.

Studies of the Amish, for example,
have distinguished two types of
dwarfism: the Ellis-van Creveld syn-
drome (a condition previously de-
scribed on the basis of occasional
cases) and cartilage-hair hypoplasia, a
“new” entity that has only more re-
cently been recognized in the non-
Amish. Both were formerly lumped

with achondroplasia, though they dif-
fer markedly from true achondro-
plasia both in phenotype and in mode
of inheritance; they are autosomal re-
cessive rather than autosomal domi-
nant. True, or “classic,” achondro-
plasia, in fact, has not been found
among the Amish,

At times, a “clustering™ of cases
can lead to the identification of a hith-
erto occult kinship. Thus a former
associate of mine studied a type of
amyloid neuropathy initially found in
11 seemingly unrelated kindreds in
Maryland and nearby states. Genea-
logic sleuthing then revealed that in
fact all 11 were descended from a
single couple that had migrated from
Germany during the 1700%. Studies
of the newly defined “superkindred”
could then define the disease pheno-
type 5|‘|ﬂr[3[}' m:lm:gh tio cﬁ_liﬁugui:-_ih it
clearly from a similar genetic entity
previously unearthed in Portugal —
while establishing its virtual identity
to a form of amyloid neuropathy dis-
covered in an Indiana kindred of
Swiss extraction.

In discussing the nosologic
relevance of consanguinity, whether
established (kindred) or putative
(deme), we have of course already
moved into our second category of
evidence, the genetic. The fact that a
phenotypically similar condition re-
curs among related or presumably
related individuals is obviously strong
presumptive evidence that we are
dealing with a discrete genetic entity,
though naturally not by itself conclu-
sive; as we all know, syphilis can oc-
cur familially but is in no sense ge-
netic, An even more gutré simulation
of genetic disease was the severe neg-
rologic condition called kuru, de-
scribed some years ago among certain
tribes in New Guinea. This initially
appeared to show all the characteris-
tics of a genetic entity, and was clas-
sified as an autosomal recessive, Sub-
sequently, however, it was shown to
be caused by infection with a slow
virus, whose familial transmission
was produced by (among other
things) religious cannibalism of dead
family members!

There are several other kinds of
genetic evidence on which the nosolo-
gist relies. I have already mentioned
differences in mode of inheritance —
dominant versus autosomal recessive
versus X-linked recessive— as a
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“Classic” achondroplasia, inkerited as @ mendelian domingnt, is @ common form of
dwarfism known for thousands of years. It is eosily diagnosed by bulging calvarium,
_-q.::.:;lrapyﬂ'-ryuf F,;ln'dil_:y {lf nose, and “trident hand” caused !?Er gaps hetiween ,I'ii:l'[{r.‘hi_
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means of distinguishing phenotypi-
cally similar diseases. However, this
particular type of evidence is intrinsi-
cally a very coarse screen, since there
are only three common modes of in-
heritance (only a very few XN.linked
dominants have been deseribed),
"l'n-'l:]i]tf t:x]:::rit*m‘.{‘ ll“l,!i !-i.hO'u'."l'l th.ﬂt not
a few conditions exist in E(]11Hi.|;14'.1';l]}]}'
more than three distinct forms. Dif-
ferences in mode of inheritance may
prove a degree of genetic heterogene-
ity but the absence of such differences
proves nothing whatever. Thus of the
IMLLCO FII::I] :.'.‘il!l,'.ﬂ']ll!!'i.[lﬂ!—it.‘!i-, [:l]'ll':-' one ]1:[5 |
distinctive (X-linked) mode of in-
heritance; all of the others are
L!':l!'l.‘i-!'lli.“.l!‘d = S :!l!1.11:‘il'||!'|:|! T{"I:'!‘!i.!i.i'l.'l":‘i,
though they can be clearly distin-
guished on other grounds. T might
add that it is ;]ﬂ'ftcl.]:.' possible in
theory (and already some evidence of
this is developing) that the X-linked
mucopolysaccharidosis might eventu-
ally turn out to include two (or more )
distinct genetic entities,

]l i!‘i FJI"I'I'I.E[!J‘E- wuri!'t II.IZZI'li.I'I!: ;[! i}'.l!i.‘i--
ing that where similar conditions are
found to be inherited in all three
modes (e.g., spastic paraplegia) we
generally find that the recessive form
i5 the most severe and the dominant
is the least severe, while the X-linked
form occupies an intermediate posi-
tion. This is of course what one would
expect. A dominant disorder severe
enough to produce early death, early
III'I{! gr:l'..'t‘. l.!iF.‘.'ll:ill‘ll'l]if‘l'lll.1 :I[]l,l or !H!Ti-
ous impairment of the reproductive
capacity will eliminate itself quite
rapidly from the gene pool, while a
I'l'(_'l:!.‘i!i-i"o'l' gene: 'II:]II_'-' []I!‘]'Hi.‘“ ft:1' ;."LEII.E'.‘TE[-
tions in the harmless heterozygous
form. An N-linked gene, which is in
effect dominant in men but recessive
in women, will fall between the other
twi.

Two other types of genetic evi-
dence, though relatively uncommon,
have proved useful in distinguishing
closely similar diseases. The first of
these concerns genetic linkage. As is
well known, genes located close to-
gether on the same chromosome will
tend to stay together during the
Herossover. :‘.IF gﬂh:iil: material in
meiosis during pametogenesis, me:an-
ing that they will tend to be inherited
tog{:thq‘r. ﬂ}' Contrast, gFenes located
on different chromosomes, or widely
separated on the same chromosome,
will be inherited independently, mean-




ing that after meiosis they will have
only about a 50-50 chance of turming
up in the same gamete. Linkage has
been demonstrated exhaustively in the
geneticist's favorite animal, the droso-
phila, and to a much lesser extent in
human beings. And occcasionally it
happens that, through intensive stud-
ies of pedigrees, a particular disease
can be linked to some other known,
and clearly distinguishable, genetic
disease or trait. Thus one form of el-
liptocytosis, for example, has been
shown to be closely linked with the

Eh blood group gene, while another

form, which is as yet phenotypically
indistinguishable, shows no such
proximity, X-linked hemophilia had
earlier been shown through other evi-
dence to occur in two forms (A and
B); subsequently, it has been found
that the A form is closely linked to
the genetic locus that determines the
enzyme glucose-G-phosphate dehydro-
genase and to those that transmit
color blindness. The gene for B form
hemophilia lies at a distance from
these loci.

Still another category of genetic
evidence comes from n]nling:‘j between
individuals suffering from apparently
identical autosomal recessive disor-
ders. Such individuals must, of
course, be homozygous for the defec-
tive gene in question, from which it
follows that all their children would
be homozygous as well. In fact, how-
ever, such matings occasionally pro-
duce not merely one normal child
{ which could conceivably be ascribed
to the rather mysterious phenomenon
known as reduced gene penetrance)
but several normals — and no abnor-
mals. The only explanation seems to
be that while both parents are homo-
zygous at a locus determining the dis-
ease, it is a different locus in the two
parents, meaning that all the children
will be heterozygous at both loci
(“doubly heterozygous™) but normal.

A good example concerns the con-
dition known as deaf-mutism or more
often nowadays as congenital deafness
( specialists in the field consider “mu-
tism” to suggest an overly pessimistic
prognosis ). This is a not uncommeon
eondition, and one in which, for obwvi-
ous reasons, sufferers are likely to be
thrown into one another's company
and therefore to marry. Yet there are
many cases in which such marriages
prudul:(: nothing but normal children.

THE MNOSOLOGY OF GENETIC DISEASE

Diastrophic dwarfism, inherited as a mendelion recessive, is one of several conditions
once lumped with achondraplasia but in faet readily distinguished from it — for ex-
ample, by clubbed feet, “hitchhiker's thumb,” and deformation of the extemal ear.
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Hurler's syndrome (above) and Hunter's syndrome {below), tiwo Demonstrated differences in their biochemistry and mode of in-
of the mucopolysaccharidoses, are not readily distinguishable by heritance (Hurler's is an autosomal recessive, Hunter's an X-linked
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It now appears that there may be as
many as 35 phenotypically identical
but genetically distinct forms of con-
genital deafness, which probably
makes this condition the current
champion illustration of genetic heter-
ogeneity,

Barring such rare genetic evidence
as that provided by linkage or particu-
lar matings, by all odds the most de-
finitive means of establishing genetic
heterogeneity is through biochemical
studies. In general, one would expect
to find a distinctive biochemical pat-
tern in each genetic disease entity; in
practice, however, the singling out of
significant  differences among the
body’s multitudinous chemical proc-
esses has too often proved an insur-
mountable task. This is particularly
true when the biochemical changes
observed are far removed from the
primary effect of the gene mutation.
Yet even here biochemistry can some-
times help us to make significant and
useful distinctions. Thus qualitative
differences in the urinary excretion
of mucopolysaccharides (M #5) helped
distinguish  mucopolysaccharidoses
III and IV from types I and II, and
from one another — though the same
technique provides only an uncertain
distinction between I and 11. In Chap-
ter 14 Dr. Neufeld carries on the
story, showing how “cross-correction”™
studies and, more recently, enzymatic
characterizations have confirmed ( but
in some cases upset) the earlier nosol-

The cross-correction phenome-
non in the mucopolysaccharidoses is
similar to that which first established
the distinction between hemophilias A
and B; bloed from either type will
correct the clotting defect in the other.

In the case of the mucopolysacchar-
idoses, we seem to be approaching the
*ideal™ situation in g‘cl‘:et'tlt dizease:
the relation of a specific phenotype to
a p“rtimﬂ::r defect in |:m}t|‘_'in S}'Ilthe-
sis, since it is here that we arrive at
the primary action of genes, mutant
or normal. A great variety of genetic
diseases has now been firmly related
to specific defects in hemoglobin syn-
thesis (see Conley and Charache,
Chapter Five), to the inactivity or ab-
sence of particular enzymes (see Knox,
Chapter Six, Hsia and Holtzman,
Chapter 23, and Seegmiller, Chapter
10), and, less firmly, to similar defi-
ciencies of the enzyme-like transport
proteins (see Scriver, Chapter Eight).

THE NOSOLOGY

Moreover, we can now clearly distin-
guish the multiple forms of, say, gly-
cogen storage disease or hereditary
nonspherocytic hemolytic anemia on
the basis of the particular enzyme that
is nonfunctional.

Even where a specific enzyme defi-
ciency has been pinpointed as the
source of a given disease, there may
remain a degree of residual genetic
heterogeneity, in the sense that the
enzyme in question may be shown,
through molecular studies, to possess
different structural defects in differ-
ent lineages. Subtle differences of this
sort have been demonstrated in two
types of hereditary nonspherocytic
hemolytic anemia, respectively due to
deficiency of glucose-G-phosphate de-
hvdmgennse and of pyruvate kinase,
and in palactosemia; they are sus-
pected or have been tentatively dem-
onstrated in several other conditions.

In many instances, these different
abnormal forms of the enzyme are
determined by alleles, i.e., genes at
one and the same genetic locus. Re-
ferred to as allelic disorders, they may
have a strikingly different clinical
picture as in the Hurler and Scheie
syndromes which are thought to be
allelic (see Neufeld, Chapter 14). On
the other hand, the eclinical picture
may be identical even though differ-
ent changes in the same enzyme are
present. Mutations of the beta hemo-
globin chain (see Conley and Cha-
rache, Chapter Five) illustrate the
wide diversity of phenotypes that can
result from change in the same gene
product: cyanosis, polycythemia, or
anemia of several different types. Con-
versely, several different mutations
can lead to the same phenotype, e.g.,
cyanosis. The group of genes leading
to change in one polypeptide chain is
referred to as an allelic series.

In merely quantitative terms, the
progress of genetic nom:ul-ug'lr can be
shown |.'|1. the !-uf("ild'l. increase in the
number of identified genetlf entities.
From something over 400 in 1958 it
has risen to more than 1,000 in 1973,
plus about an equal number of sus-
pected but not proved entities. The
increase reflects not merely the discov-
ery of hitherto unknown entities but
the splitting of known ones according
to the criteria already mentioned. It
is worth noting that even these figures
somewhat understate the diversity of
penetic disease, since they somewhat
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Multiple incidence of a disease within a
sihship is an important clue to a possible
recessive genetic etiology but is unlikely
to ocour in present-day small familics,
This fact pives a special importance to
studies of sueh groups as the Amish and
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arbitrarily lump together all defects
of a given gene locus, e.g., all beta-
chain |'L{111'|n|g;|ni'ﬁn defects,

The current tabulation of genetic
entities contains one interesting anom-
aly: whether one considers only “es-
tablished” or also “suspected” entities,
there are distinetly more dominant
than autosomal recessive conditions.
This is in sharp contrast to other
species that have been closely studied,
such as the laboratory mouse. The
reason, of course, is that laboratory
mice are closely inbred and, more-
over, have larger “families,” in which
a particular recessive anomaly is
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22240 DIAPHRAGM, UNILATERAL AGEMESIS OF

PASSARGE ET AL. (1968) REPORTED UNILATERAL AGEMESIS OF THE DIAPHRAGM IN A BROTHER
AND SISTER AND FOUMND FOUR REPORTS OF MULTIPLE AFFECTED SIBS IM THE LITERATURE.

PASSARGE, E., HALSEY, H., AND GERMAM, J.* UNILATERAL AGENESIS OF THE DIAPHRAGH.
HUHANGENETIK 5* 226-230, 1968.

TEN KATE, L. P. AND ANDERS, G. J. P. A.,* UNILATERAL AGEMESIS OF THE OIAPHRAGHM.
(LETTER) HUMANGEMETIK 3* 36E&=-367, 1970.

22250 DIASTEMATOMYELIA

IN THIS CONDITION THE SPINAL CORD IS5 DIVIODED LONGITUDIMALLY IN THE ANTERO=
POSTERIOR PLANE BY A FIBROUS 0R BONY STRUCTURE, THE CASES ARE USUALLY ISOLATED
BUT AFFECTED SISTERS WERE REPORTED BY KAPSALAKIS [196&).

KAPSALAKIS, Z.* DIASTEMATOMYELIA IM THO SISTERS. J. MEURDSURG. 21+ G6=6T,
1964,

*22260 DIASTROPHIC DWARFISH

THE PATIENTS SHOW SCOLIOSIS, A FORH OF CLUBBED FOOT BILATERALLY, MALFORMED PIMNMAE
WITH CALCIFICATION OF THE CARTILAGE, PREMATURE CALCIFICATION OF THE COSTAL
CARTILAGZS AND CLEFT PALATE 1IN SOME CASES. PARTICULARLY CHARACTERISTIC IS THE
*HITGH HIKER" THUHMB DUE TO DEFORMITY OF THE FIRST METATARSAL. THE TERM DIASTRO-
FHIC HWAS BORROWED BY LAHMY AND MAROTEAUX (1960) FROH GEOLOGY® DIASTROPHISM IS THE
PROCESS OF BENDING OF THE EARTH"S CRUST BY WHICH WOUMTAINS, CONTINENTS, OCEAN
BASINSy, ETC., ARE FORMED. CASES HAVE BEEN DESCRIBED UMDER MAMY DIFFERENT
DESIGNATIONS IN THE PAST. SEE THE CASE DESCRIBED BY HMAU (1958) IN HIS SECTION ON
*MULTIPLE CONGENITAL MALFORWATIONS AND CONMTRACTURES.® THESE CASES HAVE FREQUEMTLY
BEEN PLACED IN THE WASTEBASKET OF ARTHROGRYPOSIS MULTIPLEX COMGENITA IM HMOSPITAL
ODIAGNOSTIC FILES. HAMY CASES OF SO0-CALLED ACHONDROPLASIA WITH CLUBFOOT ARE
EXAHPLES OF DOIASTROPHIC DOWARFISH (E.G. KITE; 1964). THE FOOT DEFORMITY IS
RELATIVELY REFRACTORY TO SURGICAL TREATHEMT. LANGER (1967) REFERS TO AN ENTITY
WHICH PHENOTYPICALLY IS5 A MILD FORM OF DIASTROPHIC DWARFISM AS "DIASTROPHIC
VARIANT, * BONEY CHANGES ARE QUALITATIVELY SIMILAR BUT LESS SEVERE. SOFT TISSUE
CHANGES ARE ABSENT OR HILD AND THE CLUBFOOT IS MOT AS RESISTANT TO TREATMENT AS IN
REGULAR DIASTROPHIC ODWARFISM, CONSANGUINITY WAS WOTED IN THE REPORTS OF TAYB1
(19633 AND JAGER AMD REFIOR (1969), KNOWN TO ME ARE TWO AFFECTED WOMEN EACH OF
WHOM HMAD A NORMAL CHILD ODELIVERED BY CAESARIAN AND A S50 YEAR OLD AFFECTED MAN WITH
TWO NORMAL TEEMW-AGE DAUGHTERS.

JAGER, H. AND REFIOR, H. J«* DIASTROPHISCHER ZWERGWUCHS. Z., ORTHOP. 106* 830-
By 1969,

KITEy J. H.® THE CLUBFOOT. HMEW YORK* GRUME AMD STRATTOMN, 210-218, 1964,

LAMY, M., AND HAROTEAUX, P.*™ LA NANISHE DIASTROPHIQUE. PRESSE MED. GA&* 1977-
1940, 1950.

LANGERy, L« Ouy JAR.*™ OIASTROPHIC DWARFISH IN EARLY INFANCY. AM., J. ROEMTGEMN.
93% 399-404, 1965.

LANGERsy L+ Duy JE.* MINNEAPOL ISy HMINN.* PERSONAL COMHUNICATION,; 1967

HAlly H.* WESEN UND BEDEUTUNG DER ENCHONDRALEM DYSOSTOSEN. STUTTGART® GEORG
THIEME VERLAG, 1958. P. 108 FF.

HCKUSICK, W¥W. As AND HMILCH; R. A.* THE CLINICAL BEHAVIOR OF GEWETIC DISEASE®
SELECTED ASPECTS. CLIM. ORTHOP. 33* 22-39, 1964.

TAYBI; H.™ DIASTROPHIC DOWARFISH. RADIOLOGY BO* 1-10, 1963.
#2227T0 DIBASICAMINOACIODURIA II

OY ANAGI ET AL (19700 DESCRIBED SEVERE MENTAL RETARDATION; PHYSICAL RETARDAT ION,
MILD INTESTIMAL MALABSORPTIOM SYNODROME, AND INCREASED URIMARY EXCRETION OF LYSIME,
ORWITHINE AND ARGINIME 1IN TWO JAPANESE SISTERS WITH SECOND COUSIN PARENTS.
CYSTIME EXCRETION WAS ALWAYS WITHIN MNORMAL LIMITS. THIS DISORDER SEEMS TO BE
PARTICULARLY FREQUENT IN FINLAMD. KEKOHAXI ET AL. 11967) DESCRIBED AN AFFECTED
HALE AGE 23 YEARS AND HIS AFFECTED 15 YEAR OLD SISTER. BOTH REFUSED PROTEIM-RICH
FooO. INSTITUTION OF COW®'S HILKE AT AGE 1 YEAR RESULTED IN PROLONGED WATERY
DIARRHEA AND RETARDATION OF PHYSICAL DEVELOPHMENT. WITH IMCREASE IM PROTEINM IN HIS
TEENS THE MALE GREW BUT MENTAL FUNCTION DETERIORATED AND TYPICAL ATTACKS OF STUPOR
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much more likely to turn up in two
or more sibs and thereby rouse the
suspicion of genetic eticlogy. In most
human populations, by contrast, the
carrier of a recessive pene has a much
smaller chance of mating with another
carrier, and even where such mating
occurs, unless the offspring are fairly
numerous the homozygous “visible”
expression of the mutation may not
turn up or, if it does, may turn up as
a single, sporadic case that will es-
cape the geneticist’s scrutiny.

I have already suggested the spe-
cial importance of inbred groups such
as the Amish in revealing hitherto
unsuspected recessive disease entities.
As with the laboratory mouse, in-
breeding increases the number of
homozygotes (despite a common mis-
conception, it does not increase the
number of “bad” genes in the popula-
tion, merely the likelihood of their
coming together in a given individ-
ual). The large families common
among such groups increase the like-
lihood of multiple cases in a single
sibship, while further “visibility™ is
contributed by the spatial concentra-
tion of the lineage or deme in question,

However, the genetic isolation of
these groups itself limits their value;
unless o mutant gene is already pres-
ent it is unlikely to come in from “out-
side” (though it might, of course,
arise through spontaneous mutation ).
Delineating discrete genetic entities
in less inbred populations is a much
tougher job. Joseph Warkany of Cin-
cinnati, for example, has pointed out

Johns Hopkins' computerized master cata-
logue lists all known and suspected men-
delian diseases with supporting references;
it ix periodically published in the form of
print-out sheets like that at left. Asterisks
show conditions in which the mode of
inheritonce is definitely known.

THE NOSOLOGY OF GENETIC DISEASE

1000

oy ———

800

Mumber of Simply Inherited
(Mendelian) Genetic Defects
(¥ ]
=

400

300 ¢

2040 -

100 ¢

ol =
1959 1966 1968 1971

known [N Domnant M cocooove IR -Linked
Lncertain i | g::ﬁ:::::l - R,\::T:E:L“ ¥ -Linked

Rapid increase in number of known genetic diseases is shown by comparison of Ver-
schuer's 1959 listing with later Johns Hopking' eompilations. “Uncertain”™ category
includes mainly conditions in which only the mode of inheritance i not yet certain,

p!usr a few in which the genetic character of the disease iz still in doubt.

that among the several hundred thou-
sand inhabitants of American institu-
tions for the mentally retarded, there
must be many hitherto unidentified
entities whose isolated examples have
not yet been “pulled together” into a
clinically intelligible or identifiable
group. The problem is a matter of
what might be called information lo-
gistics — in modern parlance, “getting

it all together.”

It is perhaps appropriate, then,
that I close this chapter on a note al-
ready sounded several times by other
contributors. Continued progress in
nosology, as in all other aspects of
genetic disease, depends on the close
collaboration of investigators and
clinicians from all parts of the country
— and, indeed, the world.
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Genetic Counseling

F. CLARKE FRASER
MeGill University

Our understanding of genetic disease has expanded enor-
mously in the past 20 years, but the proportion of cases
where this understanding has led to a successful approach
to treatment is still disappointingly small. Though we
now diagnose genetic anomalies more surely, and compre-
hend their genesis and mechanics more deeply, in rela-
tively few cases can we intervene effectively to prevent,
reverse, or ameliorate their manifestations.

This means that if we are to aim at reducing the
amount of ill health caused by deleterious genes we must
aim at avoiding their transmission rather than reversing
their effects. The expanding list of known genetic anom-
alies, more aceurate knowledge of their modes of in-
heritance, and the employment of new investigative tech-
niques, together enable us to predict with increasing
accuracy the probability that a particular couple will pro-
duce an abnormal infant, and thereby reduce the likeli-
hood that such an infant will be born or even conceived.
Prophylaxis of this sort is the province of the genetic
counselor,

Genetic counseling is not a recognized medical spe-
cialty, and may never be, since its practice, strictly speak-
ing, does not require full medical training. Nonetheless,
considered in its full range, it requires an impressive
amount of specialized knowledge — far too much to be con-
veyed within the bounds of a single article. My intention
here is therefore not to turn the reader into a full-fledged
genetic counselor, but rather to deseribe the potential role
of the community physician in this area of preventive
medicine. In a sizable number of what might be called
uncomplicated genetic conditions, even the nonspecialist
can give his patients useful advice, and in other, less clear-
cut, situations he can still facilitate the work of the pro-
fessional counselor and help ensure that both the patient
and the community derive maximum benefit from the lat-
ter’s recommendations.

Before discussing these points in detail, however, it

might be well to define a number of terms that are fre-
quentl}' confused h:,.' Ia}'ln:rn and D:;{:{I:‘ii.ﬂl]a“:,‘ b}r ph}'ﬁiv
cians, These are congenital, genetic, hereditary, and
familial,

When we say that a particular disease or other somatic
abnormality is congenital we are saying no more than that
it was present at birth. Such conditions may be environ-
mentally caused, i.e., they result from injury during the
birth process or from more or less fortuitous events in
uters, such as a maternal rubella infection. Others are
genetic, i.e., caused by an abnormality of a single (mu-
tant) gene or by an excess, deficiency, or rearrangement
of the chromosomes, which may involve large numbers of
genes. Others, of course, result from an interaction of
gﬂﬂttic Ell'l{! l‘:l'.l'l.'im'l'l:n'l!\:'l!tﬂi nl‘.’.l[ﬂ]’!’i.

Some genetic diseases are congenital, others are not, or
not detectably so; the degenerative brain disease known
as Huntington’s chorea, for example, notoriously mani-
fests itself only when the individual is well into adult life.
In the case of phenylketonuria, we have a similar though
more subtle distinction: The underlying (genetic) meta-
baolic defect is congenital, while its somatic consequences
are not, developing only gradually during the postnatal
period — which is wh}' t'hf:r' can be prevented or at least
ameliorated by appropriate dietary measures.

A familial disease is simply one that “runs in families.”
It can be familial because it is caused by genes or because
it results from some environmental agent that runs in
families, such as pinworms or tubercle bacilli (though
here there is probably a genetic susceptibility as well).
Geneticists usually use the term hereditary as a synonym
for genetic, but in the older literature it was often used to
refer to diseases that appeared in parent and child through
SuCCessive gg:m*r:-tlimlrh or what we now call dominant in-
heritance.

Chromosomal anomalies are genetic, in the sense that
they involve changes in the genetic material, but if they
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Autosomal Dominant
Conditions

| Achondroplasia

Alport’s syndrome ( hereditary
nephropathy with deafness )

Aniridia

Acute intermittent porphyria

Hereditary hemorrhagic
telangiectasia

Multiple intestinal polyposis

:"rl:.'ul-:nﬁc d}'stmph}*

Neurofibromatosis

And, of course, any condition
showing a Mendelian domi-
nant pattern in the family
concerned

Autosomal Recessive
Conditions

Adrenogenital syndrome
Albinism

Ataxia-telangiectasia

Cystic fibrosis

Cretinism, familial goitrous
Homocystinuria
Laurence-Moon-Biedl syndrome
Niemann-Pick disease
Phenylketonuria

Riley-Day syndrome (familial
dysautonomia )

Sickle cell anemia

Tay-Sachs disease (infantile
amaurotic idiocy )

Werdnig-Hoffmann disease
(progressive spinal muscular
atrophy )

Sex-Linked Recessive
Conditions

G-6-PD deficiency

Ectodermal dysplasia, anhi-
l drotic type
Hemophilia A
Hemophilia B
Duchenne muscular dystrophy
Lesch-Nyhan syndrome
Nephrogenic diabetes insipidus
Ocular albinism
X-linked ichthyosis
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are severe enough to kill or sterilize
the affected individual they are not in-
herited, i.e., passed from parent to
child. The same is true of dominant
mutant genes. But it is quite possible
for a chromosomal anomaly to be in-
herited. For instance, though most
cases of Down’s syndrome (trisomy
21) are sterile, several cases are on
record of a female with Down's syn-
drome passing her extra chromosome
on to her child, which of course was
similarly affected. And in the case of
one very uncommon form of the con-
dition, in which a somatically normal
parent possesses the chromosomal dis-
order in which the two number 21
chromosomes are attached together (a
21-21 translocation ), trisomy 21 will
occur in all the offspring (there is at
least one tragic case of such a couple
producing five successive children
with Down's syndrome ).

The import;mc-e of these distine-
tions will be seen as we examine the
situations in which the physician may
be asked to provide genetic counsel-
ing. By far the most common is the
case of the couple who have produced
a child who is born with or soon de-
velops some disease not obviously en-
vironmental in origin. The couple will
of course want to know the cause of
the problem, but usually with particu-
lar reference to the probability of its
recurrence: “Should we have another
baby?" Less often, the physician or
counselor may be consulted by an
adoption agency concerning a child's
suitability for adoption in the light of
a family history involving mixed
“racial” ancestry or putatively heredi-
tary disease, or perhaps by individuals
contemplating marriage. Thus, cousins
may want to know the risks of con-
sanguineous marriage, or a young
woman or (less often) man may be
concerned about the family history of
a prospective partner.

It is worth noting that in most of
the latter cases the physician may find
himself dealing with what one might
call the folklore of genetics, notably
the myth of the “throwback.” I recall,
for instance, a young man who
planned to marry a girl one of whose
grandparents had pronounced ne-
groid characteristics. She herself,
however, reflected this ancestry only
in a slightly darker than average skin.
His parents objected violently to the

match on the basis that their grand-
children might be black “throw-
backs.” Again, there was the case of
a couple that contemplated adopting
a child with some American Indian
ancestry but were concerned because
they believed that all Indians go ber-
serk at the slightest exposure to alco-
hol — and that the child might have
inherited this mythical genetic trait.

At the risk of telling the reader
what he already knows, I should make
clear that the “throwback” theory is
pernicious nonsense. With parents of
different “racial® backgrounds, the
children may resemble one parent
more than the other in certain char-
acteristics, but are most likely to be
intermediate between them. And in a
Megro-Caucasian mating, specifically,
the children will in no case be darker
than the dark parent —or, for that
matter, lighter than the light one.
Finally, without going into the al-
leged “average” intellectual inferiority
of Negroes one can say simply that a
man's intelligence cannot be meas-
ured by his skin color and that there
is no evidence that Negro ancestry
influences a child's 1Q— either way.

Abandoning mythical for scientific
genetics, one notes that the common-
est question of genetic counseling -
“Will it happen again?™ —is also,
from the physician's standpoint, the
simplest. He is confronted not with
the possibility that something might
go wrong but with the certainty that
something has gone wrong — specifi-
cally, a deformed or diseased child.
Assuming that the damage can be
traced to genetic causes, these will fall
into one of two categories: chromo-
somal aberrations, which can usually
be identified and defined by cytoge-
netic studies of the child and (if nec-
essary) the parents, or one of the
mnn}; point mutations that produce
the inborn errors of metabolism and
various other sorts of diseases and de-
fects. Many of the latter can be diag-
nosed unambiguously by symptomatic
and physiologic criteria; the former,
by contrasts, are as a class a good deal
more variable in their somatic mani-
festations. For this reason, among
others, they are best referred to a spe-
cialist in human cytogenetics, who
can undertake the necessary cytologic
studies and interpret their results in
terms of any risk to future children.

Assuming that the problem can be



clearly identified as a point mutation,
however, referral may well be unnec-
essary. Most of the genetic errors that
occur with reasonable frequency, and
so are likely to be seen by the com-
munity physician, are inherited in one
of only three ways: as autosomal re-
cessives, a5 sex-linked recessives, and
as autosomal dominants. For each
mode of inheritance the risk to a sub-
sequent child is known, as the ad-
jacent illustrations show.

The most common among these
three forms is autosomal recessive in-
heritance, found in phenylketonuria,
sickle cell anemia, cystic fibrosis, and
a host of other conditions. Here, frank
disease is found only in individuals
homozygous for the mutation in ques-
tion as the result of having inherited
the mutant gene from both parents.
Each parent, then, can be presumed
to be heterozygous for the mutant
trait, assuming that neither of them is
affected, so that the chance that a
second child will be homozygous is
one in four. These odds, of course,
apply to any child of such a couple, a
fact that sometimes needs emphasis
in discussing the problem with the
parents, since some people are under
the impression that since they have
had one affected child the “law of
averages” will ensure that the next
three will be normal. In fact, it is per-
fectly possible, though unlikely, for
the couple to produce four affected
children in a row.

Considerably less common is sex-
linked rtecessive inheritance, notori-
ously found in hemophilia, the Du-
chenne type of muscular dystrophy,
and more than fifty other condi-
tions. Here the mutant gene is located
on the X chromosome {no pathologic
mutation is known for the Y chromo-
some ) and expresses itself almost ex-
clusively in males. The male infant
with a single X chromosome (re-
ceived, of course, from his mother)
will carry only a single set of “X
genes,” and if one of these is defective
the defect will certainly manifest it-
self somatically. On the other hand,
the female infant who inherits a mu-
tant sex-linked gene from her mother
will ordinarily inherit the normal
form of the same gene on the X
chromosome she receives from her fa-
ther (assuming he himself does not
manifest the disease ), so that she will
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Autosomal Dominant Conditions

Cﬂumﬂing 15 reia.!iuﬂy a‘impis in autosomal dominant disorders, pmcfded the
diagnosis is unambiguous, because of the unambiguous relationship between
affected parent and affected child. If neither parent is affected, the affected child
probably represents a new mutation, and parents can be assured there iz little
risk fo future siblings. However, if the condition is known fo skip a generation
occasionally, or has a variable age of onset, the counseling must be more cautious.

Cne Parent Affected
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OO e ©

50% of offspring affected
regardless of sex

75% of offspring alfected
regardless of sex

Autosomal Recessive Conditions

In autasomal recessive conditions, the presumption following the birth of an
dﬂt‘b‘f&'l‘i child is that both parcnls are carriers; fﬁey weonld be advised in counsel-
ing that the risk that ¢ second child would be affected is 1:4. Because of the re-
cessive nafure of the condition, an affected individwal cannot produce an affect-
ed child unless the other parent is a carrier, but all hiz offspring will be carriers.

Both Parents Carriers Cine Parent Affected
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¥ of offspring affected
100 carriers

2545 of offspring affected,
50% carriers, regardless of sex

Sex-linked Recessive Conditions

Cuum‘efing in X-linked dizorders r.r.sur:r"y turnsg on whether the mother i a car-
rier. If she has two or more affected sons, or one affected son and an ufeﬂ-wd
male relative (brother, father, maternal uncle) she must be considered a carrier.
A single affected son, howeeer, may represent either a hitherto oceult mutation
in the mother's ancestors or d new metation; sometimes special tests of the mother
can settle. this point. When the mother's carrier status is known and diagnﬂ.ﬁ:fs is
unambiguous, counseling can wsually be given by the community physician.
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Fedigree of family affiicted with congenital aniridia shows a
typical pattern of autosomal dominant inheritance. Thearetically,
individuals manifesting the disease should produce offspring 50%

usually be clinically normal, though
she can still transmit the disease to
her own sons, Thus, where a family
has produced a son manifesting a sex-
linked disease or defect, for example,
hemophilia, the mother may be a het-
1'1':1::].'[;::1,15 for the mutant
gene; if the disease has also turned
up in one or more of the mother’s male
relatives (her brothers, brothers of
her mother or of her mother’s mother,
sons of her sisters or of her mother’s
sisters, etc.} the probability becomes
a near-certainty. Any future sons she
produces will then have a 50% chance
of hemophilia; her daughters will be
quite safe, but will have the same
50% chance of being carriers.

If the first hemophiliac child is ap-
parently unique in the family tree,
however, the genetic situation is a
good deal less certain. It may be, of
course, that the mother inherited the
mutant gene, but that simply by luck
it failed to manifest itself among any
of her male relatives, in which case
the risk would still be 50%. Alterna-
tively, however, the affected child may
represent a de novo mutation in one
(or a group) of the mother's oocytes,
in which case the risk for the sibs is
virtually zero. Unfortunately, we can-
not now distinguish between these
two situations, and to tell a woman
that the risk is “somewhere between
zero and 509" is hardly satisfactory.
The best one can say is that the
greater the number of unaffected male

carrier
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relatives in a hitherto hemophilia-free
family, the lower the probability that
the mother is a carrier, and this prob-
ability can be caleulated (using Bayes-
ian algebra) by the counselor.

It is worth noting, by the way, that
in an increasing number of genetic
diseases, both sex-linked and anto-
somal recessive, it is now possible to
determine whether a *suspect” indi-
vidual is or is not a carrier (see
Mellman, Chapter 16, page 157). The
tests  involved, however, are soffi-
ciently specialized so that the physi-
cian will almost certainly prefer to
refer his patient to a eounseling center
with experience in this work.

Some sex-linked conditions — those
that do not lead to early death or inca-
pacitation — can be passed on through
the affected father if he begets chil-
dren despite his infirmity or prior to
its development; one such disease i5
sex-linked choroideremia, an eye dis-
order. Here the genetics is very sim-
ple indeed. The sons, who receive no
¥ chromosome from their father, will
be normal both somatically and genet-
ically, while the daughters, though
without wisual defect, will certainly
be carriers and, as such, will transmit
the disease to half their sons.

The most easily identified of the in-
herited pathologies are those with au-
tosomal dominant inheritance, found
in Huntington’s chorea, “lobster-claw™
deformity of the hands, and many

v @F (Heterozygote Affected)

of whom are affec
fected here are 30% fn the first gencration of offspring, 54% in
the second, and 50 in the third.
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other conditions. Here only a single
mutant gene is required to produce
frank disease, so that the identifica-
tion of carriers is normally not a
problem. An affected individual with
one normal parent is presumably het-
erozvgous for the mutant gene, and
the chance of its being transmitted to
his offspring is one in two. Normal
members of the family are likely to
be genetically normal once they have
passed the age of onset. Some of these
conditions, however, occasionally
“skip” a generation, meaning that due
to “reduced penetrance” they will be
transmitted through an apparently
normal carrier.

Thus far I have said nothing about
the so-called multifactorial diseases,
which are produced by a combination
of several genetic and environmental
factors; they include most cases of
cleft lip and palate, diabetes, schizo-
phrenia, and other conditions hoth
common and uncommon. In this area,
the basis of inheritance is still poorly
understood, though progress is being
made (see Carter, Chapter 19, page
199); the probability of their occur-
rence in a given situation is estimated
entirely from empirical data for that
particular situation. For these rea-
sons, such problems are best left to
the specialist.

The same is true of even the point
mutations in cases where the genetics
are less clear-cut, e.g., where the
problem is mot an actual diseased



child of a given couple but of puta-
tively menetic disease elsewhere in the
family — for instance, Huntington's
chorea in a grandparent or muscular
dystrophy in a cousin. Assessment of
the probabilities in these and similar
cases, e.g., problems of adoption or
incest, may involve the compiling of
an extensive Family pedigree and the
drawing from it of inferences that are
often both complicated and tenuous.
Special tests may also be required.
The community physician (unless he
has made a scientific hobby of human
genetics ) will doubtless prefer to turn
over the problem to a professional
counselor who may be able to reduce
some of the uncertainties and is at
least accustomed to them.,

I should emphasize, however, that
even in these cases the contribution of
the community physician need not,
and should not, be limited to mere re-
ferral. Before going into these aspects
of the matter, however, I should like
to mention some aspects of the “un-
complicated” cases in which the com-
munity physician himself undertakes
to offer advice,

The first point, which should go
without saying, is to be sure of the
diagnosis — in particular, to make sure
that the problem in question is really
of genetic rather than environmental
origin, This is particularly true with
such pathologic catchalls as “mental
retardation,” which, as we well know,
can result from a great variety of

causes. [ think, for instance, of a
young woman patient justifiably con-
cerned about having children because
a brother and two first cousins were
apparently mentally retarded. How-
ever, investigation revealed that the
brother and one of the cousins both
had shown signs of cerebral damage
from hypoxia at birth (the former had
been born prematurely, the latter by
cesarian ), while the other cousin had
been hospitalized for coma and paraly-
gis after a severe fall; his actual 10,
only 85 after the accident, subse-
quently rose to 108, though the fam-
ily still considered him “retarded.”
Awareness of these environmental ca-
tastrophes changed the young wom-
an's genetic prognosis from discour-
aging to reassuring, and her children
were in fact quite normal.

Second, there is the problem of
“genetic  heterogeneity.” Clinically
similar diseases may show different
patterns of inheritance — fr._]r 'tnﬁtmh;:r,
there are two types of mucopelysac-
charidosis that resemble each other
quite closely, but one shows auto-
somal (Hurler's syndrome) and the
other sex-linked recessive inheritance
( Hunter's syndrome ).

Once the physician has arrived at
a prognosis, in terms of the probabil-
ity that the couple will produce an-
other diseased child, he needs to be
as sure as possible that they under-
stand just what the risk means. Obvi-
ously, different couples will react in
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different ways to the same risk, and
not always in the ways one expects.
An obvious variable is the severity of
the disease involved; generally speak-
ing, people are willing to take a rela-
tively high risk if the possible disease
is mild, while being unwilling to take
even a small risk if it is severe. And
subjectively, at least, diseases causing
slow, progressive debility or a perma-
nent handicap may be regarded as
more severe than those leading to
early but rapid death.

The counselor must keep in mind
that the parents’ reactions to their
child’s disease may be quite different
from his own. A recent follow-up
study turned up a woman who, told
that she had a 5% risk of bearing a
second cleft-lip child, avoided preg-
nancy for years and underwent an ille-
gal abortion when she accidentally
became pregnant, a course that most
of us would consider overreaction. In
contrast was another woman who,
having taken a one-in-four chance of
bearing a second albino child and
lost, expressed the wish that I had
presented the facts more forcefully
and “really laid it on the line” concern-
ing what having a second such child
would mean, becanse she understood
the arithmetic but not the reality.

My own tendency over the years,
I am bound to say, has evolved toward
a more rather than less directive ap-
proach in giving genetic advice. I do
not think the physician should go so
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In “lobster-claw” deformity, as in some other autosomal domin-
ant diseases, inheritance patterns may be confused by “reduced
penetrance” of mutant gene, whereby a few individuals possess-

—

ing it are somatically normal. Arrow shows man in first genera-
tion who, though apparently normal, must have possessed the
gene, since both his brother and six of hiz children were affected.
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far as to say “Thou shalt not,” but
where the risk is serious and the pos-
sible consequences severe, it seems to
me perfectly proper to say the equiva-
lent of “Now be quite sure you have

sally thought about what another de-
fective child would mean, in terms of
the specific problems that would be
encountered.” And if the parents ask
me “What would you do?” I am pre-
pared to say that putting myself in
their shoes as best I can, I would or
would not, as the case may be, take
the chance.

Finally, we should be aware that
both the demand for genetic counsel-
ing and the options available to the
counselor and his patient are almost
certain to increase as the result of two
developments: changing attitudes to-
ward early interruption of pregnancy
and new techniques for detecting
genetic disease, or the possibility of
it, in utero (see Dancis, Chapter 24,
lncre::saing]:.-, the ;}h}-‘:-j'l:;.ian will be
asked not merely “Should 1 have
another child?™ but *Should 1 have
this child?" In some cases information
obtained through amniocentesis ean
help provide an answer. Suspected
chromosomal disorders have been de-
tected through examination of fetal
cells, and certain enzymatic defects
also seem to be detectable, although
sometimes more elaborate techniques
are required. In the case of sex-linked
diseases, determination of the sex of

the embryo (which can be reliably
done by cytologic techniques) will at
least narrow the possibilities, even
when the disease itself cannot be
identified in utero. A woman carrying
the hemophilia gene, for example,
might well choose abortion of a male
fetus, which has a 50% chance of
being diseased, while carrving to term
a female, who at worst would be a
carrier.

Where termination of pregnancy
is possible and legal, the physician
would do well to acquaint himself
with attitudes and procedures at the
hospitals where the procedure might
be undertaken, lest he raise Ffalse
hopes in his patient. Even in places
where abortions are legal, or legal
under certain circumstances, some
hospitals, for one reason or another,
drag their feet on approving them; in
others, mere bureaucratic paperwork
may have a similar effect. A case in
point (though amniocentesis was not
involved ) is that of 3 woman who had
borne one hemophiliae son and, de-
spite attempts to employ birth control,
a secomd one, as well a5 a normal
daughter. In desperation, she applied
to a hospital for a tubal ligation, but
by the time they had approved it she
had been forced by another pregnancy
to change her application to one for
abortion. The hospital committee re-
fused the application on the grounds

that the admitted 25% risk of yet
another hemophiliac child was “not
sufficient” to justify the procedure; the
woman is now the mother of three
hemophiliacs.

The medical profession, T believe,
must face up to the fact that in the
area of genetic disease, at least, pre-
ventive medicine in some cases will
mean the prevention of birth and in
others the prevention of conception by
surgical means. It seems to me highly
deplorable that in so many places laws
or professional attitudes still make it
difficult to obtain abortion or steriliza-
tion when parents, on reasonable
grounds, decide they do not want to
take the risk of bringing a deformed
or diseased child into the world.

Let us turn now to cases in which
the physician has referred his patient
to a professional counselor. There are
three areas in which his assistance can
be valuable. First, there is the simple
matter of making sure that the coun-
selor gets a complete record of the
referring  physician’s  observations,
along with the results of any tests that
have been made — this in the interest
of saving everyones time and the
patient’s money.

The second area lies more in the
p.-s:,:r;hw:-h:g‘u; than in the 5tril;t|_1_|.r medi-
cal field. Giving genetic advice, as can
be imagined, is always a delicate
business, and doubly so in the case of
the professional counselor, who will
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Further uncertainty in autosomal dominant inheritance patterns
ety occur when the disease manifests itself relatively late in life,
as with Huntington's chorea (pedigree above). Two individuals
ine first and secomd generations are not known to hove suffered
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from the disease, thongh all must have carried it. The reason may
have been either reciced peactrance of the gene or their death
hefore symptoms became manifest (one is known to hace died at
age 34). Numbers indicate additional unaffected individuals.




probably have seen the patient only
once or twice before. His efforts can
often be more diplomatic if there is
information on the family back-
ground. For instance, the presence of,
or the possibility of, a diseased child
in the family is a fertile source of
marital discord; occasionally the re-
sult is an actual breakup. Often
grandparental attitudes are important
and may influence the parents’ atti-
tudes, especially if the condition is
such that it can be *blamed™ on one
or the other side of the family. To the
extent that the referring’physician can
alert the counselor to sensitive areas
of this sort, the latter’s dealings with
the patient can be more tactful and
therefore more effective.

The third area is that of follow-up,
both of the patient and {on occasion)
of the relatives. So far as the patient
is concerned, this should initially be
done by the counselor himself, who
can thereby check on whether his
advice has been understood and also,
by ascertaining what people actually
do about his advice, improve his pro-
fessional art. IF, however, a second
interview by the counselor is im-
practicable, e.g., for geographical
reasons, follow-up by the referring
physician in a week or two is desir-
able, if only to check tactfully on his
patient’s comprehension (he should,
by this time, have received a copy of
the counselor’s advice). I have known
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cases where parents have somehow
converted a counselor’s opinion of
three-to-one odds for a normal child
to three-to-one against, And subse-
quent follow-up, with support and
reinforcement, is often a wvaluable
resource to the family that their phy-
sician can supply much better than
the counselor.

Certain kinds of genetic findings
— notably those in the areas of sex-
linked recessive and autesemal domi-
nant disease — will impl:.' a risk not
merely to the patient being counseled
but also to certain of his or her rela-
tives. On occasion, the mere fact of
an adverse genetic finding in one
member of a kinship will stimulate
other members to seek counseling
themselves, which is of course all to
the good. Often, however, these “sec-
ondary cases” for one reason or an-
ather fail to show up, which poses a
serious dilemma for both the coun-
selor and the referring physician. On
the one hand, where the findings
identify an individual who is unknow-
ingly at serious risk of bearing a dis-
eased child, someone surely has the
professional responsibility of warning
her. On the other hand, anyone at-
tempting to exercise this responsibil-
ity, be it the counselor, the referring
physician, or some third party such
as a public health nurse, stands a good
chance of reaping the usual reward
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for the bearer of unsclicited and un-
welcome advice: resentment.

I know of no simple solution to this
dilemma; whatever steps are to be
taken must, I think, be worked out in
each case, preferably by consultation
between the referring physician and
the counselor. Often an approach
through the secondary case's own
family physician, assuming he can be
identified, will be effective. But clear-
ly somebody must do the job, and the
counselor and referring physician be-
tween them are probably in the best
position to determine who that some-
body should be,

The importance of this secondary
follow-up, as well as some of the prob-
lems that it can invelve, is shown by
the case of a woman whose son was
found to be suffering from sex-linked
choroideremia, which produces a pro-
gressive loss of vision. Investigation
revealed that she had inherited the
trait from her father, who was ‘tﬁl:t":..'
blind as a result of the disease, yet no
one had warned her that she was cer-
tainly a carrier. Her sister, too, is
certainly a carrier but still dees not
know it—and the two are not on
.ti.pq':tlciﬂg Lerims.

Given the probable increased de-
mand for genetic counseling, the com-
munity physician, particularly if he
practices outside a large metropolitan
area, may well wonder whether it
would be worth while to set up coun-
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In many sex-linked diseases, the carrier status of a given woman
can be ascertained only by inference from pedigree patterns. In
this “classic” hemophilia pedigree, one woman (arrow) must be
a carrier, since her brother and two sons are affected; the same

is true of one daughter and (by a different line of inference)
of her mother. Her other surviving rfaugh.rrr, her gmnddﬂ'rrgilrer,
her sisters, and their danghters may or may not be carriers; there
i3 M0 Loy of being certain one way or the other.
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In some sex-linked diseases, carriers can be identified biochemically as well as by
pedigree patterns. This pedigree for Duchenne muscular dystrophy reveals two women
as obligatory carriers. Of five other possible carriers, whose genetic status was left
uncertain by the pedigree, two (arrows) showed abnormally high lecels of the enzyme
ereatine phosphokinase and are therefore deemed to be carriers; those with normal en-
syme levels are likely, but not certainly, noncarriers.,

seling services in one or another of the
local hospitals. In fact, the require-
ments of such a service are not very
t'.]:tl',t[:uratc.

A basic requirement — we are now
discussing counseling beyond the "un-
complicated™” level discussed above —
is a laboratory that can undertake cy-
togenetic studies, both sex chromatin
and chromosomal, If a hospital pos-
sesses such a laboratory, or wishes to
establish it for other purposes, the
only other requirement is a person
with the interest and competence to
acquire the necessary background and
to engage in coun_l;::ling on a purt—timu
basis. (To my knowledge, there are
at present no full-time genetic coun-
selors even in established centers;
most of them are primarily engaged
in research or teaching or both.) The
counselor might be an internist or
pediatrician interested in medical ge-
netics, preferably one who could
spend several months, at least, at
some existing counseling center. Al-
ternatively, he might be a Ph.D. in
genetics, preferably human genetics,
resident in the community (such indi-
viduals are not uncommon in aca-
demic towns), though here 1 would
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consider a period of experience in an
existing center virtually obligatory. I
know of one such arrangement in one
of our smaller Canadian towns, where
the wife of a local doctor, with a de-
gree in human genetics, does counsel-
ing in conjunction with the local hos-
|1i‘ti'||. Facilities for h!{md-gmuplnp"
and biochemical screening tests
should alse be available, More special
diagnostic procedures are provided in
a number of centers, such as those
in the National Genetics Foundation’s
counseling and treatment network.
The National Foundation — March of
Dimes, 800 Second Ave., N.Y., N.Y.
10017, makes a directory of coun-
seling services available on request.

It will be obvious that the contin-
ued growth of knowledge plus the in-
creased availability of counseling ser-
vices to apply that knowledge can do
much to reduce the incidence of ge-
netic disease. Some experts go fur-
ther, feeling that we may even
manage to reduce the incidence of
pathologic genes in the population. To
me, this forecast seems premature,
but there can surely be no doubt that
genetic counseling can obviate a great
deal of physical and mental suffering.

In conclusion, I might mention a

couple of instances demonstrating
that even the serious, and occasion-
ally somber, business of genetic coun-
seling has its lighter side. A colleague
of mine, for example, cites the case of 2
young albino man who wanted to know
the likelihood of his children being al-
bino. Since his fiancée was neither al-
bino nor related to him, he was told
that the chance of her carrying the
gene for this autosomal recessive con-
dition was about 1%, and the chance
of a child being albino was about one
in 200, Curiously, this apparently re-
assuring advice seemed unwelcome to
him. It was then suggested that an
examination of the fiancée (by trans-
illumination of the iri:-i}l might 'hglp
determine if she was in fact a hetero-
zygote, but he strenuously resisted
this proposal. After further discus-
sion, he admitted that not he but the
fiancée was pressing the case for mar-
riage and that he had hoped to use
the counselor’s opinion as an argu-
ment against the match!

A second case concerns a young
Worman 1'::'tt'L¢nt of mine whose first
baby showed an unusual combination
of malformations. Since her husband’s
brother (who had married a cousin)
had produced tweo similarly defective
children, she was naturally concerned.
Though I could not {and indeed still
cannot) identify the disease with any
known genetic disorder, there was ob-
vinuﬁ.l}' at least a 13r¢.~mmplim| of ap-
preciable genetic risk.

Subsequently, she had a second
child who, when 1 examined him in
the hospital, turned out to be beauti-
fully normal. On my visiting the
mother to {:nngr:ilulal-t |'|t".r, I became
aware that she seemed wholly unsur-
prised at the infant’s n:}rrnalil:;, and
in fact had a certain complacent
gleam in her eye. On impulse 1 asked
her whether there was anything she
wanted to tell me; with a laugh she
replied “I think you already know!™
I didn’t, but on further conversation
it appeared that she had emploved a
procedure that might be labeled n1p
~ Natural Insemination Donor — and
had even chosen the domor for his
physical resemblance to her hushand.
This is certainly one solution to some
of the problems posed by genetic
disease, though hardly to be recom-
mended by even the most sympathetic
counselor or physician!




Mass Screening for Genetic Disease

ROBERT GUTHRIE
State University of New York, Buffalo

It is now some five years since mass screening of neonates
for phenylketonuria became routine throughout the United
States. The tests have been made legally mandatory in 43
states and are carried out voluntarily in the other seven,
thereby covering an estimated 90% of the 3.5 million in-
fants born annually in this country; similar measures are
under way in at least 15 other nations. All told, these
screening programs add up to perhaps the most extensive
exercise in preventive medicine since the development of
polio vaceine.

Given a public health effort of this magnitude, a review
of the results would be appropriate in any case. But such
a review seems especially desirable now, in the light of
some current efforts to discontinue screening programs
under the guise of a misconceived “economy.” In fact, as
1 shall demonstrate, PE U .‘jt_:rt!!:l!i.l'lg’ has proved itself not
merely a medical but also an economic success, figured
in the most hard-nosed budgetary terms: the ounce of
prevention that saves an expensive pound of amelioration.
It is also, as we are learning, a prototype of other mass
screening programs that can pay more modest, but no
less real, medical and economic dividends in the prevention
of genetic disease,

The first test for P KU was, of course, the well-known
“blue-diapar™ test, which depends on the reaction between
ferric chloride and the phenylpyruvic acid in the urine of
an affected infant. With the aid of this procedure, a num-
ber of cases of PR U were detected. These were treated by
means of a low-phenylalanine diet, with results that were
somewhat equivocal but encouraging. However, this test
was unsuitable in many ways. First, it usually gave posi-
tive results at best no earlier than about a month after
birth, owing to the delay in rise of serum levels of phe-
nylalanine to the point where its metabolic product would
show up in the urine; thus there was reason to suspect that
by the time treatment could be initiated the infant might
already have suffered some degree of irreversible brain
damage. Then, its success as a mass screening device de-
pended heavily on the cooperation of untrained or inex-
perienced individuals - parents, public health nurses, etc.

— who would have only the most general notion of what
to look for, since their chances of ]'l.:n"lj'lg seen another
case of this rare l;v:nldiﬂm'l WeErE rémote.

In the late 1950's, my associates and I were asked to
run tests on serum phenylalanine levels to monitor the
dietary treatment of two K U patients, Dissatisfied with
existing procedures, which were cumbersome and costly,
we devised the bacterial inhibition test, which is neither.

This procedure employs cultures of Bacillus subtilis in
an agar medium. Normally, this organism is capable of

Automated screening for PKU and other inborn metabolic dis-
arders begins with the arrival by mail of blood samples like those
shown above; on a recent Thursday a total of 137 arrived at the
New York State health department’s laboratory in Buffalo.
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Filter papers co ntaining the blood samples are placed in machine
for punching (left); one dried blood spot wyields four discs (as
shown at far right), each of which is positioned by a suction

synthesizing phenylalanine {which it
requires for growth), but if the me-
dium contains the compound gB-2-
thienylalanine, an analogue of phenyl-
alanine, essential  metabolic
process is blocked, so that the bacter-
ium cannot reproduce. When a filter-
paper disc impregnated with serum or
blood from an affected individual is
placed on the medium, however, the
exogenous phenylalanine diffuses into
the medium, producing a zone of
growth surrounding the disc. H}- ap-
propriately adjusting the concentra-
tion of the inhibitor, the test can be
made sensitive over virtually the entire
range of expected |:}:cn3,-!afaninn con-
centrations, the width of the zone of
growth being proportional to the
amount of phenylalanine present,
Since (as was soon determined ) the
serum or blood did not need to be
fresh, the test could be :Lpplig:d On @
mass basis, with samples processed in
batches at central locations. There
wis a consequent gain in both reliabil-
ity and economy, an advantage al-
ready suggested by trials with urine-
impregnated filter papers. Further
modifications involved using standard-
ized discs, mechanically punched from
the impregnated paper, and spores of
B. subtiliz, rather than the organizsm
itself, for “seeding” the medium. This
“instant™ culture technigue obviated
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the sterile procedures previously
needed to maintain the culture and
perform the test.

It is this test that has become the
standard method used in nearly all
PFKU screening programs. [t has
proved itself accurate, quantitative,
and I‘fliah]ﬁ, a%s :m:.- test t!:::i'tgnﬂl to
screen for a rare disease must be. As
might be expected, its widespread use
has taught us a good deal about ¢ K U
itself. In most Furopean and Ameri-
can populations, # K U incidence turns
out to be about one case per 10,000
births, implying a gene frequency
(allowing for consanguinity) of some-
thing less than one per hundred of
population. Though this incidence is
low, it i.la—.-jlgn'lﬁcuntl}', I think—a
good deal higher than previous esti-
mates based on urine testing. One
might note, incidentally, that both
Ashkenazic Jews and (especially)
Afro-Americans appear to have an un-
usually low incidence of rKu.

The fact that the test is carried out
in the immediate postnatal period (3
to 5 days in normal infants, 5 to 8
days in prematures), in addition to
making possible more timely treat-
ment, has sharpened our awareness
of the potential significance of par-
ticular phenylalanine levels. Origi-
nally, a level of 20 mg% or more
was considered dingnusticT but the

[

device in a separate dimpled fray (center) for testing. Another
spot is punched for trays confaining agar medium (trays of this
type can be seen at the technician's right). Twelve tests are made

discriminatory level has steadily been
lowered to the point where now the
test 15 50 adjllﬁt{'d as to pir.]-i. out all
infants with levels exceeding 4 mg%s.
A test this sensitive can be ::xp[::_'.lﬂ!
to turn up many “positives,” and in
fact we find that we can expect to
retest 30 to 50 suspicious cases to
turn up one actual case of P K v, None-
theless, the extra sensitivity is justi-
Fll!"f.!, since it has become apparent that
there is no sharp correlation between
inherited lack of the enzyme phenylal-
anine hydroxylase (the fundamental
biochemical defect in » K v) and actual
serum levels of the amino acid. OF all
infants with the enzyme defect, as
determined by phenylalanine loading
tests, some 25% maintain phenylal-
anine serum levels of between 8 mgETe
and 15 mg% on a normal diet — levels
that would once have been considered
benign. Some investigators believe
that infants with these low levels do
have a genetically variant form and
are not at risk for retardation (see
Hsia and Heltzman, Chapter 23 ).

Of course we cannot be certain that
these infants would grow up retarded,
since the only conservative {and ethi-
cal}) course is to limit their phenylal-
anine intaku as if ﬂ"ll:"!." wWere I""[_',.‘|.'|nir.,:£1|"
PEU cases. But it is significant that
studies in Germany, Austria, Den-
mark, Scotland, and the U.5. of men-
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possible by the three samples. Four are
routine: for phenylalanine, leucine, methi-
enine, and tyrosine,
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tally retarded populations have turned
up a significant number (25% of
persons with elevated phenylalanine
levels) of individuals with serum
levels in this low range — levels, inci-
dentally, at which phenylketone does
not show up in the urine, suggesting
that a more accurate term for the
disease would be phenylalaninemia.
We don’t know how high the levels
were in these individuals in infancy.
There is evidenee that a drop in phen-
:,'Iu]unine levels occurs in piu:n:,.'lk::-
tonurics as they get older.

My own fn.riing is that infants in
whom phenylalanine levels of 6 mg%
or greater persist for two weeks after
the initial test, and in whom the find-
ing of phenylalaninemia is confirmed
by more precise technigues such as
chromatography, should be considered
at least provisional r K U patients and
placed immediately on a low-phenylal-
anine diet. This conclusion is based
not merely on the general desirability
of giving any disease prompt treat-
ment but on what we know about the
nature of KU specifically. It is gen-
erally believed that most if not all the
pathologic effects of phenylalaninemia
derive from inhibition, by the abnor-
mal concentrations of this amine acid,
of cellular uptake of other equally
essential amino acids, with resultant
growth retardation Because of its
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extraordinarily rapid expansion in the
p::ustnntal pi.'riu{l, ‘t]'n: brain is the matn
and perhaps the only “victim® of this
growth limitation. It follows, then,
that any delay in treatment beyond
the minimum |u::riu(| Hecessary for a
confirmed diagnosis risks brain dam-
agre; it is durillg the first few months
of life that the brain most
rapidly.

It iz possible that in some of these
marginal cases the patients may not be
true P KU sufferers but may be mani-
festing a different variant, an idiosyn-
cratic |1]'I|:I'|J.'|;1l:l:11i|b::[!'1i;| that seems not
uncommon among  young infants.
These cases, however, can be elimi-
nated by periodie monitoring of blood
pi1ﬂ11}']:l|3[l1l]ﬂ levels, which on a low-
phenylalanine diet could be expected
to drop below normal (roughly 2
mg% ) as the transient disturbance
subsides. And un’lrﬁluring is of great
importance in any event, to check on
the effects of the dietary regimen.
Here, as elsewhere, we are learning
that overtreatment, resulting in hypo-
phenylalaninemia, may be quite as
damaging as undertreatment. More-
over, clinical experience has demon-
strated that individual requirements
for phenylalanine among PRU pa-
tients vary greatly; one child may
require three times as much dietary
phenylalanine as another to maintain
the same blood level. The difference,
uplla_l‘c]‘ltl}'. 15 in the rate at which the
amino acid is metabolized and ex-
creted by alternative metabolic routes.

Monitoring is no more difficult than
the initial screening. Indeed, it does
not even require the infant’s being
brought te a clinic or physician’s of-
fice, since the mother can quickly be
taught how to take a blood specimen
in a standard filter-paper blank that
can be mailed to the testing center.

Given prompt, individualized, and
carefully monitored treatment along
these lines, there is every reason to
hope for a favorable outcome, in the
sense of producing a normal, healthy
child and adult. There has been much
debate among pediatricians and medi-
cal geneticists over what constitutes
a rational prognosis in ¢ K v, based on
the undoubted fact that treatment has
seemed much more effective in some
children than in others. My own belief
iz that much or all of this variability
can now be accounted for, first by
variation in the time when treatment
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was instituted, and, second, by the
variations just cited in the “minimum
daily requirement” of phenylalanine.

Whether early treatment, adjusted
to the individual’s metabolic needs,
will prove successful in all cases re-
mains to be proved; these sophisti-
cated modalities have been employed
for only a few years, so that long-term
studies of such patients do not yet
exist. It cam be said, however, that
several such studies have now passed
the five-year mark, and that in all
cases the 1Q of the children falls into
a normal distribution. Moreover, the
incidence of behavioral disturbances
such as hyperactivity, which are a
conspicuous feature in some (though
not all) cases of untreated P K U, seems
no greater than normal.

The prospect that most or all PR U
patients will grow up into essentially
normal individuals, however, raises
another health problem that will re-
quire attention: prenatal or “maternal”
phrnrﬂ:|l:iniu{~mi:l. Physicians have al-
ready accumulated a limited amount
of t'.x[wriﬂn:r with this ccmditicm,
owing to the fact that a small but
significant fraction of untreated PR U
patients are of normal or low-normal
intelligence — i.e., not so retarded as
to require institutionalization and
therefore (if female) not unlikely to
]Jﬂ{ﬂl'lll{" IJI'EgTI.:LnL

The majority of infants born to
such mothers show severe retardation
even though their (postnatal) serum
phenylalanine levels are normal. Not
infrequently we find evidence of more
serious prowth disturbance, such as
microcephaly, which is seldom Found
in “ordinary™ p K u. The obvious pre-
sumption is that they have been dam-
aged by high phenylalanine levels in
the mother’s blood. The amino acid
crosses the placenta, and studies of a
pregnant monkey in which phenylal-
aninemia was induced h!.-' means of a
special diet have shown that levels of
the compound were even higher in the
fetus. The equally obvious conclusion
is that during pregnancy the mother
should be put on a low-phenylalanine
{ﬁl,'.t, and this has hm:ﬂ f]ﬂt‘n:. in several
cases (see illustration on page 235)

Evaluation is complicated by the
fact that a minor fraction of infants
born to P KU mothers show no intel-
lectual impairment, One source of this
apparent anomaly may well be the
previously cited “marginal” cases in
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Newborn Screening Tests! for Inherited Abnormalities

Dispase Tast Substance Test Automared | Treatehle
Phenylketomuria Phenvialanine BIA? - el
Maple Syrup Urine

Disease Leucine Bla - >
Tyrosinemia
{ transient and permanent ) | Tyrosine BlA o %
Homaeystimuria Methionine BIA ¥ »
Histidinemia Histidine BlA » »
Valinemia Valine MBIA® ol ke
Galactosemin
Transfernse or Kinase
Deficiency Cialactose MBIA or [ [
Coliphage
:I"mnﬁl'cms: Deficiency Galactose
only Uridyltransferase Beutler Partly -
Argininosuccinic Aciduria | Argininosuccinic
Acid Lyase EA* v b
Orotic Aciduria Orrotidine-1-phosphate
Decarboxylase EA > L2
Hereditary Angioneurotic
Fdema Cl Esterase Inhibitor | FST® Partly | No
Emphysema ( adult)
Liver Disease (infant) a-Trypsin Inhibitor FST Partly | Nao
Sickle Cell Anemia Hemoglobin Electro- Partly | Palliative
phoresis only
1 Usinng drivd Dlond spot filter poper specimens 2 Bacterial Inkilition Asay

3 Metalolite Bacterial Infiliition Assay
5 Fluorescent Spot Test

which the mother’s serum phenylal-
anine approaches normal levels; cer-
tainly in one case where all the
children were of above-normal intel-
ligence, the mother’s serum phenylal
anine was found to be only 10 mg%.
It is also not unlikely that variations
in fetal enzymes are involved here.
We now know, contrary to earlier
beliefs, that the enzyme phenylalanine
hydroxylase is manufactured prena-
tally in the fetal liver, but there is
doubtless appreciable variation in the
time when that enzyme becomes mani-
fest. Accordingly, there must be varia-
tion in the degree to which it can pro-
tect the fetus by metabolizing the
exogenous (maternal) phenylalanine.

Be all that as it may, it is clear that
with some hundreds of FPRU cases
being detected and treated annually,
the population at risk of prenatal
phenylalaninemia can be expected to
rise rapidly as the “first generation”
of screened and treated girls reaches
childbearing age. The low-phenylal-
anine diet will probably be discon-

232

4 Enzyme-Awsotroph Bacterial Assmy

tinued at puberty or (usually ) earlier,
both for practical reasons and because
it may be found that phenylalanine
has only minor effects, in most cases,
after brain development is completed.

In principle, prophylactic dietary
treatment of pregnant pKU patients
should not be particularly difficult or
expensive — provided the patients are
known. This points up the importance
of long-term follow-up of these indi-
viduals — many of whom may be to-
tally unaware that they suffer from
what would have been, if untreated,
an incapacitating metabolic defect.
What we have here is a problem in the
logistics of medical information: how
does the physician, knowing that his
patient is at risk of producing an ab-
normal child 10 or 20 years from
now (by which time she may well
have moved a thousand miles away},
ensure that she and/or her then phy-
sician have the information needed to
avert the risk? The answer is certainly
not a simple one — but it is relevant
not merely to PEU but also to other

genetic diseases, to the extent that
they too are correctible and liable to
affect the patient's offspring.

Considering only the United States,
well over 3,000,000 neonates are now
being screened for ¢ K U annually; this,
at a generous estimate, represents an
outlay of something like $10 million
a year. Compared to the tens of bil-
lions consumed annually by the De-
fense Department, or even the billions
expended on space programs and
superhighways, this is pretty small
potatoes, but it is still big enough to
draw the eyes of state legislators and
budgeters secking “frills™ whose elim-
ination can reduce the admittedly se-
vere current demands on their funds.
The first attempt to discontinue pK U
screening occurred in Illinois two
years ago, and though it was beaten
back by the efforts of parents and
physicians, similar attempts can be
expected as the budgetary pinch on
state governments grows tighter —
which it seems likely to do over the
next few vears at least.

It is therefore necessary to say flatly
that — and I choose my words care-
fully — discontinuance of ¥ K U screen-
ing would represent not merely medi-
cal but also fiscal irresponsibility of
the grossest sort. The detection and
treatment of one case of PEU repre-
sents an outlay (assuming it is the
outcome of 10,000 screening tests,
each costing 50¢ to $4.00 in the U.5.)
of up to $50,000; but failure to de-
tect that case means a child that must
almost certainly be institutionalized
for the rest of its life, representing an
outlay of at least $250,000 ( this as-
sumes an average life span of 50 years
and an annual expenditure for cus-
todial care conservatively estimatable
at $5,000). The $250,000 figure in-
cludes no allowance for the future
earnings of the treated case, or of the
tax income from such earnings. It does
not allow for the suffering experienced
by the parents of a permanently re-
tarded child — which is not, in any
case, quantifiable in terms that are
likely to make sense to a budgeter. We
are not talking here about human
values but purely economic ones:
whether it is better to spend $50,000
now or five times that sum later.

There is, for that matter, good rea-
son to expect that the $50,000 figure
can itself be somewhat reduced. One
approach to this is through the use of




automated test equipment, of which I
shall have more to say in a moment.
However, to get full value from this
apparatus, testing must be done on a
large scale: a minimum of 25,000
births a year. This constitutes a power-
ful argument for regionalization of
screening programs; given the validity
of tests based on dried blood spots,
which can be mailed in to the testing
center, there is no good reason why
any hospital should find it necessary
to carry on its own, small-scale,
screening program. The centralized,
consolidated programs also possess
advantages from the standpoint of
staff morale. A program r._:n'l.-'cring unl}'
a few thousand births per year can
easily run for several years without
turning up a single true case of PR U,
soo that the personnel involved may
acquire the feeling they are engaged
in a1 pointless exercise. When the
screening load reaches the level of
50,000 or 100,000 per vear, however,
the expectable number of cases will
provide tangible evidence that the pro-
gram is performing a valuable prophy-
lactic function.

It would be misleading, however, to
suggest that the cost of screening 1s
likely to be markedly lowered by even
the most rational organization of these
programs. The main cost factor is,
and will remain, the actual gathering
of specimens and the necessary follow-
up on positive tests; the actual proces-
sing is a relatively minor item. Au-
thorities in New Zealand, for example,
find that with automated equipment
the entire testing load — some 50,000
New Zealand births per year, plus
several thousand others mailed in
from various Pacific islands — can be
easily handled by one person, whose
work includes preparing and “seed-
ing” the culture trays, placing the test
discs on them, and reading the results.
The economics of mass screening will
eontinue to rest, as they do now, on
the demonstrated fact that prevention
is cheaper than nonprevention.

The automated equipment grew
out of the finding that the inhibition
assay procedure can be adapted to the
detection of several other hereditary
aminoacidemias simply by varying the
inhibitor dissolved in the culture
medium. These conditions include
valinemia, tyrosinemia, histidinemia,
homocystinuria (in which we test for
methioninemiz), and maple svrup

MASS SCREENING FOR GENETIC DISEASE

uring disease (leucinemia). With
automation, all these tests plus the
phenylalanine test can be carried out
at no more cost than the latter alone,
unautomated.

The machine, called a punch-
indexer, handles test specimens in
batches of 56. It automatically punches
out four Ya-inch discs from each speci-
men blood spot and transfers them to
predetermined locations on four dif-
ferent culture trays, each containing
a different inhibitor — in each case, of
course, the same spatial location for a
givq‘n 5[1&:1“1:;11. The testing array 15
completed with four control dises, one
in each corner, as a check on uni-
formity of the medium, and a row of
up to 12 control dises across the cen-
ter of the tray, which contain blood
{taken from the “expired” bottles of
a blood bank) loaded with several
standard concentrations of the amino
acid in question. In P KU testing, for
example, we use dises with normal,
2, 4,6, 8, 10, 12, and 20 mg%; since
exch of these produces a growth zone
in the culture of differing width, any
positives in the test specimens can be
approximately quantified immediately
by visual comparison with the range
of control discs.

Much the same mechanized pro-
cedure can be used for large-scale test-
ing to unearth other metabolic defects,
though the biologic and chemieal
rationales differ somewhat. Galacto-
semia, for instance, can be detected
by the metabolite inhibition assay test,
here employing a mutant strain of
E. celi. ("The principle for this test
was suggested by Dr. Kenneth Pai-
gen, Roswell Park Memorial Insti-
tute, Buffalo, N.Y.) This organism
has the same metabolic defect as
human galactosemics, so that galac-
tose (or galactose-G-phosphate, in an-
other form of the disease) accumu-
lates in the cells, inhibiting growth.
The diameter of the “zone of inhibi-
tion” (as opposed to the “zone of
growth” in the tests described earlier)
is proportional to the amount of galac-
tose in the specimen disc. The same
test can detect valinemia, since E. coli
growth is inhibited by waline also.
Galactosemia of one type can also be
diagnosed by the Beutler test, which is
chemical rather than biclogic and
measures  enzyme activity directly
rather than the accumulation of an
unmetabolized substrate. The Beutler
test involves a reaction between the
enzyme galactose uridyltransferase,

Chief technician Emerson Barr examines agar tray that, affer incubation overnight,
shows one positive PKU result requiring follow-up of the infant. This can be seen in
ot 3 from top; “hale™ surrounding dise indicates that phenylalanine in blood sample
prevented the usual inhibition of prowth of B. subtilis by the g-2-thienylalanine present
in medium. Row 4 containg control dises with known concentrations of phenylalanine.
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Shown above are results of additional bacterial inhibition assays.
Trays at left were tested with phenylalaning (top) and tyrosine
{below; positive can be seen in row 5, below control discs; each

present in normal erythrocytes, and a
synthetic substrate, the product of
which is fluorescent. For the test,
blood-specimen discs are placed, by
the same machine, in “dimples” in a
plastic tray, each of which serves in
effect as a miniature test tube for the
reaction. A solution of the substrate is
added and, after incubation, a failure
to fluoresce points to enzyme-deficient
cells.

Direct assays of enzyme activity
are generally considered superior to
assays of the enzyme substrate, since
they measure the metabolic defect
itself rather than its consequences.
Unfortunately, however, enzyme as-
says cannot be performed in PKU,
since the enzyme in question is found
only in the liver. Several other inborn
errors, however, resemble galactose-
mia in that the *missing™ enzyme is
a normal constituent of erythrocytes,
and is not destroyed by drying, so that
its presence or absence can be detected
in blood-spot samples.

Two of these tests, developed by
Dr. William Murphey in our labora-
tories, are of the Enzyme-Auxotroph
Assay type, employing mutant strains
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of B. subtilis. One strain, for example,
requires exogenous arginine for
growth; it cannot produce the amino
acid from a medium containing the
substrate argininosuccinic acid. Mor-
mal erythrocytes, however, contain the
enzyme argininosuccinic-acid lyase,
which liberates arginine from that
substrate, permitting the organisms to
grow. If the organisms fail to grow,
the enzyme is absent from the speci-
men, which is to say that the indi-
vidual suffers from argininosuceinic
aciduria. A similar test with a dif-
ferent bacterial strain can detect ab.
sence of orotidine-1-phosphate  de-
carboxylase, which is the underlying
defect in orotic aciduria. Altogether,
some 20 different enzyme activities
can be detected in dried blood from
normal neonates by one or another
means. For most of these there are
as yet no known instances of con-
genital absence or inactivity of the
enzymes involved, so there has been
no attempt to adapt the tests to mass
sCreening.

In addition to clinical conditions
produced by enzyme deficiencies, there
are also conditions resulting from a

tray corner also has control dise). Trays at right show (top) tests
of leucine (for maple syrup urine disease), with no positives, and
{below) methionine (homocystinuria, one positive in row 4 ),

deficiency in an enzyme inhibitor. Re-
cently, Dr. Murphey has developed
two simple and accurate fluorescent
spot tests, applicable to the dried
spots of blood, for inherited deficien-
cies of enzyme inhibitors. One of
these, inherited as a Mendelian auto-
somal dominant trait, is hereditary
angioneurotic edema, associated with
a deficiency in C1 esterase inhibitor.
Although several hundred cases have
been listed in the literature, mass
newhborn screening reveals it to be a
very rare condition. The second con-
dition, ¢-l-antitrypsin deficiency, in-
herited as a Mendelian recessive trait,
appears to be more frequent, since it
can be associated with at least 1% or
29 of all cases of emphysema (see
Sharp, Chapter 13), and, moreover,
with infantile liver disease. Its true
frequency remains to be determined,
since routing screening of newborns
for this condition has only just begun.

It is likely that other enzyme de-
ficiencies exist but are sufficiently un-
common to have thus far escaped de-
tection. Alternatively, such defects
could be not uncommon but associated
with little or no impairment of physio-




logic function. This appears to be the
case, for example, in many or most
types of glycinuria, several cases of
which have been discovered accident-
ally in the course of other, unrelated
investigations. Because clinical and
rescarch attention has, for obvious
reasons, been focused on pathologic
errors of metabolism, we have doubt-
less overlooked many anomalies whose
functional effects are obscure or be.
nign. Yet I believe that with increas-
ing knowledge it will become clear,
as Garrod suspected more than 60
years ago, that pathologic inborn
errors are in fact only exaggerations
of the innate chemical differences
present in all of us,

Recently, a practical method of
using the newborn dried blood spot
{or specimen) in mass screening for
sickle cell hemoglobin and other hem-
oglobin variants has been developed
by Dr, Michael Garrick in our labora-
tory. This method uses discs punched
and placed by the punch-index ma-
chine in the dimples in the plastic
dimple-tray. These discs are then
eluted in the dimples, after which the
eluates are used for electrophoretic
separation of hemoglobin bands in
cellulose acetate strips. A follow-up
procedure, using agar electrophoresis,
can differentiate the s A heterozygote
from the ss homozygote. Using this
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procedure, filter paper specimens for
the PRU test can be screened by a
laboratory already performing mnlti-
ple tests on the specimens at a mate-
rial cost of £0.03 per specimen. The
capital investment for equipment is
less than $1,000 to acquire the capa-
bility for screening up to 100,000
specimens per year.

This screening procedure is the first
one to be developed by our laboratory
that permits detection of the “carrier”
heterozygote by mass screening. It is
also the first procedure developed any-
where, to our knowledge, that permits
detection of S hemoglobin in the new-
born infant by mass screening, in spite
of the presence in such specimens of
more than 90% fetal hemoglobin. Be-
cause of the recent increased interest
in prevention and treatment of sickle
eell disease within the United States,
it is hoped that this test will receive
a large-scale trial in the near future.
During the past five years the
screening  laboratories collaborating
with me have demonstrated that, with
automation, six to eight of the tests
described above can be carried out at
little inerease in cost over the single
PRU test, providing a sufficient vol-
ume of specimens are available. The
minimum is approximately 25,000
per year; increasing volume further
reduces the cost and produces other

advantages. For these reasons, we
have recently been proposing develop-
ment of model, or demonstration, “re-
gional™ centers for inborn errors of
metabolism.

By “regional” program, I mean, first
of all, one in which a sufficient number
of newborn specimens are screened
daily to permit application of those
methods of automation already routine
in a number of laboratories for the
purpose of carrying out at least 8 of
the 13 tests available.

Even more important for such a
program is close and continuous liai-
son between the screening center and
the medical follow-up and manage-
ment of the cases detected in screen-
ing. Several programs with these fea-
tures have been developed in the past
few years in Europe and in New Zea-
land. In fact, although approximately
24 multiple-test laboratories, using
four or more of my tests on the dried
spots of blood collected for PrRU
screening, have come into existence
since 1964, almost all of these are lo-
cated in other countries except for the
original four in the U.5., which have
been working with me as part of a
joint collaborative effort. However,
the health departments of Ohio and
}far}«'land rl:_:l,:r.‘ﬂﬂ}' purchased punch-
index machines and have now begun
multiple testing. This occurred as a
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That control of phenylalanine levels in the pregnant PEU woman
can ward off mental retardation in her offspring is indicated in
records above of patient reported from Dublin by Allan and
Brown. This patient had borne three children observed in school
to be mentally retarded; her urine was strongly positive for phe-
nylketones, that of the children negative. Detailed mumig:iou
found no explanation other than high intrauterine phenyla

for the mental deficiency in the children. In the first phase of
the study graphed above, efforts were made (o determine whether

e

a low-phenylalanine diet could effectively reduce the mother's
serum levels; this was accomplished during three months of
hospitalization (spikes in graph at left reflect breaches in the diet
when a night attendant “took pity” on the patient and gave her
a glass of milk). When she subsequently became pregnant, she
reentered the hospital for dietary maintenance during the last
five months. At birth the fourth child had a cord blood level of
7.6 mgE phenylolaning; at 6 hours the serum level was 5.2 and
at 48 hours a normal 1.4, Tests later showed normal intelligence.
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Beutler test for one type of transferase
Lfr:ﬁc'r'enc[,r dESAyE  Enyne m'.'rt'l::r't‘r; on
synthetic fluorescing substrate added to
discs; spots that do not fluoresce under
UV light after incubation are positive.

result of a conference we held in Feb-
ruary 1971.

The three principal problems in our
own country that have impeded ex-
pansion of PR U test programs to in-
clude tests for other conditions are:

1) Lack of liaison between screen-
ing centers and medical centers;

23 Restrictions of screening areas
by state boundaries, as states often
contain too small a population of new-
born infants per year for efficient
PEU screening, let alone screening
for more rare conditions;

3) Fragmentation of screening,
even within large states, when private
Facilities are used. An outstanding
example is California, where, I am told
by a health department official, new-
born tests for PR U are carried out
by more than 200 different private
laboratories at a charge that varies
from $1 to $15 per test! 'With the
same funds, one or two regional cen-
ters could test all infants for a dozen
conditions and have more than half of
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the money left over to assist with
medical follow-up and management.

If a continued search for these and
other rare or obscure biochemical
anomalies has (as yet) no “practical”
value, in the sense that they involve
either diseases for which no treatment
exists or a disease that need not be
treated, it nonetheless seems to me to
possess great scientific importance. [
would say it has enough scientific
value to encourage mass screening for
as many biochemical anomalies as
possible, always assuming that this
can be done without dipping into
funds needed for more urgent aspects
of health care.

An obvious approach to this is to
expand the “six-for-the-price-of-one”
achievement that automation has al-
ready brought to screening into a “20-
or-30-for-the-price-of -one™ arrange-
ment. Already our laboratory is
working on several approaches to this
goal; all of them involve not simul-
taneously testing several specimens
from the same individual for different
anomalies, as is done with the punch-
index machine, but testing a single
specimen simultaneously for several
anomalies.

One possibility is a “multiple in-
hibition .'!.‘i!i-a!.-'1“ inrﬂ]ving the addition
of two (or more) antimetabolic ana-
logues to the culture medium in such
concentrations that the culture would
respond to either of the abnormal
constituents if present in any speci-
men. Thus, if one added 4-azaleucine
plus  3-2-thienylalanine at appro-
priately low concentrations, the cul-
ture should, in theory, respond to
either leucine or phenylalanine. Thus
far, however, we have been unable tn
devise such tests in a form suitable
for routine use.

Another, and currently more
promising, approach involves two or
more strains of B. subtilis, each one
resistant to all but one of the inhibi-

tors used. Again a response is pro-
duced to any of several abnormal
serum constituents. Yet another ap-
proach, which we call the “multiple
auxotroph™ test, again employs mu-
tant strains, but this time each of the
mutants requires a different amino
acid for growth. A mixture of strains
requiring, respectively, phenylalanine,
leucine, and histidine, for instance,
would respond to ¥ K v, maple syrup
urine disease, and histidinemia. A
cardinal difficulty here is that the
mutants can interact when mixed, for
reasons still obscure, producing either
inhibition or stimulation of growth.
However, two such multiple tests ap-
pear promising.

In all these instances, of course, a
positive response could mean any of
the several conditions the test was de-
signed to respond to, with differential
diagnosis requiring further tesis.
These, however, would involve only
a few score or at the most a few hun-
dred specimens, as against the tens of
thousands eliminated by the initial
multiple screen.

Given the further development and
perfection of multiple screening tests,
mass screening can become not merely
a way of rapidly detecting PR U and
other treatable genetic diseases but
also a source of invaluable information
on biochemical differences in large
populations. Given the fact that
screening for PR U alone has proved
itself not merely medically but also
economically sound — which seems to
me unarguable — we can (one hopes! )
safely assume that specimens will con-
tinue to be collected by the hundred
thousand and screened by one or an-
other technique. And if that is the
situation, it is surely only common
sense to seek screening procedures
that, for the same outlay, will yield
steadily increasing “fringe benefits™ of
data on both pathologic and benign
innate metabolic differences.




A Critical Evaluation
of PKU Screening

DAVID YI-YUNG HS51A®

NEIL A, HOLTZEIMAN

The era of mass screening for hereditary metabalic defects
in the newborn has only just begun. At the moment, the
histery of this effort can be told almost entirely in terms
of tests for phenylketonuria, the first genetic disease to be
screened for en masse and by law in most of the United
States.

As the first chapter in what surely will be a growing
chronicle, the PK U story is instructive on many issues,
scientific and sociceconomic. As our society becomes in-
creasingly aware of genetic diseases and potentials for
control, a critical review of r K u-testing history may be
timely.

Although large-scale screening for r U dates to the
mid-1950% in England, the disease itself was discovered
in Norway some 20 years before. Seeking the reason for
a peculiar musty odor in her two retarded children, a
mother brought them to the physician-biochemist Dr.
Ashborn Felling. He discovered that their urines turned
ferric chloride a bright green. Dr. Folling then surveyed
several hundred mentally retarded children in institutions.
He found two pairs of siblings and four other children
who responded similarly on urine testing. An entirely new
approach to investigations of the etiology of mental re-
tardation ensued.

PKU is transmitted by a single autosomal recessive
gene (see Knox, Chapter Six). The disease results from
a deficiency of liver phenylalanine hydroxylase, as a result
of which an excess of phenylalanine builds up in the blood
and spinal fluid. It is not yet clear at what stage in human
intrauterine development the phenylalanine hydroxylase
enzyme system fully matures; due to placental transport
the fetus with r k U may be spared damage. Once delivered
and exposed to protein, the baby with rE U develops cen-
tral nervous system damage, although its manifestations
may not be appreciated for more than a year. The infant

Loyola University

Johns Hopkins University

with P KU appears to be most vulnerable during the peri-
od of rapid brain growth in the first years of life.

The discovery that timely application of a low-phenylal-
anine diet could reduce the newborn’s blood phenylalanine
levels was made in 1953. Subsequent experience with
dietary treatment has made it clear that if phenylalanine
intake is not restricted by one to three months of age
significant irreversible brain damage will oceur. On the
other hand, as the Collaborative Study of Children Treated
for PR U has demonstrated, inception of dietary therapy
before three months of age will result in normal 19 scores
at ]I::‘:!!il'. at age four.

Pmmpt initiation of dii:lﬂr:,‘ thi,-.rﬂpf r::~{|1lirt:$ ]l.'n"mg an
effective screening test. Urinary screening studies with
ferric chloride were undertaken in Birmingham, England,
in the mid-1950's. The test was tried first in 50,000 older
retarded children in institutions. Along with other efforts,
this screening suggested that up to 1% of institutionalized
persons with mental defects were P E U patients,

The ferric chloride test becomes positive in the presence
Df 1ncn:a:i(':d amounts E:If pl'll.‘fﬂ}'lp}'rll‘r'lﬂ_'. Ell.'.;(l. Sllh!‘jtﬂﬂc[’ﬁ
elevated in other inherited diseases can also cause a posi-
tive test. Applied to newborns, however, the test was found
to be faulty. Several weeks are required after birth for
maturation of the enzyme system that converts phenylal-
anine to phenylpyruvic acid, and during this period the
test produces many false negatives. It became obvious
that urine screening could only be done effectively at about
one month of age. Even then, the test may vield a false
negative due to the instability of phenylpyruvic acid. An-

* The basis for this cllr.rp!cr is an arficle written hy Dr. Hsla
before his death. It was recised and brought up to date for puls-
lication here by Dr. Holtzman,
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Normal main metabolic route of phenylalanine is shown in simplified form at left above

(heavy arrows); in PKU an inherited deficiency of phenylalanine hydroxylase blocks
axidation of phenylalanine to tyrosine. An alternate pathway through which the body
may adjust to the unusual emounts of phenylalaning metabolites is also show.

other problem arose: the first Bir-
mingham studies showed that the
chance of catching up with an infant
for a test at one month of age was
at best about 70% and probably much
less.

The test received a mixed reaction
in the United States. Some pediatri-
cians offered it as a nicety of office
practice. Between 1955 and 1064,
perhaps as many as 40% of the chil-
dren born in this country had the
urine test. Large-scale urine testing
programs continued in England until
1964. In reviewing the efficacy of the
test a committee of the British Medi-
cal Research Council reported that as
many as 45% of infants proved to
have pPruU were missed by ferric
chloride screening. Today the ferric
chloride test should be used only to
check children who have been tested
by other metheds.

The most prominent successor to
the FeCl test is the bacterial inhibi-
tion test devised and championed by
Dr. Robert Guthrie (see Chapter 22).
This blood assay obviates the delay
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inherent in urine testing, It tells di-
rectly whether or not blood phenylal-
anine is suspiciously high. A drop of
blood from the neonate’s heel is ap-
plied to a Alter paper and air dried. A
disc is punched from the blood spot
and placed in an agar medium con-
taining Bacillus subtilis and §-2-thi-
enylalanine. If bacterial growth ap-
pears at the spot after 18 hours' in-
cubation, the patient is presumed to
have ¢ K U. The basis of the test is the
known fact that 8-2-thienylalanine in-
hibits bacterial growth unless phenyl-
alanine is present in the blood.

This semiquantitative test was de-
vised in 1961. Dr. Guthrie won sup-
port from the U.S. Children’s Bureau
for a large screening study in which
many hospitals and state health de-
partments cooperated. By 1964, al-
most 405,000 newborns had been
tested. About 275 were found to have
at least 6 mg% blood phenylalanine,
a presumptive positive result. Of
these, 37 were found to have r KU by
quantitative methods. A quantitative
method is necessary not only to con-

firm the biochemical diagnosis but
also to establish the proper phenyl-
alanine content of the individualized
diet. Paper chromatography, enzy-
matic methods,and spectrofluorimetry
have been used to confirm Guthrie-
test results and for dietary adjust-
ment. In some places, spectrofluori-
metry is employed for screening in
place of the Guthrie test.

Unfortunately, the experiences with
the first several hundred thousand
children were never published authori-
tatively. Recent surveys indicate that
a large proportion of infants with ele-
vated screening tests turn out not to
have rru. Moreover, as many as
10% of infants with pru may be
missed by Guthrie screening.

It is now apparent that in infants
with pkuU the blood phenylalanine
may be normal on the first day of
life, usually rising to abnormal levels
by the third or fourth day and to strik-
ing elevations by the eighth day. The
amount of protein ingested and re-
tained probably influences the rate of
rise. In the United States more infants
are tested on the third day of life -
just before nursery discharge — than
on any other. This may be too early
for some infants with ¢ KU, particu-
larly females. A sex ratio of 30 fe-
males and 60 males, far in excess of
the 100:106 ratio expected, was
found in the initial sample of the Col-
laborative Study of Children Treated
for r kv, This initial sample included
all cases found by Guthrie screening
{and confirmed) between October 1,
1967, and December 31, 1969, in
participating  states. Although the
ratio of males to females has dropped
among infants subsequently admitted
to the study there is still a signifi-
cant excess of males. Serial phenylal-
anine determinations during the first
week of life in infants with » K U sug-
gest that the rate of rise of blood
phenylalanine in femals phenylketon-
urics is slower than in males. There
is no evidence to support another hy-
pothesis: that among the infants meet-
ing criteria for inclusion in the study
relatively more males than females
will have benign, variant forms than
have classic Pk U. In infants who are
discharged early, in whom the test is
negative, a repeat blood assay or, if
this is not possible, a urine test one
month after discharge, is a wise step.

The results of Guthrie-test screen-



ing so impressed the public — partic-
ularly parents of P K U children — that,
in 1964, a movement to make screen-
ing for P KU compulsory by state law
was launched. In the next two years,
43 states adopted such laws. Typi-
cally, these laws declare it to be state
policy to test every infant within a
reasonable period after birth. The
health department, attending physi-
cian, or the hospital is made responsi-
ble for testing. (Generally, parental
religious objections are among the few
cxc::ptimls pf.‘rmill-cﬂ to ]'llﬂ'l'l.dal:l;?[‘}’
testing. )

Screening seemed to show an in-
crease in KU frequency. In reality,
however, what was being uncovered
were forms of hyperphenylalaninemia
milder than classic ¥ Ku. Controversy
over quantitative criteria for discrim-
inating between “dangerous” and “in-
nocuous” forms, not entirely settled
today, threw doubt on the worth of
the testing programs.

Recent surveys of health depart-
ments in the United States and Can-
ada reported the incidence of patients
with values of 20 mg% or more (des-
ignated below as group 1) to be about
1 in 19,000. The incidence of values
between 10 and 19.9 mg% was 1 in
33,000 (group II below). The com-
bined incidence of 1 in 12,000 was
much higher than estimates based on
the frequency of retardation. Diet
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With large-scale screening for PKU, it became apparent that phenglalanine elevation
in the newhorn may be due to a variety of couses. Assuming 300,000 live births in
the U. 8. each year, about 0.1% will have a positive Guthrie test, but in 90% of these
babies the high phenylalanine simply accompanies a transient hypertyrosinemia. Of the
remainder with true phenylalanine elevations, only two thirds will have classic PEU.

instituted before the 335th day of life
in group I patients seemed to permit
normal mental development and avoid
the mental retardation found in un-
treated or late-treated group 1 sib-
lings. However, group II patients,
whether on the diet or not, had the
same degree of mental development
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as did their untreated siblings. They
were normal.

Variants of P K U have been given a
variety of names, such as “hyperphen-
y lalaninemia without phenylketonu-
ria” and “atypical pRU." Compared
with classic ¢ Ku, patients with the
variant forms tolerate rreater phenyl-
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The mechanisms through which the basic defect in PKU  the
absence of phenylalanine hydroxylase — operates to produce both
reversible and irreversible pathology are schematized above. As

B (icvensible Pathology

phenylalanine compounds build wp, the levels of other amino
acids are depressed, and the developing brain is deprived of
nutrients needed for normal Frl[ﬂ"“!tdﬁﬁ'li and tissue formation.
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‘ L/
/

Phenylalanine [ mgd )

Age in Days
B rormal Newborn Range

Necessity for testing phenylalanine valwes only after chilid has had adequate protein in-
take is suggested in graph above. Although all 16 children had values suspiciously aboce
normal on initial testing, PKU lecels were reached only after three or more days of life.

alanine challenges. Their plasma
values rise slowly after birth and re-
main lower tI'Lnnlgh-L'rul later years.

There is no plasma value that ab-
solutely defines PKU. As a working
definition, it would be better to say
that most patients with persistent val-
ues over 25 mg% have classic phen-
ylketonuria, and those who demon-
strate persistent values under 15
mg% probably have a variant form.
The diagnosis of patients in the 15
to 25 mg% range depends in good
part on family history, clinical course,
and response to phenylalanine chal-
lenge.

But the blood picture is not fully
clarified until components other than
phenylalanine are considered. New-
borns, especially those of low birth-
weight, tend to have unusually high
values of serum tyrosine, and hyper-
phenylalaninemia may accompany hy-
pertyrosinemia. The elevations are
traceable to a transient functional
deficiency of tyrosine transaminase
and p-hydroxyphenylpyruvic acid oxi-
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dase. In general, although phenylala-
nine values seldom exceed 10 mg%
when associated with hypertyrosin-
emia, this will be sufficient to produce
a false I_.'ID?iilil't: Guthrie-test result,
Hypertyrosinemia - associated hyper-
phenylalaninemia is apparently harm-
less and can sometimes be prevented
by a single 100 mg dose of ascorbic
acid, which should be administered to
avoid a false test result. However,
when the tyrosine value is 5 mg% or
less, persistently high phenylalanine
values are evidence of PR U or a vari-
ant form. The appearance of o-hy-
droxyphenylacetic acid and phenylke-
tones in the urine is the clincher.

If variant forms have clinical ef-
fects, they are not apparent. As noted
earlier, children appear to be of nor-
mal intelligence and the classic PRU
manifestations of agitated behavior,
finger posturing, along with hyperac-
tive reflexes and muscular hypertoni-
city, minar chareoathetosis, and oceca-
sional true spastic paraplegia, are not
observed. Untreated children with

classic PR U also are of lighter com-
plexion than other family members.
Recurrent vomiting in the first month
of life (occasionally associated with
pyloric stenosis) and severe infantile
eczema are other findings in untreated
phenylketonuria but not in the vari-
ants.

Like classic » K U, persistent hyper-
phenylalaninemia appears to be trans-
mitted as an autosomal recessive trait.
A phenylalanine tolerance test can dis-
tinguish a group of heterozygotes
from a group of normal persons, but
the test is not discriminating enough
to let us make individual predictions.
Hence, testing parents does not allow
us to predict that an offspring will
have classic PK U or a variant form.

The research stimulated by screen-
ing has shown us not only the range
of variant forms but also the possibil-
ity that some variant forms are tran-
sient — with good and bad implica-
ticu'r;i. F{}r q_t:c;u'u]:l!n:::| a trahﬁi-ﬁﬁt form
reported first in 1967 involved a child
with a positive Guthrie-test result and
a blood value of 20 mg% at three
weeks of age. However, at one year,
the value was 3 mg% in response to
protein challenge. The child has since
had apparently normal mental devel-
opment, The contrary situation — hy-
perphenylalaninemia progressing to
classic PKU —may also occur and
produce some mental retardation. Ob-
viously, monitoring of patients with
possible transient variants is indicated
for an extended period of time. The
transient case apparently involves de-
layed maturation of an enzyme sys-
tem, not persistent genetic deficiency,

We can now describe the yield of
Guthrie testing in terms of » KU and
its variants. Assuming 3 million live
births (about the annual number in
this country ), about 3,000 will show
positive test results but 750 will turn
out to have hypertyrosinemia-asso-
ciated hyperphenylalaninemia and
1.950 will have other forms of tran-
sient hyperphenylalaninemia without
hypertyrosinemia. Of the remaining
300 one third will classify as hyper-
phenylalaninemia and two thirds as
classic P kU, Of the 200 classic cases,
17 will be mentally normal without
a special diet. The homozygote's es-
cape from mental retardation remains
a mystery, but methods are lacking to
identify those who might safely avoid
the diet.



By and large, present screening, in
which the neonate is tested once, en-
joys the confidence of the medical com-
munity. At a meeting in mid-1970,
physicians involved in » K v manage-
ment agreed unanimously that such
programs are effective but probahly
miss a few cases. Nonetheless, one
participant, observing that it took
from 1958 to 1964 to acquire enough
evidence to throw doubt on the urine
test, urged that pediatricians report
to state health departments any cases
missed by screeming and that pedia-
tricians test by blood assay in all cases
of mental retardation and other neuro-
logic disorders. Another recommenda-
tion was that the PR U diagnosis be
verified semiannually through phenyl-
alanine challenge. Conferees agreed
that some children were on diets un-
necessarily and that others, with
variant, should be placed on restricted
diets and observed.

No single source offers a clear pic-
ture of the money this country spends
annually on P K U diagnosis and treat-
ment. It may be between $5 million
and £10 million, the lion's share going
for screening. Treatment — usually
prescribed at a regional center after
referral by a physician through =
health department —is subsidized in
many states. This includes family
counseling, the work-up to establish
the proper diet, and the diet, which
itself may cost $60 or more monthly.
The aggregate cost of treatment is not
known. (Research spending probably
is severalfold the cost of screening,
since P KU has attracted wide atten-
tion in mental retardation research.)

The real issue the people must de-
cide is whether it is worth the nation’s
effort to screen for PR U at all. At a
time of rising demand for health ser-
vices and of funding shortages, P U
testing expenditures are of an order
that cannot be taken lightly. We have
not achieved the kind of assurance
trom screening that glimmered before
us at first. Nevertheless, families have
been spared and a great deal has been
gained in understanding the nature of
genetic disease and the mechanisms
for finding and treating diseases of this
tvpe.

We do not suggest that PrU
sereening be discontinued. The conse-
guences of not supporting 3 program
that might rescue an individual from
mental retardation weigh heavily in

A CRITICAL EVALUATION OF PPKU SCREENING

Guthrie test is based on the ability of phenylalanine to prevent the inhibition of growth
of Bacillus subtilis in a medium that contains g-2-thienylalanine, Blood obitained by
puncture i applied to thick filter paper; after autoclaving, a disc is punched out of the
paper and placed, with other test samples, on agar prepared with g-2-thienylalanine
and B. subtilis inoculum. Control dises (top row of bottom photo) are prepared by
spotting blood with keown, rising concentrations of L-phenylalanine on filter paper.
If a test sample containg phenylalanine, o bacterial growth zone (halo) will appear after
the plate has been incubated at 37° C for 8 to 16 hours.
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Not all instances of high blood phenylalaning should be considered classic PKU, Graphed
above is distribution of phenylalonine levels of all (momhypertyrosinemic) patients
giving a positive test result (6 mg% or more) in six states during 1946-66. In this group
about 20% were hyperphenylalaninemic but not in PKU range (20 mg% or more).
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The most common cause of high blood phenylalanine in newborns iz assoclated hyper-
tyrosinemia, the result of a functional deficiency of both tyrosine transaminase and p-
hydroxyphenylpyrucic oxidase; this is especially frequent in low-birthweight infants.
Plotted above are p.ﬁmyhtqn[na anl tyrosing levels of 48 such babies. Dashed lines
are means plus 3 5D for full-term infants (verticel, tyrosine; horizontal, phenylala-
nine). This form of hyperphenylalaninemia is harmless and transitory.
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the balance. We do suggest that the
effort must be made more valuable,
‘There is a growing skepticism con-
cerning ¢ K U expenditures in the cur-
rent fiscal climate, and we believe that
laymen and scientists who faver P U
testing should meet reasonable objec-
tions. From the PR U experience we
conclude the following:

First, quality control of the screen-
ing procedure must improve. There is
wide variation in the frequency of
positive tests from state to state. A
large component of this variation lies
in the performance and interpretation
of the Guthrie test. Consequently
some states have a higher frequency
of false positives while in others a
greater number of false negatives can
be expected. Another factor account-
ing for differences in the frequency of
elevated tests is the nature of the pop-
ulation screened. K U is less frequent
among blacks but, from data in Mary-
land, still occurs once among approxi-
mately 25,000 black live births. With
such a rare disease some areas will go
for years without detecting a single
patient and the procedure may appear
to be wasteful. Thus the District of
Columbia eliminated KU screening
in 1970. It had paid for testing
77,000 newborns in three years; not
a single P KU case had been detected.
The direct cost to the department for
tests in hospitals was $135,000. The
District Health Department, with a
tight budget and massive demands on
its health funds and services, justified
the end of rKU screening by noting
that 84 of 100 live births that it
screened were nonwhite. Because the
District has no KU law, the depart-
ment ended the screening without re-
course to repeal legislation. In the
states where rKU screening is de-
pendent on legislative action, one
could expect a far different experi-
ence through public hearings and a
full legislative process.

Efforts to restrict mass screening
to specific population groups may be
susceptible to charges of discrimina-
tion, and PRU screening probably
should be available to every infant,
provided the parents consent. How-
ever, in screening for disorders such
as sickle cell anemia and Tay-Sachs
disease, for which blacks and Ashke-
nazi Jews respectively have a much
higher frequency than other ethnic
groups, cost benefit dictates that the
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@ Early Treatment

Value of low-phenylalanine diet in management of PEU children
has been assessed by comparing IQ) of siblings treated early (less
than 30 days of agel with that of siblings treated late or not
treated, As shown above, although not all untreated or late-

A Lare Treatment

Qo Treatment

treated PEU children are mentally deficient (and, conversely,
treatment does not afu;ﬂys prévent refardation), with one EXCEp-
tion the 10 of the early-treated child s oqual to or greater than
that of his late-treated or untreated sibling,
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Incidence of pru and Hyperphenylalaninemia in Various Studies

Number of Number Hith
Geographic Area [Infunts Screened | Phenylalanine Elevarions Incidence Rare Reference
Group [ |Group 11| Group Il as | Group I Group Il | Group I & II
56 of Total Combined

Scotland 80,000 17 6 26 1: 4,700 1:13,000| 1: 3,500 | McBean (1969)

West Germany 100,000 3 25 1: 11,000 | 1:33,000| 1: 8,300 | Bickel (1967)

Canada 36,000 2 30 1:18,000] 1:18,000| 1: 9,000 | Clow et al. (1969}
Israel 178,174 ] A6 1:25,000 1:20,000 | 1:11,000 | Steinberg et al. (1968)
United States 6,382 285 | 337 193 36 1: 19,0003 | 1: 533,000 | 1:12,000 | Holtzman et al. { 1973 )

Group I: Classic PEU

high risk groups be screened first.

A second conclusion is that screen-
ing for one genetic disease at a time
is a very costly approach. It might be
better to redouble our efforts to find
ways of screening a single drop of
blood for several genetic diseases. Of
the more than 150 inborn errors of
metabolism that have been identified,
about 50 are considered harmful. One
might be too optimistic to expect, for
example, that the 35 known amino
acid defects might be screened for
simultaneously by techniques such as
paper chromatography. But a good
proportion of disorders might be, in-
cluding those underlying Tay-Sachs,
Hurler’s, and Niemann-Pick diseases.
Work toward multiple screening is,
in fact, under way in several places.
Under Dr. Guthrie, a four-laboratory
project is attempting to screen a sin-
gle blood spot for P K U, galactosemia,
and metabolic defects involving tyro-
sine and several other amino acids.

A third conclusion from the PRU
experience is that screening will un-
cover hitherto unsuspected variants.
At the outset it may be difficult to de-
termine which of these should be
treated, if treatment is available, and
which should not. The public must
appreciate that when we begin to
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screen we don't have all the answers;
screening will help us get them.

Screening for rare disorders is not
exclusively a service device — it is also
a powerful research tool that will ac-
celerate delivery of better health care
to those screened. But this may neces-
sitate withholding treatment from
some individuals. This is particularly
justified when neither the efficacy nor
the safety of the treatment has been
validated.

Detection of # kU and the institu-
tion of low phenylalanine diets have
guaranteed the normal development
of many phenylketonurics. However,
one implication of P K U screening and
treatment is the creation of new dis-
ease problems as these treated phenyl-
ketonurics reach adulthood. When fe-
male phenylketonurics of normal in-
telligence reach childbearing age,
most of them will have terminated the
low-phenylalanine diet. Virtually all
of the infants born to these » KU moth-
ers are mentally retarded and display
congenital malformation and micro-
cephaly. Very few of these infants
will be homozygous for ¢KU, since
this depends, of course, on the father’s
genotype. Elevated blood phenylala-
nine in the pregnant PEu mother
apparently can derange the develop-

Croup [1: Hyperphenylalaninemia

ment of the non-e K U or heterozygous
fetus — indeed, such children may be
more severely affected than the homo-
zygous offspring of a heterozygous
mother. The maturing of the fetal
brain and the effect of the concentra-
tion of phenylalanine or its metabo-
lites on it are two variables that may
determine pathologic consequences.
Perhaps a special diet for a PEU
mother in pregnancy may prevent or
minimize fetal damage; this is under
investigation.

Thus significant social, ethical, eco-
nomic, and scientific issues for genetic
disease control have been raised by
r Kk U screening. Although the demand
to make technical advances available
to entire populations at risk is laud-
able, screening programs and treat-
ment regimens must be fully evalu-
ated. When they are introduced, care
should be taken in the way they are
tied to legal sanctions. Any law should
allow for flexible application in the
light of new knowledge. A summary
comment might be that although PR U
testing has provided significant oppor-
tunities both in terms of direct benefit
to affectected individuals and in-
creased knowledge, the price of these
opportunities is new problems that
must be addressed.









The Prenatal Detection of
Hereditary Detects

JOSEFPH DANCIS

New York University

Until very recently the suggestion that a hereditary dis-
order might be detected prenatally would have drawn from
most clinicians the equivalent of “why bother?™ Nothing
eould be done about such a diseased fetus in any case, so
why should anyone undertake the presumably formidable
task of diagnosis in utero?

A number of developments have combined to turn 2
seemingly academic speculation into a promising clinical
tool. In the area of hereditary defects particularly, there
are clear indications that prenatal diagnosis is possible, is
not enormously difficult, and can serve as the basis for
effective medical intervention.

Before reviewing these findings, however, I should like
to stress that, although prenatal diagnosis of hereditary
disease is theoretically feasible, it has thus far been carried
out in only a handful of cases. We have not yet had suffi-
cient experience with any given condition to permit sta-
tistical statements as to its methodologic reliability, except
in Rh disease, which is not, strictly speaking, hereditary.
Future prospects are exciting, but between present and
future lies a great deal of hard work.

Perhaps a key factor in the arrival of prenatal diagnosis
was the development of amniocentesis and its use in the
management of Rh disease (Hospirar Pracrice, Janu-
ary 1967 ). With amniocentesis, Liley, Freda, and others
established that colorimetric measurements of bilirubin in
amniotic fluid could be made with sufficient sensitivity to
reveal the degree of erythroblastosis and thus the effect
on the fetus. In this way, the physician is afforded a guide
to intervention, either by delivery of the infant (if the
pregnancy is sufficiently advanced) or by in utero trans-
fusion.

Amniocentesis in Rh disease proved that fetal diagnosis
was both possible and useful. Even more important, per-

Amniotic fluid cells are shown in culture at (reading down) 0,
10, and 28 days; iwo subsequent subcullures are required for
cultivation to be considered successful. Photos are reproduced
threugh courtesy of Dr. Henry L. Nadler, Northwestern Univer-
sify, and ], Pediat, 74: 1, Jan. 1988, C. V. Moshy Co.

haps, was the demonstration that the uterine contents
could be invaded without serious risk to the continuing
pregnancy. The procedure has now been performed thou-
sands of times, with next to mo mortality and minimal
morbidity.

The second factor stimulating the further advance of
fetal diagnosis has been the almost explosive increase in
understanding of hereditary disease. (Rh disease itself,
although, as noted above, not precisely hereditary, obvi-
ously has a strong genetic component. ) These perceptions
have, in part, stemmed from a rapid expansion in our
knowledge of human chromosomes and, in part, from an
increase in information concerning inborn errors of metab-
olism. We have witnessed a notable lengthening in the
list of hereditary diseases, a much clearer comprehension
of the mechanics of inheritance, and the development of
techniques for identifying and differentiating various con-
ditions by examination of very small samples of tissue.

However, since most hereditary diseases are still not
treatable even when diagnosed, these developments might
not have sufficed to swing the balance had it not been for
the change in attitudes toward early interruption of preg-
nancy. In recent years, the feeling has grown among both
physicians and the general public that we must be con-
cerned not simply with ensuring the birth of a baby, but
of one who will not be a liability to society, to its parents,
and to itself. The “right to be born™ is becoming qualified
by another right: to have a reasonable chance of a happy
and useful life. This shift in attitude is shown by, among
other things, the widespread movement for the reform or
even the abolition of abortion laws.

Amniocentesis is now a mmmmil}r performed procedure
and does not require detailed description. Certainly in a
discussion focused on amniocentesis as a tool for applying
genetic knowledge to clinical medicine, one can avoid
what is probably the only significant controversy attend-
ant upon the technique — the advisability and safety of
using ultrasound to locate the placenta before performing
the ammniotic tap, so that multiple pregnancies can be iden-
tified and the attendant problems for antenatal diagnosis
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taken into account.

In evaluating amniocentesis, it is
necessary to recognize that it yields
two “products”™ — the amniotic fluid
itself, and the cells suspended in the
fluid. The former, apart from its diag-
nostic value in Rh disease, has yielded
few data of significance. The hope
certainly has not been realized that
the contribution of the fetal kidneys
to the amniotic fluid would make it
possible to detect in utero those meta-
bolic anomalies manifest in the urine
after birth. The only condition for
which this expectation has been borne
out to date has been methylmalonic
aciduria. In one case of this disorder,
an excess of methylmalonic acid was
measured in amniotic Auid. A more
important value of amniotic Auid
measurement has been in the prognos-
tication of the respiratory distress
syndrome. By determination of the
lecithin:sphingomyelin ratio in the
amniotic l:ll.lirl:l:| the maturation of the
pulmonary surfactant system can be
evaluated, providing a basis for pre-
diction of Rps susceptibility. In this
situation, the source of these lipids
must be fluid originating in the pul-
monary alveoli, which, of course, sug-
gests @ clue as to why the equation
of amniotic Auid to postnatal urine has
not proved valid. The sources and the
metabolic pathways involved in the

Amniocentesis
(2=8 cc of fluid)

Variety of studies in prenatal detection of inherited disorders can
be performed with cells from amniotic fluid. Sexing of primary
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Centrifuging

formation of amniotic fluid are mul-
tiple and complex; therefore the con-
centrations of metabolites in this fluid
are very different than in “plain™ urine.

At first it was feared that some of
the cells found in the amniotic fluid
might be maternal. It now appears,
however, that they derive entirely
from the fetus and the amniotic mem-
brane (which itself derives from the
fertilized egg and is therefore geneti-
cally identical with the fetus). This
has been established by sexing the
cells; in no instance has a male infant
been incorrectly identified as a female,
as would have been expected if there
had been significant contamination by
maternal cells.

The chief use of cells obtained by
centrifuging the fluid has been in sex
determination by noting the presence
or absence of a “resting” female
chromosome, or Barr body (see Fer-
guson-Smith, Chapter Two). Its pres-
ence implies a female fetus, its absence
(except in the case of an X0 chromo-
somal anomaly ), a male. Such deter-
minations have been used in managing
pregn:l,ncicﬁ where the mother is
known to be a carrier of hemophilia
or muscular dystrophy, both sex-
linked hereditary conditions. In sev-
eral cases, pregnancies have been ter-
minated when the fetuses were iden-
tified as male. To be sure, the son of

Biochemical

a hemophilia or muscular dystrophy
carrier has an even chance of not in-
heriting the disease, but anyone who
has had contact with such an individ-
ual or his parents will comprehend
the mother's feelings in such cases.

The most serious risk in making a
final decision based on the study of
freshly drawn cells lies in the possibil-
ity of contamination with maternal
blood cells as the result of a traumatic
tap. Such an error has been made in
glycogenosis Il (Pompe's disease)
where the high a-glycosidase activity
in contaminating maternal blood cells
masked the defect in the ammniotic
cells. However, this kind of error can
be circumvented by tissue culture
techniques. In this instance, the
methad is to place the cells in tissue
culture and repeat the assay on fibro-
blasts. This works because under nor-
mal tissue culture conditions the ma-
ternal blood cells will rapidly die off
and, after a week or tweo, their con-
tamination will be eliminated and
subsequent subculture will aceurately
reflect the condition in the fetal cell
lines. Cultures of the cells found in
fluid have yielded much more useful
information about hereditary diseases
than the primary cells themselves.
Culturing, by fostering cell division,
makes possible karyotyping; in addi-
tion, it is known that “latent” charac-

Cytologic
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cells is helpful when mother is known carrier of X-linked con-
ditions, Biochemical studies of cultured cells may reveal meta-
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teristics of the cell may emerge during
cell culture.

To date, probably the most fre-
quent application of amniocentesis has
been in the prenatal detection of
chromosomal anomalies, particularly
Down's syndrome. However, prenatal
diagnosis of these diseases has been
hampered by the difficulty, sometimes
impossibility, of identifying mothers
at risk of transmitting them. Almost
all chromosomal anomalies are not in-
herited but arise de nove in a particu-
lar pregnancy. The only indications
for fetal chromosome studies are the
mother’s previous reproductive his-
tory, and, in the case of Down’s syn-
drome, her age, since the incidence of
babies born with Down's syndrome
rises steeply in mothers as they ap-
proach 40. (In this context, 1 should
mention that T feel our experience
with amniccentesis is still toeo limited
tor |1-|:rf0r|11 it rml‘timﬂ}' in pregnant
women near 40, as some geneticists
have recommended. )

I’Dtul’]liﬂ"}" EVEN INore 1-'}]].1!['11!_: i‘:.
the application of prenatal diagnostic
methods to genetic disorders, those
diseases that are transmitted accord-
ing to Mendelian laws, and in which
the risks of giving birth to an abnor-
mal infant can be predicted accurately
g0 that candidates for amniccentesis
can be identified more easily. Prenatal

Biochemical

THE PRENATAL DETECTION OF HEREDITARY DEFECTS

diagnosis is theoretically possible if,
as is true in many genetic disorders,
the biochemical defect has been identi-
fied and the enzyme involved is nor-
mally demonstrable in fibroblasts
grown from amniotic cells. One of the
earliest demonstrations of prenatal di-
agnosis of an enzyme defect involved a
woman who had already borne an in-
fant with galactosemia; her subsequent
pregmancy was terminated by cesar-
ean section at 35 weeks because of
toxemia. Just prior to the cesarean,
a sample of amniotic Auid was ob-
tained and the cells cultured: the cul-
tures completely lacked the enzyme
whose absence is known to cause ga-
This E[Ifﬁng [ somme 51
weeks after birth because of the time
required for culturing) was of no
“prut‘.tiaa]” 'l.';l]th!, since the ENEVITE de-
ficiency had already been detected in a
sample of cord blood and appropriate
din’:‘tﬂr}' measures taken. Nonetheless,
it demonstrated that this enzyme de-
ficiency shows up in amniotic fluid
cells and can presumably be detected
long before hirth. The number of
genetic diseases that are theoretically
detectable in amniotic fluid has grown
rapidly in the past few years, and
further research can be expected to
continue this trend.

The brief history above points up
one of the problems basic to prenatal

I ACTOSeTNIA.
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chromasia {as in mucopelysaccharidoses) or enzyme deficiency (e. g., galactosemia),

Cytogenetic analysis may detect Down's syndrome of D/C translocation type.

detection of enzyme defects —how to
identify heterozygous parents before
they have an affected child? In one
disease, gangliosidosis M, or Tay-
Sachs disease (see Kaback and
’'Brien, Chapter 25), the heterozy-
gote can be identified with consider-
able accuracy by a relatively simple
assay on plasma. Also, the mutant
gene has a relatively high frequency
among Ashkenazi Jews although it is
rare in the general population. This
combination of circumstances has trig-
gered an ambitious effort to identify
carriers and, through prenatal diag-
nosis, avoid the tragedy of even one
afflicted child being born. A search
for heterozygotes should also prove
profitable in the sex-linked recessive
diseases, where the fetus is at risk if
the mother carries the mutant gene,
whether or not her conjugal partner
has the same mutation. The case his-
tory presented below, involving a boy
with the X-linked, recessive Lesch-
Nyhan disease, illustrates the impor-
tance of identifying heterozygotes
with these diseases and, also, many of
the significant features of their pre-
natal diagnosis (see Seegmiller, Chap-
ter 10,

Fi.]'f:iL a ﬂ:w COMIMEeEnts about Lesch-
Myhan disease. It is a relatively re-
cently described genetic disease in
which a characteristic finding is the
excretion of large quantities of uric
acids — far greater than the amounts
found in severe gout. A deficiency
of hypoxanthine-guanine phosphorib-
osyl transferase (HrPRT) is now
known to be responsible for the dis-
ease. Clinically, the children are re-
tarded, spastic, and slow-growing; in
addition, they show the very bizarre
and unpleasant symptom of self-muti-
lation. For reasons we do not under-
stand, the child is under some strange
compulsion to bite his lips and fingers
{on occasion, a finger has actually
been bitten off ), so that his arms must
be restrained to prevent injury. The
condition is incurable. Allopurinol,
which blocks the synthesis of uric
acid, can reduce the serum levels of
that substance, thereby minimizing
kidney damage and extending the life
of the child. But it does not affect the
neurologic symptoms, which appear
to be due to the anomalous production
or aceumulation of some compound
other than uric acid that results from
the same enzyme defect, or from some
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other subtle disturbance of metabolic
equilibrium.

In cases in which familial history
indicates that a risk of a child being
born with Lesch-Nyhan disease exists,
the needs are to determine whether
the pregnant woman is a carrier
{heterozygote} and whether the fetal
cells show the enzymatic deficiency
characteristic of the disease.

Luckily, heterozygosity for Lesch-
Nyhan syndrome can now be detected.
From studies on mice, Mary Lyon pre-
dicted several years ago that, because of
random inactivation of the X chromo-
some, carriers of X-linked recessive
diseases would be mosaics. In other
words, the heterozygote would have
both normal and abnormal cells, the
performance of any particular cell

Dhiagnosis

Familial Metabolic Disorders Demonstrable in Tissue Culture

Deficient enzyme activity

[. ENZWME HAS BEEN DEMONSTRATED IN CULTURED AMMNIOTIC CELL

Gaucher's disease

Glucocerebrosidase
GM, gangliosidosis B-galactosidase
Arginosuccinic aciduria Arginosuccinuse

Homocystinuria Cystathionine synthetase
Muple syrup urine disease Branched-chain keto acid
decarboxylnse
Orrnithine-ce-keto acid transaminase Ornithine-z-keto acid transaminase
deficiency
Fucosidosis a-fucosidase
Glycogen storage disease
Type II1 Amylo-1 6-glucosidase
Type IV Branching enzyme
Mamosidosis a-mamosidase
G-6-PD deficiency (G-6-F dehydrogenase
Meroderma pigmentosum D% A “repair enzyme”

1. DIAGNOSIS HAS BEEN MADE FRENATALLY

ﬁ?h-gangliqﬁdmis { Tuy-Sachs) Hexosaminidase A
Metachromatic leukodystrophy Arylsulfatase A
Niemann-Pick disease Sphingomyelinase
Hurler's syndrome Iduronidase
Hunter's syndrome Unknown
Methylmalonic aciduria Methylmalonyl CoA

Vitamin Bz defects
Glyeogen storage, Type IT (Pompe’s) e-1,4 glucosidase
Galactosemia Galactose-1-P uridyl transferase
Lesch-Nyhan disease Hypoxanthine-guanine phosphoribosyl

transferase

Light color indicates those disorders in which the involved enzyme has been detected
in amniotic fluid cells cultured from narmal fetuses so that prenatal diagnosiz should be

possible; darker color, those disorders which have actually been diagnosed prenatally.
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being dependent on whether or not
the X chromosome carrying the mu-
tant gene had been inactivated. This
mosaicism can be demonstrated in
heterozygotes for Lesch-Nyhan dis-
ease by radioautography of skin fibro-
blasts after incubation with radioac-
tive hypoxanthine. Gartler and his col-
leagues have described an ingenious
approach te the same problem that
avoids the delay of tissue culture. This
is measurement of the enzyme activity
in an individual hair root, which de-
rives from only a few primordial cells.
In the heterozygote, enzyme activity
will range from zero to normal, de-
pending, of course, upon the makeup
of primordial cells in the particular
area of the scalp.

Now for the case history:

The boy was referred to our clinic
for diagnosis. Shortly after it had been
established that he had Lesch-Nyhan
disease, it came to our attention that
his maternal aunt had become preg-
nant. We had to discover whether or
not she was a carrier for the syndrome.

The boy’s aunt proved to be a he-
terozygote — amniocentesis was per-
formed in the 15th week of pregnancy
(see Au in family tree on page 251).
The absence of Barr bodies on the
freshly drawn ammiotic cells strongly
suggested that the fetus was male;
karyotyping fibroblasts grown in tis-
sue culture confirmed this. Thus, the
aunt faced a 50% chance at this point
of giving birth to a baby with Lesch-
Myhan disease. Since De Mars and his
associates had shown HPRT activity
to be missing in amniotic cell fibro-
blasts in a pregnancy in which an
affected child was born, we performed
enzyme assay by radioautography of
cultured fibroblasts two weeks later,
at 17 weeks gestation. Enzyme activ-
ity was present, so we were able to
reassure the aunt, and her pregnancy
was not interrupted.

Following this experience, the pa-
tient’s sisters and all the available
females on the maternal side of the
family were investigated for hetero-
zygosity. The results were startling:
of ten females tested, eight proved to
be heterozygotes (see family tree on
page 251). This is a statistically im-
probable family, of course, but its his-
tory vividly illustrates the importance
of carefully examining potential car-
riers of an X:linked recessive disease.
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i prr.'.s.'rﬂ!cd at 4 years of age with symploms of cerebral pra»[e-'y
and self-mutilation. The diagnosis of Lesch-Nyhan disease was
made by demonstrating the appropriate enzyme defect in the red

A son born to any of these carriers has
a 50% chance of ]‘.lt:i.]'lg afflicted with
a seriously incapacitating disease; am-
niocentesis and prenatal diagnosis,
coupled with intervention when neces-
sary, can obviate this tragedy.

The case histories presented above
show the impact prenatal diagnosis
can have in medical genetics, but it is
important to keep these exciting de-
velopments in proper perspective. Al-
though the number of diseases that
can be diagnosed prenatally is grow-
ing rapidly, our total experience re-
mains rL']::tit't;l}' limited. We are still
in that euphoric state where isolated
successes are newsworthy, We know
that amniocentesis carries remarkably
little immediate risk to mother and
child, but data concerning remote ef-
fects are just being gathered. Also,
relatively little attention has been paid
to the emotional burdens carried by
a woman who enters a pregnancy be-
cause of the availability of prenatal
diagnosis and then must wait almost
five months to learn if she has won
her gamble. If the diagnosis remains
uncertain at that time, as it must in
some cases because of the complexity
of procedures, the decision she must
make concerning the continuation of
pregnancy will be very painful. We
can only hope that the practice of pre-
natal diagnosis in the years to come
will meet the promise offered by
theory.
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i Hemizygote s Heterozygote

Blood cells. Uncle Je had died undiagnosed many years preci-
ously with the same clinical piclure, Sisters and gunts were in-
vestigated for heterozyposity.

Child with Lesch-Nyhan syndrome (hyperuricosuria) requires restraints on the arms to
prrevent self-mutilation; mental retardation is also assoctated with the disorder.
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Tay-Sachs: Prototype for
Prevention of Genetic Disease

MICHAEL M., KABACK
JOHN 5, O'BRIEN

One day in May 1971 some 1,800 men and women pre-
sented themselves at a Washington, D). C., synagogue as
part of a pioneering experiment in the delivery of new med-
ical knowledge. During a seven-hour period, three quarters
of these people had blood drawn for a simple serum test to
detect heterozygous carriers of the autosomal recessive dis-
order called Tay-Sachs disease.

It was the first voluntary community-based attempt at
mass screening of adults for earriers of a genetic abnormal-
ity. It was remarkable for another reason as well. The en-
zyme deficiency responsible for Tay-Sachs disease had been
identified only two years earlier. Since then the enzyme
assay had been automated, making it possible to complete
300 serum assays per day. In addition, the organizational
and educational action required for a mass sereening pro-
gram had been carried out. In only two years the basic
scientific understanding of this uniformly fatal neurode-
generative childhood disorder had become available for
large-scale application to the population.

Continuation of the screening program in the Ashkenazi
Jewish population in the Washington-Baltimore area has
led to the testing of nearly 10,000 individuals. It is known
that Tay-Sachs disease occurs 100 time more frequently in
Ashkenazi Jews than in other Jewish groups and non-
Jewish populations. Similar community screening pro-
grams have begun or are being planned in at least 40 cities,
not only in the United States but in Canada, England,
Israel, South Africa, and other countries. The reasons for
widespread interest in such programs is not that Ts b is
that common, even amongst Jews, but rather that a simple
blood test allows for complete prevention of this tragic
genetic disease and at the same time enables couples, even
if genetically at risk, to have unaffected children. Blood
testing can determine whether or not a couple are at risk

University of California, Los Angeles

University of California, San Diego

for T 5D in their offspring. The infrequent couples identi-
fied as at risk can then have their pregnancies monitored by
amniocentesis (see Dancis, Chapter 24) and complete only
those pregnancies in which an unaffected fetus is identified.
Since accurate antenatal detection of 150 became avail-
able, more than 100 pregnancies at risk for 15 b have been

monitored to date (predominantly in families that have

previously had 15D children ). .l\p[]n}xi:n:ltrlf one fourth
of these pregnancies were terminated electively after the
fetus was found to have 'I‘.;::.’-ﬁ:;lchs disease. The remain-
ing pregnancies have produced unaffected children, as
predicted.

We believe that the basic procedures adopted for the
screening programs in Washington and Baltimore provide
a model for the prospective prevention of other autosomal
recessive diseases. Prevention by therapeutic abortion,
however, must be considered a temporary and imperfect
alternative. It is to be hoped that continued research will
result in the discovery of an effective treatment or a cure
for Tay-Sachs disease. Until that happens, carrier identi-
fication, prenatal diagnosis, and abortion of affected fetuses
can prevent the tragedy of the birth of a Tay-Sachs child.

In short, just as phenylketonuria represents a proto-
type for screening newborns for treatable genetic disease,
(see Hsia and Holtzman, Chapter 23), Tay-Sachs provides
a model for mass screening of adults se that couples at
risk for recessive disorders can be located prior to the
conception of affected offspring, thereby making prospec-
tive prevention possible. Since the prospects for effective
treatment or cure are now remote, the need for the interim
prevention program is likely to remain for some time.

Genetic or genetically related conditions account for a
significant proportion, perhaps 10% to 20% of all pediatric

253



KABACK AND O'BRIEN

The progression of Tay-Sachs disease is illustrated in this se-
quence of ||':-|||||fr.l-|. showing the same child. At left above, at age
3% months, ke is asymptomatic and appears to be developing

hospitalizations, with hereditary neu-
rologic  disorders being especially
prominent. OFf the 420 or so autosomal
recessive conditions already known,
many occur more frequently in spe-
cific where  screening
might be highly effective— for ex-
ample, sickle cell anemia in blacks,
thalassemia in Italians, and cystic

populations

fibrosis in Anglo-Saxons,

Mass screening is not something
that can be embarked upon casually
however (see Guthrie, Chapter 22).
The mere suggestion that an indi-
vidual or a group may have “bad
genes” can arouse significant anxieties.
Clearly the screening test must be ac-
cul rm;.-', and experienced genetic coun-
selors are required to guide individuals
who are identified as carriers. A screen-
ing program should be able to offer
those screened a positive course of ac-
tion if they are shown to be at risk. It
is our belief that if the program can-
not offer an alternative of treatment,
cure, or at least prevention without
limitation of individual freedom of
choice in mate selection or procrea-
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tion, it should not be undertaken on a
large scale. These matters will be dis-
cussed in more detail later.

The Tay-Sachs Child

Tay-Sachs disease is the most com-
mon form of sphingolipidosis. Several
thousand infants have died with this
disease since it was recognized and
characterized late in the 19th century.
The typical course of a patient with
the disease is illustrated in the photo-
graphs at the top of these pages. Most
Tay-Sachs babies are beautiful. They
have clear, translucent skin with pink,
doll-like coloring and long eyelashes.
They appear healthy at birth and de-
velop normally for the first three to six
months. Gradually, however, the cen-
tral nervous ::}'51-5-111 degenerates be-
cause of the progressive intraneuronal
accumulation of excess amounts of the
sphingolipid ganglioside Gy;. By the
time the child is 8 to 12 months
old, physical and mental deterioration
is 'l.t.‘-il.l:!i]:l.' obvious.

Some of the first signs of deteriora-

normally. Although a month later he was able to sit with [ittle
CFF PECF hl"nrlr;'., J:'!lf ”."Hl T" ?:'ll'?"f.‘l.'u' '“nl .l'all_:.rll' I'.I'Ihl?‘r.ll'-'. I"EJ.II:" rl"'_:rl""“t.'l':'?i. R R
apparent and ke could no longer sit alone, He also displayed

tion noted by parents are mild motor
weakness and an increased startle re-
sponse to sudden sound. The child usu-
ally develops the ability to crawl and
sit up unaided; he may even be able to
pull to standing. But within a few
months he can no longer 51t unassisted
and must be propped. The mother may
also notice that he does not fix his gaze
well; his eyes wander becanse of fail-
ing vision. Soon the infant ceases to
smile or react to social stimuli. Ulti-
mately, usually by 18 maonths, he be-
comes paralyzed and blind.

As the disease progresses, medical
management becomes more difficult.
The child must be tube fed because he
has difficulty swallowing; secretions
may pool in the bronchi and must be
aspirated: he must be turned in bed
repularly to avoid pressure sores; he
may be rq:rzl:m-n‘i|1..'|I!r_-{I and require man-
ual evacuation, enemas, or cathartics;
eventually he develops seizures that
may occur as often as once an hour.
These respond initially to anticonvul-
sants but later become refractory.

Diagnosis is generally made within



9 to 12 months after birth. The chil-
dren usually die between the ages of
three and five, frequently because of
bronchopneumonia; the average age at
death is 40 months.

Hospitalization is usually begun
after a child has reached the age of
about 16 months. Some parents wish
to keep their child at home and can
care for the problems indicated above
with support and help. In either hospi-
tal or home, long-term intensive care
for two to three years is required. In
some facilities, 24-hour nursing care
may cost as much as $180 a day. Hos-
pital costs — when suitable facilities
can be found — vary between $10,000
and $50,000 a year. Until prenatal
diagnosis became a possibility, few
couples dared to risk the birth of an-
other child once they had gone through
the experience of having a Tay-Sachs
infant.

Early History and Genetics

Demographic studies by Stanley
Aronson, Professor of Pathology at

TAY SACHS: FPROTOTYFE FOR PREVENTION OF GENETIC DISEASE

AR

decreased muscle strength and coordination, was less interested
i his environment, his eyes tended to wander, and he exhibited
a M'n'l':'ug startle response o mtinimal sounds, Hr::.'jir'mﬁ:ﬁ!frm

Downstate Medical Center, Hrnnk!}'n,
and Ntinos Myrianthopoulos, at the
Mational Institute of Neurological
Diseases, demonstrated that the an-
cestors of the majority of Jewish
cases of Tay-Sachs disease in the
United States can be traced to the
northeastern provinces of Poland,
Western Russia, and those neighbor-
ing upon the Baltic Sea {Kovno, Su-
walki, and Grodna). Very few origi-
nated in the Western Balkan zones
or Germany. The reason for mainte-
nance of the high gene frequency for
rs5 b amongst Ashkenazi Jews is ob-
scure. Such explanations as consan-
guinity, selective advantage for the
heterozygote, founder effect, and ge-
netic drift have all been invoked as
contributing factors.

The modern history of the disorder
began in 1881 when Warren Tay, a
British ophthalmologist, described the
first recorded case. He reported eye-
ground changes in a one-year-old child
with pronounced muscular weakness.
He also described one of the charac-
teristic features of the disease, the so-

became necessary at 18 months, At left above, at 38 months,
seizures, blindness, and severe retardation were present. Final
photo was made af 42 months; the child died two months later.

called cherry-red spot (see the illus-
tration on page 257), as follows: “In
the region of the yellow spot in each
eye a conspicuous, tolerably defined
large white patch, and showing in its
center a brownish-red, fairly circular
spot, contrasting strongly with the
white patch surrounding it.”

The cherry-red spot is not diagnos-
tic for Tay-Sachs disease. While al-
most all children with the disorder
have this abnormality, there are at
least half a dozen dil‘fern-ut storage dis-
orders in which cherry-red spots oc-
cur. The spot can be seen as early as
the first few days of life. The red spot
is mot in itself abnormal, since it rep-
resents the normal vaseulature of the
foveal retina; it is the aceumulation of
lipid in ganglion cells adjacent to the
fovea, resulting in the white halo, that
is pathologic.

Tay subsequently saw two more
children with similar symptoms in the
same family, and another in a second
family. Then, in 1887, the American
neurologist Bernard Sachs gave the
first pathologic description of the dis-

]
£
o



KABACK AND O'BRIEN

Ceramide

Caramide |

MANA MNeacetylnewraminie Acid (Sialic Acigdh
GalMAC, Meacelylgalactosamine

3
=
-

=

Galactose
&

P

0

Hexosaminidase A (Hex A) is a lysosomal hydrolase, which, as illustrated above, acls to
catalyze the cleavage of N-acetylgalactosamine (Gal NAc) from ganglioside Gy,

ease after studying 19 cases from
several families. By 1898, Sachs con-
cluded that this was a hereditary de-
generative disease characterized by
three principal manifestations: the ar-
rest of all mental processes, progres-
sive weakening of the muscles termin-
ating in general paralysis, and rapidly
developing blindness associated with
changes in the macula lutea, develop-
ment of the cherry-red spot, and optic
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atrophy. Sachs also recognized that
the disease was a lipidosis, since neu-
rons in the nervous system — predom-
inantly in the central nervous system
but also in the periphery — were en-
gorged with lipid material.
Tay-Sachs disease is transmitted as
an autosomal recessive trait. Parents
of affected children are clinically nor-
mal and both have hexosaminidase
A function that is intermediate
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Eleciron micrograph of a neuron (x16,000) shows accumulations of lipid {panglioside
Gyy;) in form of many concentrically arranged, membranous eytoplasmic bodies,
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hetween those of patients and normal
subjects. Sex ratios are nearly equal.
Analysis of pedigrees, correcting for
incomplete ascertainment of matings
of two heterozygotes, gives ratios of
approximately one affected child to
every three unaffected children. In
utero diagnosis of fetuses conceived
from the matings of two heterozygotes
demonstrated that in 39 instances 9,
or 25% , were affected, a value close to
that expected. Drs. Aronson and My-
rianthopoulos have estimated, from
mortality records, that in the United
States as many as 1 out of every 30
Ashkenazi Jews is heterozygous for
the trait. Using enzyme assays to de-
tect heterozygotes, a frequency of 1 in
27 was found in the Washington Jew-
ish population and 1 in 23 in Balti-
more by Kaback and Zeiger. Among
non-Jews or Sephardic or Oriental
Jews, the heterozygote frequency is
estimated at 1 in 300. Using overall
statistics one can calculate that 50
children will be born with the disease
in the United States this year, of
whom 40 to 45 will be of Ashkenazi
Jewish origin.

The Enzyme Defect

The biochemical history of Tay-
Sachs disease began when the late
Ernst Klenk, Professor of Chemistry
at Cologne University, described a
massive accumulation of gangliosides
in brain tissue of affected children in
1942. Twenty years later Lars Sven-
nerholm, Professor of Biochemistry at
the University of Gothenburg, identi-
fied the specific lipid as ganglioside
Gy and characterized its structure.
Ganglioside Gy, is one of seven or
eight different gangliosides normally
present in man's brain, but in Tay-
Sachs disease it accumulates to levels
100 to 300 times normal.

The ganglioside accumulation could
be explained by excess synthesis, dim-
inished degradation, or both. Several
pieces of evidence suggested decreased
degradation as the most likely mecha-
nism. First, ganglioside G, accumu-
lates in structures that resemble al-
tered lysosomes. Second, the normal
brain contains lysosomal hydrolases
capable of breaking down ganglioside
Gy by sequentially cleaving off sugar
molecules. This made the deficiency
of a lysosomal hydrolase a conceivable
explanation for Tay-Sachs disease.



This hypothesis was strengthened by
the findings of Dr. Roscoe Brady and
his coworkers at the National Insti-
tutes of Health that in several other
lipid storage diseases the absence of a
specific degradative enzyme accounts
for the accumulation.

When British workers in 1968 re-
ported the existence of two hexosam-
inidases in normal human spleen tis-
sue, Drs. Shintaro Okada and O'Brien,
working at the University of Califor-
nia, San Diego, recognized that one or
both of these enzymes could be in-
volved in ganglioside Gy» degrada-
tion by cleaving the terminal beta-
linked N-acetylgalactosamine (see il-
lustration on page 256). When frozen
tissue from Tay-Sachs children was
examined, it was found that one of the
enzymes, hexosaminidase A (Hex A),
was missing. The absence of Hex A
was demonstrated in freshly drawn
serum and leukocytes From patients
and in skin fibroblasts growing in tis-
sue culture.

Okada and O'Brien also demon-
strated that Hex A and B are found
in normal human brain, liver, kidney,
skin, leukoeytes, serum, and cultured
skin fibroblasts, and that Hex A is
missing from all these tissues in pa-
tients with Tay-Sachs disease. They
also established that both enzymes are
present in cells cultured from amniotic
fluid obtained during the second tri-
mester of normal pregnancy and that
parents of affected children have lower
than normal levels of Hex A.

Prenatal Diagnosis

These findings laid the foundation
for both prenatal diagnosis and car-
rier detection. Just a few days after
the first publication (in 1969 ) of Hex
A data a woman telephoned O'Brien.
She had borne a Tay-Sachs child eight
years before and was 13 weeks preg-
nant, She said that if she could be
confident that the baby would not
have the disease she would continue
the pregnancy because she and her
husband wanted another child. If the
answer was uncertain, she was consid-
ering terminating the pregnancy by
therapeutic abortion, since she could
not face the tragedy of another Tay-
Sachs baby.

Fluid was obtained by amniocente-
sis and Hex A was found in both the
amniotic fluid and the cells. O"Brien
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tunduscopic view of the eye in o child with Tay-Sachs disease shows the cherry-red
spot {arrow) characteristic of this disorder and several other ffpr'tf storage conditions;
typically a yrﬂnw ring sirrounds the spof, first deseribed by Tay.

indicated that the baby very likely
did not have Tay-Sachs. Five months
later she delivered a baby girl. Serum
assay of the umbilical cord blood
showed normal Hex A activity.
(VBrien examined the child when she
was 14 months old and she was de-
veloping normally; serum Hex A assay
demonstrated that she was heterozy-
gous. Another laboratory in which the
prenatal diagnosis for Tay-Sachs was
carried out was that of Dr. Lawrence
Schneck of Kingsbrook Medical Cen-
ter in Brooklyn. All told, more than
100 pregnancies have been monitored
for Tay-Sachs disease, 39 of them in
O'Brien’s laboratory alone, These are
predominantly in couples who have
previously had tvsp children. Now,
however, some at-risk pregnancies are
being monitored in couples who have
not had a Tsp child but who have
been identified in screening programs.

The fluorometric assay for serum
developed by Okada and O'Brien was
modified to permit assaying of Hex A
in amniotic fluid, uncultured cells, and
cultured amniotic cells. Amniocentesis
for diagnosis of Tay-Sachs disease in
utero is best carried out between the
l4th and 16th gestational week. By
this time there is enough fuid so an
adequate sample can be obtained and

yet there is still time for the cells to be
cultured before the optimal time for
an abortion has passed.

In laboratories with well-developed
expertise in growing amniotic cells,
the results of all three assays should
be consistent. In our laboratories, for
instance, we assay the fluid itself and
cells sedimented from the fluid. We
confirm the results of these two assays
by assaying the cultured cells when
they have grown out—in from 10
days to four weeks, The results on the
cultured amniotic cells are the most
reliable, since they produce a greater
spread of values between affected and
nonaffected individuals (heterozygotes
and normal homozygotes ).

Among the 39 monitored preg-
nancies at the University of California,
San Diego, there were nine fetuses de-
ficient in Hex A. Eight of the preg-
nancies could be terminated safely,
and were. Diagnosis of Tay-Sachs dis-
ease was confirmed in seven by means
of electron microscopy, ganglioside
analysis, and enzyme assays; one fetus
was unavailable. On the average there
was a 30-fold increase over normal
levels in cerebral ganglioside Gy, lev-
els in the affected fetuses. In the ninth
affected pregnancy amniocentesis was
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carried out too late to end the preg-
nancy artificially. The child is now
over two years, has absent Hex A activ-
ity, and demonstrates the clinical man-
ifestations of Tay-Sachs disease. In
the remaining 30 pregnancies, enzyme
assays indicated the children were not
affected; and of the babies born to
date, all have had adequate levels of
Hex A and are free of the disease.

Amniocentesis for Tay-Sachs should
not be attemnpted unless 1) an obste-
trician experienced in midtrimester
amniocentesis carries out the proce-
dure, 2) the parents have been coun-
seled concerning the procedure and
its implications and risks by an experi-
enced clinician, and 3) arrangements
have been made for the determination
of the enzyme in a laboratory with ex-
pertise in hexosaminidase A assays.
Numerous pitfalls, which include an
improperly done amniocentesis, an in-
adequate specimen, bacterial growth
in the sample, and artifactual inactiva-
tion of the enzyme due to shipment
problems or poor laboratory technique,
can be avoided by careful planning so
that the ultimate disaster of a false-
positive or false-negative diagnosis
will not occur. When these require-
ments have been met in the past, to
our knowledge no errors in diagnosis
have been made. Should there be any
question about these matters, the
maother should be referred to one of
the major centers in the United States
that are capable of providing these
services.

To develop an effective therapy,

Starch pel chromatographs of liver tissue obtained from four
aborted TSD fetuses (numbered) and two normal (N} ahorted
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many laboratories are now trying to
characterize the basic molecular defect
responsible for the Hex A deficiency,
with the ultimate aim of trying to
find a way to activate production of
the missing enzyme or replace it. In-
travenous administration of Hex A in
matched plasma from normal donors
has been attempted by O'Brien and
others; however, dozens of infusions in
patients at various stages of illness
have produced no clinical improve-
ment.

Carrier Detection

Unfortunately for the parents in-
volved, Tay-Sachs disease is typical
of other autosomal recessive diseases
in that it eccurs principally in families
where it has not been known before,
A study conducted 40 years ago by
Slome, involving 88 sibships and 130
cases of Tay-Sachs disease, revealed
that 82% of the cases marked the first
appearance of the condition on either
side of the family. Thus, if one waits
for proband cases to occur, only about
20% of the total cases are preventahble.
In order to detect the majority of the
cases prenatally it is necessary to iden-
tify at-risk matings before they re-
produce.

The fundamental procedure for car-
rier detection is the fAluorometric assay
devised by (FBrien et al, which esti-
mates the activity of both Hex A and
Hex B in serum. A slightly different
version of the same assay is used for
leukocyte analysis. The basic assay

was modified somewhat by Kaback
and his associates when he was at
Johns Hopkins to permit the screen-
ing of serum from large numbers of
individuals.

The assay of Hex A and B depends
upon the difference between the heat
stability of the two enzymes. Hex A
activity is rapidly destroyed by heat-
ing, while that of Hex B is not. The
serum assay is so sensitive it can be
performed on a drop of blood from a
heel stick in an infant, although col-
lection of a larger sample is usually
preferred so that multiple tests can be
carried out. While the serum analysis
is simple enough to be conducted in
any hospital laboratory, it requires
critical internal quality control to pro-
vide accurate, reproducible results,

As the assay is used in our labora-
tories, primary serum screening can
positively identify 97% of those tested
as either carriers or noncarriers of the
Tay-Sachs gene. The remaining 3%
fall into an-inconclusive range, arbi-
trarily defined to avoid false-negative
aned falsg-]m:;'bt'lvg: resilts. These “in-
conclusive” subjects are retested with
the more accurate leukocyte assay,
which gives greater than 99% confi-
dence in genotype designation. In non-
carriers, 50% to 75% of their total
hexosaminidase activity is heat labile
{Hex A); in carriers, this value is
20% to 45%. To be classified as a car-
rier, a subject must have three con-
secutive duplicate serum determina-
tions in the carrier range. Two consec-
utive determinations in the higher

Hex A

Hex B

fetuses show that while Hex B is present in both groups, Hex A
activity is missing in the livers of the affected fetuses.



range are sufficient for noncarrier
designation.

Hex A activity in the serum may
reflect many factors extraneous to the
Tay-Sachs gene, such as medications,
pregnancy,and systemic illnesses,e.g.,
diabetes and hepatitis, which may
give unreliable data regarding carrier
status. For example, the serum assay
in pregnant women after the fourth
week of pregnancy or in some women
taking birth control medications may
falsely indicate carrier Hex A levels.
However, the leukocyte assay remains
accurate in both instances. Although
the leukocyte method is more accurate
it 15 also more laborious and l:i'ﬂill;nr,,
making it less desirable as a screening
test,

Approximately 350 individuals out
of the first 10,000 screened in the
Washington-Baltimore program were
“inconclusive™ after initial serum test-
ing. Leukocyte assays on over 300 of
these subjects allowed all but four to
be accurately genotyped. These four
probably represent genetic variants
for Hex A, since other members of
their families also had inconclusive
serum and leukocyte Hex A levels. In
any couple in which both partners are
found to be carriers by serum assay,
confirmatory leukocyte assays should
be carried out and family studies con-
ducted in order to corroborate these
findings.

Mass Screening

Three criteria that make prospec-
tive prevention of T35 p feasible are:
1) it occurs principally in a defined
population group so that selective
screening is possible; 2) there is a
simple, accurate, and inexpensive car-
rier detection test: and 3) the condi-
tion can be detected in an affected
fetus early enough in pregnancy to
permit selective abortion if the parents
s0 desire, and to enable at-risk couples
to have unaffected offspring.

If mass screening can be justified
because it provides a positive alterna-
tive, it still must be undertaken with
human values foremost in mind. Care-
less planning, premature announce-
ments, incorrect information, or im-
properly delivered results can have
disastrous effects on those who are
supposed to be helped by the program.

Those planning a voluntary commu-
nity-based screening program should

TAY SACHS: PROTOTYIPE FOR PREVENTION OF GENETIC DISEASE

first determine which of two basic
strategies to employ: to attempt to
reach a major share of the population
at risk or to make a service available
on a limited scale to those who happen
to learn of the service and come in
spontaneously. The choice will depend
not only on a given community’s needs
but also on the resources available. If
voluntary community-wide screening
is decided upon, the planners will have
to be prepared for a detailed organiza-
tional effort, with carefully planned
public education.

The planners should also decide
just who will be screened. Because
facilities and personnel were limited
and because of potentially greater
psychologic problems and misunder-
standings in teenagers, the Washing-
ton-Baltimore testings were confined
to men and women of childbearing
age, and principally to married or en-
gaged individuals. If a woman was
more than four and a half months
pregnant neither she nor her husband
was tested because time would be in-
adequate to carry out the required
procedures and for the information to
be useful in that pregnaney. If the
woman was less than four and a half
months pregnant, only her husband
(“pregnant husband™) was tested,
since her serum test would be likely
to give a spurious result. If his serum
test indicated he was o carrier or if
it was inconclusive, both man and wife
were immediately asked to come to
the hospital for leukocyte and repeat
serum assays. Serum screening of
“pregnant husbands” was given prior-
ity to minimize “deadline” problems.

If the target population is suffi-
ciently large, a community-wide pro-
gram is a rational way to bring ge-
netic  screening and counseling to
those who need it. This sort of pro-
gram requires long and complex prep-
aration, however, and should not be
attempted unless the planners are
thoroughly committed to meeting the
responsibilities it will eventually gen-
erate. The strategy and planning se-
quence of the Washington-Baltimore
program i5 illustrated on page D60

One of the major foundations of a
large Ycreening project should be o
strategically planned educational pro-
gram. This must start many months
in advance of the screening itself. In
the project at Johns Hopkins, 14
months of planning and education pre-

Prenatal Diagnosis of Tay-Sachs

Disease: Experience at Univer-

sity of California, San Diego
(to January 1973)

Pregnancies monitored 39
{both parents heterozygous)

Fetuses homozygous e
Aborted i
Analyzed and confirmed 7
Unavailable 1
Born 1

Diagnosis at 27 weeks of
gestation has clinical
T5D (now age 2]

Fetusbs heterozygous 30
Born 25
(All have adequate Hex Al
I wtero 1
Aborted 1

(Chromosomal abnormality)

ceded public announcements of the
first screening session. The only tech-
nical work done during this period of
time was development of the auto-
mated assay and trials of the tech-
nigue in parents of affected children
and with hospital personnel.

Perhaps the first step in education
is to reach the medical community.
Most practicing physicians are unfa-
miliar with rare genetic conditions
such as Tay-Sachs disease and un-
likely to know of the latest advances
associated with them. This is under-
standable, since even in 1963 less
than one quarter of the medical
schools in the United States offered
any formal course work in medical
genetics.

If a physician is informed, he can
support the screening effort when one
of his patients asks about it: “Yes,
it"s a rare disease and the chances are
remote that it will affect you. But 1
believe vou should consider being
tested since the information is helpful
however the results come out.” A doc-
tor who is uninformed, on the other
hand, may dismiss the program as
wasted effort on the part of ivory
tower scientists.

A second audience that needs to be
reached in any screening project in-
valving minority populations is the
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i
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| N
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(7 E Begin Mass Screening I

The strategy of a voluntary, community-wide screening program
aimed at prevention of a genetic discase requires a carcfully
staged sequence of efforts, as indicated above. Without the hasic
knowledge and funds (stage 1} the necessary educational work

leadership of the religious community.
This is certainly true for Tay-Sachs
disease. The rabhinate in Washington
and Baltimore was approached months
before any public announcement was
made. The rabbis gave the screening
effort their active as well as moral
support. They delivered sermons on
the topic and counseled couples and
individuals. They also have a major
responsibility for continuation of the
program as they have the opportunity
to provide educational material regard-
ing the screening to young couples
prior to marriage.

The third step in education is to
reach a corps of community volunteers
who can disseminate accurate pro-
gram information, help generate inter-
est when screening gets under way,
and man the facilities when testings
are conducted. On the order of 1,000
such volunteers, recruited from reli-
gious and community organizations,
were trained in Washington-Balti-
more, Through lectures and work-
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shops they learned the basic Facts
about Tay-Sachs disease and then
communicated them to organizations
and friends at wvarious community
gatherings. Screening could not have
succeeded without these volunteers.
Two facts convince us this is so. First,
the staff was prepared at the initial
session to offer counseling to individ-
uals who were confused or did not
understand the program. But in fact
little counseling was required because
the volunteers had done an outstand-
ing job of communicating what the
project was all about. Second, the vol-
unteers made it physically possible for
the technicians and physicians to han-
dle the large numbers of people whao
came to be screened. They took care
of marking the test tubes and record-
ing names and addresses. It is a real
testimonial to the conscientiousness of
these volunteers that only four tubes
were mislabeled or misplaced during
the screening of about 10,000 persons.

Only after this firm foundation of

(2) cannot be undertaken; similarly, the mobilization of volun-
teers and medie of public communication should be delayed
until their immediately preceding stages are completed. Henee,
the mass screening may not be able to begin for many months,

knowledge and volunteer support had
been laid was the sereening program
publicly announced, approximately
four to six wi,:l::ks bg:Fftln‘.' Lhc first o=
munity testing. Small task forces of
10 to 20 people started calling mem-
bers of their parent organizations and
distributing flyers and letters while
the newspapers and broadcast media
carried announcements of the screen-
ing data. The timing of these steps in
the program was indispensable to its
effectiveness; one should not start talk-
ing publicly about testing until prepa-
rations are close to final. Otherwise
the interest generated will be dissi-
pated, frustrated, and wasted.

All mass screening efforts in the
Washington-Baltimore area were car-
ried out in community facilities such
as synagogues, schools, or community
centers. This seemed far more appro-
priate than hospitals, which are not
set up to deal rapidly with hundreds
of “patients.” These other Facilities



could accommodate large numbers
and were also more accessible. A sche-
matic diagram of the layout for a typ-
ical session is shown below,

To initiate the Washington-Balti-
more program,approximately $65,000
was required for equipment, labora-
tory and office personnel, and supplies.
This sum was raised chiefly from
the pﬁr:tht q;nnnuunil}', the John F.
Kennedy Institute in Baltimore, and
the Maryland State Department of
Health and Mental H:..'gi(:u:'_ The pro-
gram was made self-supporting there-
after by charging a voluntary fee of
%5 for each individual giw'ﬂ the serum
test. This fee slightly exceeded the
actual cost of the test but the differ-
ence [:H'r'l:!n:'[] l.l:'ll,! t‘)’.]..'l!!"?il'!'i Ur l]'ll' Fl!?'“'
people who did not pay. Physicians
who participated in screening sessions
volunteered their time.

Genetic Counseling

Onee the technologic problems of
screening for a penetic disease are
solved, the <|1Lg:5!inu remans of |1|:,'1]:-
ing people use the information ob-
tained to make voluntary decisions of
the highest personal importance,

Test results must be delivered in a
careful and sensitive way. When there
is clearly no carrier in the family a
form letter will do. But in almost
every other circumstance at least a
telephone call from the genetic coun-
gelor is required. For example, two of
the couples found at risk in the Wash-
ington-Baltimore screening had chail-
dren at home under one yedar of age.
A letter giving them the test re-
sults would have been frightening. A
phuuc rl_::|.||.1 some verbal TEASSUTANcE,
and immediate testing of their chil-
dren were able to allay their anxieties.

1Ir'l.-"nurb;il'lg with members of the ]Juh-
lic under these circumstances requires
a special commitment. Even before an
individual or a couple is screened the
mere idea of testing can he threaten-
ing. “You're going to tell me whether
I have bad genes,” is the general idea.
Our experience suggests that intensive
counseling will overcome the fears of
the few couples who have serious
questions before testing. And all cou-
ples in whom possible or proved risk
exists must have direct contact with
the counselor. Discussion must be
shaped to the individuals involved.
Some require more factual data, oth-
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ers more emotional reassurance. But
this is the interface at which a screen-
ing program will succeed or fail.
Complete privacy in the delivery of
results is of course essential. We have
received calls from inquiring relatives
of screenees, for instance. *My son-in-
law was tested. Is he a carrier? I need
to know because my daughter hasn’t
been tested.”™ Our results are delivered
only to those screened. In a program
involving adults wvoluntarily seeking
this service, we believe we are able to
maintain confidentiality better than
might be possible in a mandatory situ-

PREVENTION OF GENETIC IMSEASE

ation involving people of all ages or
in a commercial testing setup co-
ordinated through p]'l_\':sii_'lzuls' offices.

{Once a carrier of the Tay-Sachs
gene is identified, another question
arises: How far should the [:l]'l:..':-ﬁ-.‘.izm
go in trying to identify other earriers
in the same family? We believe there
is an obligation tu:; try todo this as far
as possible. In our program this is
done through the identified carrier,
who is provided with educational ma-
terial to send or giu* to his .'!pprthr'l:Ite
relatives. This information instructs
those relatives to contact the center if

Register
i Question and
}/ " Answer Area
: Re: disease,
Vaoluntary Area for teshing
Fee Fillimg Ohut F!l'L.'lgram,
:' Questionnaire < elc.
I
v |
Testing Room
Assignment
re Baby- Sitting
Area
oo
=y
E F i ]
“Pregnant
D Husbands™
Obtain
' Testing Area “spedial” Cluestionnaire
(Either Rooms or Stations)
“special”
B
A
Emergency
Arpa
E:lir/,\ /\EI'ILEI
A o

Community facility, in preference to a haspital, may provide an optimal setting for mass
sereening programs in genelic disease prevention. f,a!;.uur shown above is based on
Washington-Baltimore program for Tay-Sachs disease; parking space is also needed.
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they wish to be tested or obtain fur-
ther information. Arrangements are
then made with physicians of out-of-
town relatives to have appropriate
samples sent for testing. To reduce
the volume of work we begin (when
possible) by testing the carrier’s par-
ents to determine which side of the
family carries the gene, since in most
cases both are not heterozygotes.

In all of our studies of Tay-Sachs
carriers (more than 250 in the East
and 75 in California ), we have always
been able to identify at least one par-
ent in the previous generation as a
heterozygote. In fact, three older cou-
ples were found in Washington and
Baltimore in which both partners car-
ried it, but fortunately none had had
a Tay-Sachs child. In the Washing-
ton-Baltimore screening program 11
couples have been identified in which
both man and wife carry the Tay-
Sachs gene. There was no previous
history of the disease in their immedi-
ate families. Every one of these 22
individuals has been confirmed as a
carrier by leukocyte assay, and at least
one parent in the preceding generation
has alse been found to have compar-
able serum and leukoeyte enzyme lev-
els. Thus it is evident (short of their
having a Tsp child) that these cou-
ples are at risk.

Within one year of being identified,
five of these couples conceived. All
elected to monmitor their pregnancies.
One of the five showed no Hex A in
amniotic Aluid and cultured cells. The
pregnancy was terminated and the
fetal diagnosis was confirmed in post-
abortive tissues.

While we believe that genetic
screening as described here is fully
justified in human terms, the question
of its cost is bound to be raised. Sev-
eral estimates of cost effectiveness
have been made that indicate it would
vost only one fifth to one third as much
to screen the entire Ashkenazi Jewish
population in the United States as to
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care for the affected children that
would be born without a preventive
program. Because the gene is 50 much
less frequent outside the Jewish pop-
ulation, it would be economically un-
realistic to screen the entire nation.

Implications for Other
CGenetic Diseases

Obviously our experience with Tay-
Sachs disease has many implications
for dealing with other autosomal re-
cessive conditions once suitable carrier
and fetal detection procedures have
been developed. In considering the
long-term effects of genetic screening,
two broad areas are of concern — the
impact on the gene pool, and the pos-
sible psychologic effects of mass edu-
cation and genetic counseling.

One must make a large number of
assumptions to arrive at even very
rough calculations of the genetic im-
pact of a preventive program such as
that for Tay-Sachs disease. Carrier
detection as such is not likely to alter
the frequency of the Tay-Sachs gene
in the Jewish population. One reason
is that the overwhelming majority of
carriers in the population result from
the matings of heterozygotes with
noncarrier homozygotes and these
matings are likely not to be affected
by the preventive program. Long be-
fore any significant effect on the fre-
quency of the gene could be observed,
medical science should have developed
a superior approach for dealing with
Tay-Sachs disease.

With respect to the psychologic im-
pact of a screening program, our ex-
perience sugpests that those couples
established to be at risk have re-
sponded well to intensive counseling,
To evaluate those impressions, and to
assess the impact of carrier identifica-
tion, interviews are now being con-
ducted in the screened population to
see how effectively information was
transmitted and to evaluate whether
significant stigmatization is felt by

identified heterozygotes. In addition,
other studies are being conducted to
investigate other psychosocial consid-
erations in mass genetic screening of
this type.

A final point concerns the virtues
of voluntary genetic sereening as con-
trasted with a legally mandated form.
We have been impressed with the
effectiveness of the voluntary approach
and we believe that the psychologic,
political, and moral dangers of legis-
lating human genetie testing far out-
weigh the potential medical benefits.

As a practical matter, legislation
alone cannot solve genetic problems.
The public must be educated for any
program to work, and voluntary learn-
ing based upon enlightened self-inter-
est is inherently more effective than
coerced learning. There is also the
matter of financial support. Each ge-
netic disease program will require a
substantial investment in backup ser-
vices to be sure it benefits all segments
of the population. Although amniocen-
tesis has been a medically accepted
procedure for some time, it is still pri-
marily a service available to those
well-off enough to pay for it. The
govermment cannot require education
about genetic disease without provid-
ing the related services.

We do not believe that every Jew-
ish person of childbearing age should
be required to have a Tay-Sachs en-
zyme assay. We do believe that every
Jewish person of childbearing age
should know about the disease, should
know what ean be done about it, and
should be free to make his or her own
decision whether or not to be tested,
Education and individual choice is a
mechanism far superior to legislation
with regard to genetic programs of
this sort in any population. It is hoped
that the information and experience
gained in Tay-Sachs screening will fa-
cilitate future implementation of pre-
ventive programs for other genetic
conditions.
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Considered in the context of the diseases discussed in
the preceding chapters of this text, Rh incompatibility
is an anomaly. It is not, strictly speaking, inherited, nor
does it involve anything that can be classed as a genetic
defect. The parents of an affected infant, as well as the
infant itself, all possess entirely normal genotypes, whether
evaluated at the microscopic (chromosome) or submicro-
scopic (gene) level. Rather, Bh incompatibility can be
described as phenotypic abnormality produced by the inter-
action of two normal genotypes, proving that whether or
not two wrongs can make a right, two “rights” can, in
this case, make a *wrong.”

Nonetheless, Rh hemolytic disease must be classed as a
genetic disorder, since its ultimate, if not its proximate,
cause is a particular combination of parental genotypes.
As such, it is almost certainly the commonest of all genetic
pathologies among Caucasian populations, having an inci-

dence rather greater than one in 200 births. It is therefore

particularly gratifying to report that we are now in sight
of the virtual abolition of Rh disease. Timely treatment
by techniques developed over the past 10 years can prevent
all but a small fraction of these incompatibilities from
developing.

My own interest in genetic disease stems from a child-
hood interest in butterflies. In later life, this led me to
experiment with crossbreeding the insects, and thence,
with my colleague Professor P. M. Sheppard, to a curiosity
about how certain of their characteristics are inherited —
in particular, the “mimicking” traits of form and color by
which some species, otherwise palatable to birds, obtain
protection from predators by simulating the appearance
of unpalatable species. To omit the details, it appears that
such traits are frequently transmitted by closely linked
groups of genes, sometimes called “supergenes.” And this

brings us to Rh incompatibility, since the Rh factor (in
contrast to most other blood-group traits) seems to be
transmitted in a similar manner.

For practical purposes, however, the Rh “supergene™ be-
haves much like an ordinary gene, with Rh positive domi-
nant over Bh negative. Some 15% of the population in
Europe and the U.S. is Bh—; of the remainder, a proportion
something less than half is homozygous Rh+, with the
rest phenotypically Rh+ but heterozygous for the trait.

The problem begins, of course, when one of the minority
of Rh— women marries an Rh+ man. If the father is
homozygous, any child resulting from the union will cer-
tainly be Rh+; if he is heterozygous, half the children will
be Bh+. The next step in development of the disease usu-
ally occurs at delivery of the Rh+ infant, when some of its
blood may leak across the placenta into the maternal cir-
culation. There, Rh antigen on the surface of the infant’s
erythrocytes triggers formation of Rh antibody by the
mother in the postpartum period. This has no effect on
the infant, naturally, but if a second Bh+ fetus is con-
ceived, the maternal Rh antibodies will pass through the
placenta to destroy fetal erythrocytes. The result is anemia,
which, if serious enough, can produce permanent ¢ ™ s
damage or death in utero.

Fortunately, most steps in this rather elaborate patho-
genic process work inefficiently, as can be seen from the
theoretical vs the actual incidence of Rh disease. Assuming
random mating in the population, an Rh— woman has an
85% chance of marrying an Bh+ man, which, allowing
for possible heterozygosity in the father, means the Rh—
woman has about a 60% chance of producing an Bh+
fetus. Among these, perhaps a third will represent first
pregnancies and therefore not normally be at risk. The
remainder, however, will still amount to something like
6% of all pregnancies. Taking the figure for British births
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five years ago, before prophylaxis
against Bh disease became wide-
spread, this would mean that of the
annual total of about 850,000, one
would have expected some 50,000
“rhesus” babies {see below).

The actual number was only about
a tenth of that figure. Most of the
time, therefore, something must have
gone “wrong” with the pathogenic
process. Either fetal blood had not
entered the maternal circulation dur-
ing the first pregnancy in sufficient
amounts to trigger antibody forma-
tion (which probably accounts for
most of the “missing” cases) or anti-
bodies failed to form in pathogenic
quantities for other reasons. We know,
in fact, that something like 20% of
the time this failure occurs because the
Rh incompatibility between mother
and fetus is in effect cancelled out by
another type of incompatibility, in-

volving the aso blood factors —a
subject that will be discussed later.
But even where this situation does not
obtain, some mothers, for unknown
reasons, fail to manufacture antibody.
Altogether, we find that even in the
absence of Aro incompatibility only
about 8.5% of women in these cases
will have formed detectable antibody
within six months after the first de-
livery (little or no antibody is formed
thereafter ), while an equal proportion
will form antibody some time during a
second pregnancy — though in neither
case will the antibody levels neces-
sarily be high enough to produce dam-
aging anemia in the second fetus.
(ther studies, in fact, have shown that
while maternal antibody titers below
a certain level (the actual figures de-
pend on the procedures employed)
mean that the fetus is pretty certainly
sot in danger, titers above that level

mean merely that it may be en-
dangered.

Serious Rh incompatibility has, of
course, been treated for more than a
generation by means of exchange
transfusion immediately postpartum;
it has been estimated that this proce-
dure, despite its inherent dangers, sal-
vages something like 70% of the en-
dangered infants — though not all of
these escape neurologic damage. More
recently, improved prenatal diagnostic
techniques, invelving spectrophoto-
metric examination of amniotic fluid
obtained by amniocentesis, have pro-
vided much more sensitive and reliable
indicators of the degree to which fetal
survival is threatened by hemolysis. If
a severe threat occurs late in preg-
nancy, labor can be induced immedi-
ately; in some other cases, the problem
has been combated by intrauterine
transfusion. Together, these advances
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Some of the factors that explain why the incidence of Rh disease
is much lower than expected are shown graphically above. Of all
Bh— mothers, making up some 15% of all mothers, only about
half produce an Bh+ fetus with which they are ABO compatible,
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i, are af risk of becoming tsoimmunized. Of these, only a sixth
will actually show detectable antibodies Iy the end of a second
Rh+ pregnancy, even without treatment; with treatment, the
incidence of immunization drops by about 90%.



have reduced fetal wastage in Rh dis-
ease to below 10%.

All these advances were obviously
encouraging, but though they mini-
mized the Rh problem they could not
be said to have solved it. Moreover,
some of the procedures involved were
difficult and costly, and none was com-
pletely without risk to mother, fetus,
or both. A better approach was obwvi-
ously needed, and the phenomenon of
“protection” against Rh disease by
A B0 incompatibility gave some hope
that such an appreach could be de-
vised. Exactly how this protection
works is still in dispute; the most
likely explanation seems to be that the
maternal A B antibodies attack any
fetal erythrocytes that leak into the
maternal circulation and thereby ren-
der them immunologically ineffective.
Presumably they are segregated in
some part of the body (e.g., the liver)
inaccessible to the mother’s antibody-
manufacturing cells,

But how could a similar effect be
induced artificially when the mother
lacked these A g antibodies? Injection
of the antibodies themselves was obvi-
ously out of the question, since they
would attack the maternal as well as
the fetal erythrocytes. My associates,
my wife, and I all pondered the prob-
lem for many months and then it sud-
denly dawned on us that the answer
might be to give the mothers injec-
tions of anti-Rh, for if A B antibodies
could neutralize incompatible cells,
there seemed no reason why Rh— anti-
bodies could not do the same to Rh+
cells.

The first attempts to test this hy-
pothesis, mainly carried out by my
colleague Dr. Ronald Finn, were, how-
ever, less than successful. The pro-
eedure involved producing anti-Rh
plasma by injecting Rh+ cells into
volunteer Rh— male donors, and then
injecting the plasma into other male
Rh— volunteers who had previously
been injected with Rh+ cells labeled
with radiochremium. The anti-Rh
plasma did indeed knock out a large
proportion of the labeled cells, but did
not prevent the formation of antibody;
six months later, antibody levels in the
volunteers were actually higher than
in untreated controls.

We persisted, however, and eventu-
ally discovered that the failure was
due to our giving the “complete” anti-
body, which, though it destroys Rh+
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Assay for fetal Blood invelees treating sample of maternal Bood with a reagent that
dissoloes adult but not fetal hemoglobin; fetal .:'ry!lt:rm_rlrh:.-r then show up n:'.Iﬂ.!:J'y against
the transparent “ghosts” of the maternal cells, This photomicrograph indicates that the
mothers circulation conlaing ﬂppmxima!m'y 1.0 ml of fetal blood.

cells, leaves the residue still antigenic.
When we changed our methods of
preparation to produce the “incom-
plete” antibody = a protein of consider-
ably lower molecular weight — we
found that it not only destroyed the
cells but in most cases prevented anti-
body formation as well.

At this point we were ready for a
clinical trial. Meantime, however, we
had become aware of the work of a
New York group composed of Vincent
Freda, John G. Gorman, and William
Pollack, who by a somewhat different
chain of reasoning had independently

reached the same conclusion as we
had. The main difference in their ap-
proach was the use of anti-Bh gamma
globulin instead of plasma, which was
not only safer, since it eliminated the
risk of serum hepatitis, but also more
convenient, since it could be injected
intramuscularly rather than infused
intravenously. For these reasons we
shifted over to gamma globulin rather
than serum for clinical trials, which
by this time were also going forward
at other centers in several countries.

Our own clinical protocol involved
separating the treated women into two
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groups, depending on the amount of
fetal blood they were estimated to have
absorbed through transplacental leak-
age. The estimates were based on the
Kleihauer test, in which a sample of
maternal blood is treated with a re-
agent that dissolves adult but not fetal
hemoglobin. The result is that adult
(1.e., maternal) erythrocytes appear
under the microscope as hemoglobin-

GRAVIDA |

free “ghosts,” while the fetal erythro-
cytes stand out as conspicuous dark
spots, from the number of which the
proportion of fetal to maternal blood
can be estimated.

To the mothers who had absorbed
less than 0.2 ml of fetal blood, we
gave 1 ml of the gamma globulin pre-
paration, containing approximately
200pg of anti-Rh (sometimes called

anti-D) globulin, Those who had ab-
sorbed 0.2 ml or more of fetal blood,
and were therefore at presumably
higher risk of developing antibodies,
received five times this dose. In ad-
dition, of course, we matched both
groups with untreated controls.

After four years, the results were
impressive. Of the treated low-risk
(less than 0.2 ml of fetal blood)
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The natural protection against Rh immunization afforded by ABO
incompatibility between fetus and mother is depicted. When
major blood group identity exists (e.g., A:A) the leakage of fetal
cells into the maternal circulation at delivery of a primipara (top)
will elicit an anti-Rh antibody response in the mother. When
the sensitized mother becomes pregnant again, these antibodies,
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boosted by new exposure, will enter the fetal circulation, causing
hemolysis. However, if there is an intercurrent ABO incom-
patibility (e.g., A:B), any fetal red blood cells entering the ma-
ternal blood stream in the first pregnancy ore likely to be im-
munologically neutralized too rapidly to permit Rh immuniza-
tion and its sequelae in later pregnancies (lower schematic).



women, only 0.36% showed detect-
able antibodies six months after deliv-
ery, as against 3.6% of the controls.
In the high-risk group, the incidence
of immunization was still only 0.6%,
as against more than 21% for the
high-risk controls — the latter figure,
incidentally, fully confirming that
these women were indeed at a far
greater risk than the others.

By 1971, we were able to publish
a final report on both groups, this time
focusing on those who had undergone
asecond Rh+ pregnancy. For the low-
risk, second-pregnancy mothers, the
total incidence of immunization, in-
cluding those who had previously been
immunized, was still only 1.8%, as
against 10% for a control group; for
the high-risk group, the proportion
was 2,39, as against 31% for high-
risk controls.

Summarizing all these findings, and
adding some additional data that have
accumulated since the original study,
we can say that in an untreated group
of Rh— women, roughly 17% will be
immunized by the end of their second
Rh+ pregnancy; with treatment, this
figure is lowered to less than 2%, a
reduction of nearly 90%. When we
say “immunized,” of course, this does
not necessarily mean immunization to
a degree that will kill the second fetus,
but merely sufficient antibodies to
cause a significant degree of fetal
hemolysis. In fact, a large proportion
of this residuum can be saved by the
older techniques already discussed,
such as induced delivery and exchange
transfusion.

Since t:-ilﬂ}' 1971, pn’.ri'.l]'l:,'l:sxi!i
againat Rh— sensitization has been
routine in Great Britain for most Rh—
women giving birth to Rh+ infants,
where the Ano gEroups are compat-
ible between mother and child. The
pregnant woman is typed during pre-
natal ﬂxumi[luli:m; 1f she turns out to
be Rh—, her hushand is typed also. If,
as 15 likely, he is Bh+, then the infant
is typed postpartum to determine
whether, on the basis of both Rh and
A B o incompatibility, the mother is at
risk of immunization,

Should this be the case, a sample of
her blood is assayed by the Kleihauer
test for the presence of fetal erythro-
cytes. In the great majority of cases,
a quick examination of the slide will
reveal only an occasional Fetal cell, or
none, putting the woman into the low-
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presence of about 0.2 ml of fetal blood. ) In the ABO-compatible group, 18.5% of mothers
scored 5 or above and only 44% had no detectable fetal cells

est risk group. For these individuals,
the standard dose has been reduced to
100 L of anti-KBh inj-,-cl!ﬂr;l. I mto
the deltoid: while this was done initial-
ly to conserve supplies of the special
globulin, the failure rate seems no
greater than with the earlier dose of
double that figure. For the minority
who cannot be sereened out by super-
ficial examination, a detailed count is
run on the fetal u:'r].'thmq.‘}'tr::i to de-
termine whether the woman needs a
larger dose, and if so, how much. If
NECEssany, she may receive as much
as 1,000 pe, but the majority even
in this group still require only the

standard dose of 100 pg.

Prophylaxis is also routine for all
Rh— women who have undergone
abortions. Here there are no exceptions
on the basis of fetal blood type, since
this cannot be reliably ascertained for
abortuses. For these individuals the
standard dose is 50 pg. Freda and his
associates, who have studied a large
group of Rh— women, find that the
risk of immunization is “virtually
negligible” for abortions at fetal up;:f-
one month or less, but becomes ap-
preciable (about 29 ) at two months
and substantial (about 9% ) at three
months or more.
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Results of clinical trials of anti-Rh prophylazis conducted at several centers (Liverpool,
Sheffield, and Leeds and Bradford in Britain, and Baltimore) are graphed above. A
total of 349 Rh— mothers who had just been delivered of J‘\.H(J-r:rmtpaubffr Rh+ infanis
comprised the study group; IT6 served as controls and 173 were treated with about
L0 g of anti-Rh gamma globulin. All were judged to be at high risk because a
sample of maternal blood showed the presence of 0.2 ml or mere of cireulating fetal
blood. Six months postpartum, only 0.6% (1) of the treated mothers had been immunized
as compared with 21.6% (358) of contrals. The crucial test came with determination of
the presence of antibodies at the end of a second Rh+ pregnancy. As indicated by
bars at right, 2.3% (2 of 86) of treated mothers now had antibodies as compared with
A0.TE of controls (20 of 63), confirming the high degree of protection achicoed.
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Clinical trial at Liverpool investigated effectiveness of anti-Bh prophylazis in low-risk
mothers (circulating fetal blood less than 0.2 ml}; treatment comprised about 200 fTiy
of anti-Rh gamma globulin, While incidence of anti-Rh antibodies is lower among un-
treated Tow-risk than among high-risk mothers (sec graph at top), it is still 10 times
higher six months postpartum than in low-risk treated group (0.36% vs 3.6%), while at the
end of a second Rh+ pregnancy, it is more than four times higher (10.2% vs 2.5%).
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The gamma globulin used in Great
Britain is obtained from plasma do-
nated partly by naturally immunized
women and partly by artificially im-
munized male and postmenopausal fe-
male volunteers. The donors, like all
blood donors in our country, are un-
paid, and the gamma globulin is sup-
plied free under the National Health
Service for up to two Rh+ pregnancies
per patient. With the general avail-
ability of contraception, backed by
abortion where necessary, very few
Rh— women are likely to have addi-
tional children should they happen to
be sensitized by a third, untreated
pregnancy.

Similar prophylactic programs are
now under way in virtually all in-
dustrialized countries, though the pro-
tocol and dosage wvaries somewhat
from country to country and some-
times from place to place. T might
note, by the way, that there have been
essentially no adverse reactions to the
treatment, apart from temporary sore-
ness and sometimes swelling at the in-
jection site. I know of only one severe
reaction (in Canada), which may
have resulted from a rare (about 1:1,-
000) absence of IgA combined with
a trace of this substance in the anti-Rh
IgG, leading to the formation of anti-
IgA antibody in the mother. Reac-
tions of this sort not uncommonly
occur after blood or plasma transfu-
sions, but in the case of Rh prophy-
laxis we are, of course, giving much
smaller quantities of material — equiv-
alent to perhaps 25 ml of plasma.

This large-scale prophylactic pro-
gram can be expected to be reflected
eventually in a sharply lowered death
rate from neonatal hemolytic disease,
but at this writing the overall figures
have dropped only slightly. The main
reason, of course, is that the mortality
occurs chiefly among women who have
had two or more pregnancies — and
who would, therefore, have hecome
immunized before prophylaxis became
general. As this backlog is whittled
down, we should see a considerably
more marked reduction in fetal loss
from erythroblastosis. I have also
heard it suggested that the very slow
fall in the neonatal death rate may be
due in part to the more general use
of premature induetion and fetal trans-
fusion, which has permitted more
joundiced infants to be born alive —
but to succumb, in many cases, shortly




after birth, IF this is the case, such an
“excess” in neonatal deaths should
have been balanced by a drop in still-
births, but I do not know whether such
a drop has in fact occurred. In any
event, deaths of this sort would also be
mainly residuals of the preprophylaxis
era, and would therefore be expected
to drop off as fewer and fewer Rh-
mathers become immunized.

The :|pprﬂx‘|m:|t|:|_'_|.r 0% success
rate in our test groups — which is
about the same as that found in other
countries — classifies anti-Rh prophy-
laxis as highly effective by any stand-
ard. On the other hand, even this ac-
complishment still implies an eventual
incidence of Rh disease of something
like one birth in 2,000, which is of the
same order of magnitude as most of
the more common genetic diseases.
One would like to do better. To con-
sider how this might be achieved, we
must examine the possible reasons for
failure.

In the case of women showing what
might be called primary failure — for-
mation of antibodies within six months
of the first Rh+ delivery — one likely
explanation is immunization without
overt antibodies (“priming”) in the
course of the first pregnancy, rather
than postpartum, so that the prophy-
laxis would have been given too late,
While the bulk of transplacental
hemorrhage occurs around the time of
delivery, it occasionally takes place
earlier. The priming would have
cleared the fetal erythrocytes from the
mother’s circulation and overt anti-
body formation would later develop
despite subsequent administration of
gamma globulin. In this connection
it is interesting to note that several of
these women in fact showed no fetal
cells when tested after delivery, yet
were manufacturing antibody when
tested at six months.

To the extent that predelivery im-
munization is responsible for failure
of prophylaxis, this could perhaps be
combated by prophylaxis during preg-
nancy. A Canadian group is now en-
gaged in testing this hypothesis by ad-
ministering anti-Rh during the third
trimester, and we await their findings
with interest.

A certain proportion of the failures
might have been due to previous Rh+
pregnancies ending in (illegal) abor-
tion, which the women might not have
cared to mention during their second
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(presumed first) pregnancies. To the
extent that abortions become legal ( as
they are in the United Kingdom ) and
prophylaxis is provided, such prob-
lems can be expected to disappear.
Where abortion remains legally pro-
scribed, *failures™ of this category will
inevitably continue to occur.

The same phenomenon of immuni-
zation during pregnancy could partly
cxplnin the other cnt{zgnr}r of Failures
~ those in whom antibody, though ab-
sent six months postpartum, was pres-
ent by the end of the second Rh+

pregnancy. Such cases would pre-
sumably respond to whatever meas-
ures — such as earlier prophylaxis -
prove capable of minimizing the
primary failures. In some instances,
however, a somewhat different mecha-
nism may be operative: the woman
may have been immunologically
“primed” during her first pregnancy
{or possibly afterward because of par-
tial failure of the prophylaxis}, in the
sense that her immune mechanisms
were triggered sufficiently to remove
fetal cells from the circulation but not
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Rise in gamma globulin prophylaxis at Mill Road Maternity Hospital, Liverpool, is
reflected in reduced incidence of Rh sensitization in mothers and of exchange trans-
fusions in neonates; slower fall in latter is due to “backlog” of mothers sensitized before

prophiylazis was available (data and graph from B. M. Hibbard),
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to the point of producing detectable
antibody postpartum. That this can
oceur is indicated by experiments with
Bh—male volunteers, in some of whom
labeled Rh+ ::r:.'l!hr{;l;}'te!i disappear at
an abnormally rapid rate even though
no antibody is detectable. In a woman
primed in this manner, even a minimal
transplacental hemorrhage during the
second pregnancy would trigger the
preset antibody mechanism, so that by
the end of pregnancy the antibody
level could reach a potentially patho-
renic level.

It is worth noting, however, that in
such cases the impact on the infant
would be expected to be less than in
an ordinary case of an immunized
mother, since the relatively gradual
development of antibody would mean
a shorter and less intense exposure of
the fetus to the maternal antibodies.
There is, in fact, some reason to
suspect that erythroblastosis in such
cases is less severe, though the num-
ber of pregnancies thus far is still too
small for anything like certainty.

In any case, I do not think it over-
sanguine to say that with further re-
finements and improvements in anti-
Bh prophylaxis, we can look forward
to improving our success rate by some-
thing like another order of magnitude
over the next few YCars. And as pre-
prophylaxis mothers increasingly move
out of their childbearing years, we
have reason to hope that the incidence

of Rh disease will ultimately drop to
something like one in 20,000 births,
which would place it among the rarer
genetic pathologies.

It is interesting to compare the ef-
fects of aBo incompatibility with
Rh disorders. The former is more than
twice as common as Rh incompati-
bility, but only in exceptional cases
does it lead to erythroblastosis fetalis.
There are two reasons for this. First,
the bulk of the mother’s anti-A or
anti-B is of high molecular weight and
does not pass the placenta. Second, in
something like 809 of fetuses (known
as “secretors”) the A or B antigens
are found not only on the surface of
the erythroeytes but also in the
plasma, so that any antibody that
does cross the placenta is largely
“soaked up” by plasma antigen before
it can damage the erythrocytes. For
the same reasons, erythroblastosis due
to A B o incompatibility, even when it
occurs, is almost never severe enough
to threaten the life of the fetus or re-
quire exchange transfusion. Prophy-
laxis on the lines suggested for Rh
hemolytic disease would be useless,
since the mother already has her own
naturally occurring antibodies, and
nature has seen to it that these are not
often troublesome,

The principle of blocking antigen
sites by giving passive antibody also
has relevance to renal transplantation,
Here, passive antibody is given so that

the graft is partially coated with
humoral antibody and this prevents
the cellular antibody, which is the
damaging one, from destroying the
graft. The giving of the humoral
antibody is a *holding operation,” for
in due course it is hoped that the reci-
pient of the graft will himself form
humoral antibody against it, and this
will in its turn coat some of the anti-
gen sites on the graft and protect it
from the invading lymphocytes. The
object, therefore, is not to prevent the
recipient of the graft from making
antibody at all but to protect the graft
while he does, keeping in mind that it
is the cellular antibodies that are so
lethal to the graft.

In an actual case, a boy of eight
who needed a kidney and whose mother
was to be the donor, the procedure
utilized was to inject her lymphocytes
into the husband and thereby raise
“anti-mother” gamma globulin. Papain
treatment of the gamma globulin re-
moved the Fc (complement fixing)
piece so that the kidney cells were
coated, not lysed. The boy was given
this gamma globulin at the same time
as, and after, the grafted kidney, and
appeared to need much less immuno-
suppressive treatment than usual, The
long-term difficulty with this boy was
to establish the right balance so that
enough antigen sites were left exposed
to stimulate humoral antibody forma-
tion but not so many that the graft was
destroyed by the cellular response.




Genetic Disease: The Present Status
of Treatment

R. RODNEY

HOWELL

University of Texas

In this collection of articles on genetic disease, a
recurrent theme has been the overall inadequacy of present
therapeutic methods for dealing with these diverse condi-
tions. Nonetheless, it should be clear from a number of
preceding chapters that the situation today is consider-
ably more encouraging than it was twenty or even five
years ago. Though most genetic diseases remain recalci-
trant to any known form of treatment, a sizable number
of them are now being tackled by various promising, if
still experimental, methods, while a few can be Fairly said
to be substantially correctible if not curable. It is the pur-
pose of this chapter to review the current state of the art
in this area of clinical practice, as well as to examine some
of the potential future developments in the field.

Essentially, all of my comments refer to disorders in-
herited in a recessive fashion. There are few treatments
currently available for the dominantly inherited conditions.
Also, the only therapeutic approach to the chromosomal
disorders is by their prevention through prenatal detection.

A good way of approaching the therapeutic side of medi-
cal genetics is to review briefly the basic physiology of
genetic disease, insofar as we understand it. The medical
problem begins, of course, with a defective gene, that is,
with an altered px a molecule, composed like all such mole-
cules of a long sequence of the four “base residues” -
cytosine, guanine, thymine, and adenine. In the defective
gene, one or more residues are altered, usually having
been replaced by another of the four.

Since it is the sequences of base residues that, b}' means
of the “genetic code,” specify the sequences of amino acid
residues in the proteins synthesized by the body’s cells, it
follows that an altered n~N A molecule will mean an al-
tered protein, containing one or more “wrong” amino
acids. We now have reason to think that many such
anomalies are formed but that they do not impair the pro-

tein’s ability to perform its metabolic job, whatever it may
be; it is only when the chemical anomaly engenders a func-
tional anemaly that the individual is in trouble.

The great bulk of the proteins in question are, of course,
enzymes, whose function is to catalyze the conversion of
particular substrates into their metabolic products. If an
enzyme is functionally inadequate, the result will be two
biochemical abnormalities: an excess of the substrate and/
or of abnormal quantities of products produced by its con-
version via alternate metabolic paths, and a deficiency of
its normal product; either phenomenon or both may pro-
duce pathologic effects on the body’s tissues, (This ex-
planation is somewhat simplified and also does not apply
to dominant conditions or to the so-called multifactorial
genetic diseases or to chromosomal abnormalities, where
the physiologic abnormalities are much more complex and
correspondingly more difficult to elucidate. )

It should be evident that genetic disease due to enzyme
deficiencies can, in principle, be treated on any one of three
levels: by correcting the biochemical abnormality, by cor-
recting the enzyme defect or, finally, by correcting the
gene defect. In practice, as we shall see, it is only the first
two of these — principally the first — that currently show
significant therapeutic potential.

Biochemical correction naturally falls into two general
categories, depending on the nature of the disease: reduc-
tion of substrate levels in the body (if substrate excess is
the source of the pathology ) or replacement of the missing
metabolic product (if that is the problem ). In theory, both
the excess and the deficiency might simultanecusly be pro-
ducing pathologic effects, but I know of only one disease -
homocystinuria — in which this has been clearly demon-
strated to be the case. More will be said about this later.

In the first category, the most obvious — and also the
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Mechanisms in Genetic Metabolic Disease and Approaches to Therapy

. Pathology

Vitamin Dependent
Dizeases

_—

Wilson's Disease
Tophaceous Cout

Phenylketonuria

1’_  Normal _: " “Normal
| DA 'l | Enzyme
i Added 4 Added

Fabry's Disease

Chotic Aciduria

Chain of ecents in genetic metabolic disease proceeds from DNA
defect through enzyme defect to various biochemical abnormali-
ties. In principle, therapeutic intercention can occur at any point

in the chain; in practice, treatments at any but the biochemical
level are mostly experimental at best. Diseases cited are examples
only; for a complete list see pages 278 and 279,

most successfully treated — example is
phenylketonuria. Here the basic prob-
lem appears to be high serum levels of
the amino acid phenylalanine result-
ing from the inactivity of the enzyme
phenylalanine hydroxylase. The phen-
ylalanine excess, possibly by competi-
tively interfering with the utilization
of other amino acids in protein syn-
thesis, hinders the growth and devel-
opment of the central nervous system.
In addition, some abnormal metabo-
lites of phenylalanine are suspected of
exerting various toxic effects. In any
case, the disease, as we know, can be
treated quite successfully by limiting
dietary intake of phenylalanine during
childhood — i.e., until growth of the
central nervous system is complete.
Since PRU treatment has been discuss-
ed in Chapter Six by Eugene Knox
and Chapter 22 by Robert Guthrie, we
need say no more about it here. We
should note, however, that similar die-
tary limitation treatments are being
employed, at least experimentally, in

272

such conditions as hereditary tyrosi-
nemia and maple syrup urine disease
and are well established in galacto-
Semia.

An alternative approach to reduc-
ing body levels of a troublesome me-
tabolite or its abnormal by-products
is by administering drugs or other
substances that will in one way or an-
other accelerate excretion of the com-
pound(s) in question. A now classic
approach of this type is the treatment
of tophaceous gout with uricosuric
agents. These drugs lower serum uric
acid by increasing its renal excretion;
the tissue deposits of uric acid salts
(tophi) are then mobilized, with im-
provement in joint symptoms, Another
version of this basic approach is em-
ploved in Wilson's disease. Although
the fundamental metabolic defect in
this autosomal recessive condition is
not definitely known, there is no doubt
that its pathologic effects are produced
by accumulation of copper in the tis-

sues, This is now corrected by admin-
istering such compounds as penicilla-
niine, which by binding to the copper
ions enables the body to eliminate
them much more readily.

Turning to the second category of
treatment at the biochemical level —
the diseases in which the pathology
stems from product deficiency rather
than substrate excess — we find an ex-
cellent example in orotic aciduria.
This condition is caused by the failure
of two sequential enzymes to trans-
form orotic acid into uridine mono-
phosphate, which in turn becomes uri-
dine triphosphate. 5o far as we can
tell, the excess of orotic acid that gives
the condition its name is benign, but
the concomitant deficiency of the uri-
dine derivatives is not. Since these
compounds are essential constituents
of R¥a and pxa, their deficiency
hinders the synthesis of the nucleic
acids, which is of course essential in
the functioning and multiplication of
all cells. As one would expect, orotic




aciduria responds beautifully to re-
placement therapy, in which the diet
is enriched by adding either uridine
itself or ® n A, which is a mixture of
nucleotides including uridine.

A quite different approach has been
employed experimentally in two of the
glycogen storage diseases, types I and
III. Here the enzymatic defect pre-
vents the breakdown of glycogen,
stored in the liver, into glucose, for
utilization by the tissues. Though the
glycogen buildup in the liver produces
hepatomegaly, the chief pathologic
problem appears to be chronic hypo-
glycemia. Any direct replacement
therapy would obviously pose insuper-
able practical problems, since it would
involve subjecting the patient to a
more or less continuous glucose drip
into a part of the circulation that
would carry the sugar to the tissues
directly without passing through the
liver where it would be “inactivated”
as glycogen. Several clinicians have
therefore attempted to obtain a com-
parable result by surgical means. In
one technique, the positions of the por-
tal vein and inferior vena cava are in-
terchanged. Since the portal wvein
drains the gut, it will now carry blood
rich in glucose (from food) directly

‘. To Heart

Portacacal shunt (left) has been used for experimental treatment of certain of the glyeogen storage diseases.,
Anastomosis between portal vein and inferior vena cava permits some glucose-rich blood from gut to bypass
liver, where much glucose would be stored as glycogen, and flow directly to heart. Treaiment can pro-
duce clear signs of improvement, as illustrated by disappearance of skin lesions in child operated on at
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into the heart, whence the blood will
be pumped out to nourish the periph-
eral tissues. The inferior vena cava,
which drains the lower limbs, is at-
tached to the stump of the portal vein,
thereby supplying the liver with bload
— but blood from which most of the
glucose has already been extracted.
An alternative technique involves cre-
ating a portacaval shunt (usually by
side-to-gide anastomosis) that allows
some glucose-rich blood from the por-
tal vein to flow into the inferior vena
cava and thence directly to the heart.

The limited experience with the
surgical treatment of glycogen stor-
age disease is distinctly encouraging.
Several patients have shown marked
improvement in growth, the result of
the enhanced glucese supply in the
peripheral tissues. In no case has the
hepatomegaly been reversed, but the
organ’s enlargement has been checked
so that in effect the patients seem to
be “growing up” to the size of their
livers. However, we should also note
that a minority of patients have died
in the immediate postoperative period
from causes still poorly understood.
Doubtless this problem will be solved
in time, but meanwhile surgery can

Cleveland Clinic (photos courtesy of Dr. Robert E. Hermann, Surgery 65:3:501, 1969),

obviously not be considered a stand-
ard treatment — certainly not in the
case of children in whom the condi-
tion is not severe enough to produce
serious functional impairment.

Finally, we should cite a special
category in the area of biochemical
correction, the one occupied by homo-
cystinuria. Here, the disease appears
to stem both from the accumulation of
homocystine and from the deficiency
of cystine, imto which it would nor-
mally be converted. At any rate, pa-
tients appear to respond better to a
diet in which low levels of methionine
{a metabolic precursor of homocys-
tine) are combined with supplemental
quantities of cystine.

When we consider the treatment of
genetic disease on the enzymatic level,
we find again that the approaches fall
into two categories, depending on the
nature of the enzyme defect. In the
case of what may be called the bind-
ing defects, the structural abnormal-
ity in the enzyme impairs its ability
to unite with the coenzyme — usually a
vitamin — whose presence is required
for proper enzymatic functioning. In
the case of the more common catalytic
defects, on the other hand, the enzyme
can bind normally to its coenzyme —
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if one iz involved in the reaction — but
remains inadequate to its catalytic
metabolic function. A possible third
category may be represented by condi-
tions in which the problem is thought
to be not with the enzyme as such but
rather with regulatory substances gov-
erning its production; that is, the en-
zyme itself is structurally and func-
tionally normal but is produced in
subnormal quantities.

The “binding defect” conditions
are, of course, the vitamin-dependent
genetic diseases that have already
been discussed in Chapter Seven by
Leon E. Rosenberg. To summarize the
matter briefly, it has been found that
in many of these disorders, including
such conditions as cystathioninuria and
certain types of homocystinuria, the
binding defect is not absolute. That
is, the enzyme retains some binding
capacity, which, however, is inade-
quate at normal serum levels of the
vitamin coenzyme in question. Ac-
cordingly, the patient is given rela-
tively enormous doses of the vitamin —
e.g., up to 100 mg pyridoxine per
day in cystathionipuria,on the order of
100 times the normal requirement.
These can saturate the defective en-
zyme with vitamin even m the face of
its impaired binding capacity; no
sooner does one vitamin molecule “fall
away” from the enzyme than another
is there to replace it. Again, prelimi-
nary clinical reports are encouraging.
Currently a number of elinicians are
experimenting with megavitamin ther-
apy in schizophrenia, a multifactorial
disease now known to have a strong
genetic component, though its bio-
chemistry remains obscure. Although
convincing data are not available, any
success along these lines would clas-
sify at least certain forms of schizo-
phrenia presumptively among the
vitamin-dependent conditions.

In the case of the catalytic defects,
enzymatic treatment requires replace-
ment of the enzyme itself. Oddly
enough, the outstanding example of
this subtle approach is by now so well
established that one hardly thinks of
it in those terms. It can, indeed, be
arpued whether the missing clotting
factors in the hemophilias are really
enzymes, but they are incontestably
proteins with quasi-enzymatic func-
tions. And, of course, these discases
have long been treated by supplying
the missing factors, originally by
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transfusions of whole bleod from nor-
mal persons and currently by adminis-
tering appropriate blood fractions.

A more recent development in en-
zyme replacement invelves the muco-
polysaccharidoses, a group of diseases
discussed in Chapter 14 by Neufeld.
Readers will recall from this chapter
that this group of related conditions in-
volves the accumulation of mucopoly-
saccharides in the body cells because
of failure to degrade them into a
form that the cells can excrete; the
degradation process appears to in-
volve the sequential action of at least
six different enzymes, with the precise
nature of the disease depending on
which enzyme is missing.

The diseases are now being treated
experimentally by infusions of plasma
from normal individuals, but the re-
sults are hard to interpret. There
seems no doubt that the infusions tem-
poerarily increase the body’s excretion
of low-molecular weight mucopolysac-
charide breakdown products but the
clinical implications of this fact are
uncertain, On the one hand, a number
of thoughtful and well-regarded in-
vestigators feel that some clinical im-
provement has been demonstrated. On
the other hand, some equally well-
regarded researchers have pointed out
that the amount of enzyme presum-
ably being administered, as estimated
from in vitro tests of enzyme activity
in plasma, should be only enough to
“normalize” a small fraction of the
body’s cells. A good deal of further
work will be needed before this con-
tradiction can be resolved.

Opinions are possibly less diver-
gent regarding a newly tried alterna-
tive approach to enzyme replacement—
transfusion of leukocytes. These are
generally obtained from a clinically
normal relative, to minimize immuno-
logic incompatibilities. Transfusion
has been followed not only by sharp
increases in urinary levels of the
breakdown products but also by such
rather striking signs of clinical im-
provement as softening of the skin,
diminution of skin lesions, increased
joint mobility, diminished abdominal
protrusion, and decreased hepatomeg-
aly. Moreover, though urinary excre-
tion of M P 5 breakdown products rap-
idly returns to its original low level,
the clinical improvement persists for

several months after the infusion -
presumably because the cells, once
purged of their accumulated M es,
require considerable time to reaceu-
mulate it to pathologic levels.

A key gquestion concerning enzyme
replacement in mucopolysaccharidoses
is whether it can also alleviate the cen-
tral nervous system symptoms that are
a prominent feature in several types of
the disease — a matter in which aceu-
rate clinical evaluation is obviously a
good deal more difficult. One would
not expect NS5 improvement with
any form of plasma infusions, since
the enzymes would presumably be
blocked by the blood-brain barrier.
And as regards leukocyte infusion,
while there is some reason to believe
that these cells may on occasion pass
through the vascular walls into the
brain, there is so far as I know no evi-
dence that they actually do so on any
significant scale. If, indeed, the treat-
ment can be shown to produce un.
equivocal behavioral changes, one will
have to assume that the leukocytes are
in fact getting to the ¢~ s, but dem-
onstration of such results will un-
doubtedly require a number of careful
double-blind studies. Meanwhile, how-
ever, the prospects for effective treat-
ment of some of the mucopolysac-
charidoses must be classed as at least
promising.

An important point to bear in mind
about the enzyme replacement ap-
proach to genetic disease is that one
would expect it to be considerably
more effective in conditions like the
mucopolysaccharidoses, in which the
defect involves one of the so-called
lysosomal enzymes. These substances,
it has been demonstrated, can easily
be taken up by the cell by the process
called pinocytosis, in which a vacuole
containing exogenous enzyme merges
with one of the lysosomes, where the
breakdown of MPs proceeds. One
would expect considerably more diffi-
culty in the case of the cytoplasmic or
soluble enzymes, where exogenous en-
gyme would have to pass through the
cell wall to reach the site where it was
needed — a difficult if not impossible
feat.

MNonetheless, there is a sizable
number of other lyvsosomal diseases,
such as Tay-Sachs, Gaucher’s, and
Fabry's, which should, in principle, be
amenable to treatment with exogenous
enzyme — provided, of course, that the




enzyme in question can be both iden-
tified and obtained in clinically useful
guantities. A specially suitable candi-
date for research, perhaps, is eystino-
sis, in which —unlike most of the other
lysosomal diseases — there is no ¢ s
involvement, so that the benefits of
treatment should be unequivocal. The
problem here, however, is that we
have no present reason to believe that
normal cells (e.g., leukocytes) excrete
enzymes that have any effect in cys-
tinosis, as they evidently do in muco-
polysaccharidosis.

A currently more practicable ap-
proach to the treatment of cystinosis
is by kidney transplantation. In this
disease the central clinical problem is
kidney failure, which occurs because
of accumulation of endogenous cys-
tine within the cells of the tubules;
transplantation, in effect, substitutes
enzymatically normal cells for the ab-
normal ones. The transplanted kidney
does, indeed, continue to accumulate
cystine, probably through the taking-
up of cystine-laden leukocytes by
macrophages in the organ, but the
accumulation is in the interstitial
spaces rather than in the cells so that
tubular function is apparently not af-
fected. I should emphasize, however,
that what is being done here is local,
rather than general or systemic, en-
zyme replacement. Cystine continues
to accumulate in the cells of other or-
gans. Hitherto, this produced no im-
portant clinical problems other than
hypothyroidism before the patient suc-
cumbed to kidney failure, but with
longer survivals made possible by
transplantation we must, out of simple
caution, anticipate that difficulties will
eventually develop elsewhere in the
body.

Another condition in which trans-
plantation appears useful is Fabry's
disease. Certain workers have sought
to treat this disorder by transplanta-
tien of a kidney, which is known to
produce the enzyme involved. The
transplants have certainly produced
fairly long-term increases in serum
enzyme levels, and since it is a lyso-
somal enzyme there is reason to hope
that it will be taken up by other cells
in the body. That this may be occur-
ring at least to some extent is sug-
gested by reports that some patients
have had significant reductions in
pain. But it should be stressed that
these reports are preliminary, and the
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long-term efficacy of kidney trams-
plantation has not yet been demon-
strated.

Finally, I should mention at least
briefly two diseases in which the en-
zyme defect is suspected of being reg-
ulatory rather than structural —i.e.,
the cells are presumed to possess the
genetic information necessary to make
a normal enzyme, but their production
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of it is somehow blocked. Thus a ra-
tional therapeutic approach would be
to artificially induce enzyme produc-
tion. In orotic aciduria it has been
shown, in vitro, that this can be done
by treating cultured fibroblasts from
a patient with G-azauridine. However,
there has as yet been no attempt to
apply this finding clinically. Another
possible example of enzyme induction
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Transfusion of normal leukocytes into patient with type 1 mucopolysaccharidosis
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breakdown products, especially these of low molecular weight, Knudson and coworkers
in Houston showed; elinical improvement was also elearly apparent. The increase was
far less marked following a second course of treatment, presumably because little
mucopelysaccharide had reaccumulated in the patient's cells.
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is in Crigler-Najjar syndrome. Here,
the problem is the absence or inactiv-
ity of the enzyme glucuronyl transfer-
ase, which detoxifies serum bilirubin
by conjugating it with glucuronic
acid. Some Crigler-Najjar patients
appear to have responded to treatment
with barbiturates, whose capacity to
induce enzymes is well known — one
might even say notorious, since en-
zyme induction by barbiturates is the
basis of the very dangerous tolerance
that these drugs can produce. An in-
teresting point is that these patients,
like normal individuals, develop bar-
biturate tolerance, i.e., they are even-
tually not sedated by the doses admin-
istered, almost certainly through in-
duction of glucuronyl transferase by
the drug. But apparently there is
enough induced enzyme “left over”
also to deal with the body's bilirubin.

These treatments based on enzyme
induction are also still experimental,
of course. Indeed, the biochemical ra-
tionale underlying them is still infe-
rential, since we have no absolute tests
that can distinguish satisfactorily be-
tween enzyme inactivity and enzyme
absence. For that matter, we cannot
be certain that the enzyme induced by
barbiturates is in fact the one that is
missing in Crigler-Najjar syndrome —
merely that it appears to be function-
ally the same.

Kr’dnc'y:.‘ imli—ipirmtﬂf inte cystinosis pa-
tients continue to accumulate cystine crys-
tals, as seen in electron micrograph of a
lJin_my one year after grafting (photo cour-
tesy Dirs, C. P. Mahoney and G, E, Striker,
Mazon Clinic). However, accumulstion
seems to affect only mesangial cells, so that
tubule function is apparently unaffected.

Before closing this section, I should
cite two genetic diseases in which
treatment is of “mixed” type — both
enzymatic and biochemical. That is,
the therapy involves attacking the bio-
chemical abnormality by enzymatic
means, but not through the enzymes
whose inactivity is fundamentally re-
sponsible for the disease. The exoerine
enzyme trypsin has long been ad-
ministered in cystic fibrosis, and is
generally deemed beneficial, though it
corrects only one of the many bio-
chemical problems in the disease. And
in gout, a now standard treatment re-
duces serum uric acid levels, not by
replacing one of the missing enzymes
(not all of them are identified), but
by inactivating a normal, functional
enzyme, xanthine oxidase, with the
drug allopurinol. The body continues
to produce abnormally large amounts
of the uric acid precursors, xanthine
and hypoxanthine. These are, how-
ever, no longer converted into similar
excesses of uric acid, and uric acid,
xanthine, and hypoxanthine are ex-
creted, each within the limits of its
solubility.

All the treatments I have hitherto
discussed, whether established or ex-
perimental, can in general be expected
to be required throughout life. Apart
from a few exceptions such as PR U,
in which treatment is currently
thought to be unnecessary once the
& N5 has achieved its full growth,
either biochemical correction or en-
zyme replacement would presumably
have to be carried out indefinitely, at
least on an intermittent basis. A much
more elegant solution, which would
solve the problem once and for all,
would be to correct the underlying de-
fect in the 0 M A so that the body could
manufacture its own supplies of func-
tionally normal enzyme. In this area,
however, we can hardly speak even
of experimental treatments but merely
of certain experimental data that per-
mit us to speculate that treatment may
some day be possible.

It has been known for some years
that certain viruses — notably bae-
teriophages — can  “infect” bacterial
cells with a portion of their own D N A;
more recently, similar b~ A transduc-
tion has been observed in mammalian
cells. In 1971, a group at the National
Institutes of Health reported that it
had infected fibroblasts from a galac-
tosemia patient with a bacteriophage

and thereby had normalized the cells®
enzymatic activity, Specifically, the
cells could now produce normal a-D-
galactose-1-phosphate  uridyl trans-
ferase, the lack of which causes classic
galactosemia. As a check, the re-
searchers also infected cells with a
mutant phage that lacked this enzyme
activity and found, as expected, that
the cells were unchanged.

A second suggestive and most pre-
liminary finding concerns the Shope
papilloma wirus. It has been known
for some years that some individuals
working with this virus have chronic-
ally low blood levels of the amine acid
arginine, and since the virus itself is
known to be rich in activity of the
enzyme arginase, it is thought that
they have acquired a chronic but ap-
parently benign infection with the
virus. Subsequently, a few children
with genetic argininemia have been
infected with the virus, and in one
case the blood arginine level did fall
and at last reports was still low.

The major problem with using
phages or other viruses to infect a
patient with a particular, needed type
of genetic information is that he would
simultaneously be infected with all the
rest of the organism’s penetic infor-
mation — which could be a great deal
more than was good for him. There is
obviously no guarantee that such in-
fection will be benign even in the short
run, as seems to be the case with the
Shope virus, and even less certainty
that introduction of a strange virus
will not be oncogenic in the long run.
Thus the prospect of safely treating
genetic disease by introducing exoge-
nous b N A must, [ think, be regarded
as currently very tenuous, though it
may ultimately prove feasible in a few
special cases.

A potentially safer approach might
be to use the patient’s own cells. These
could be cultured and treated with a
variety of mutagens in the hope that
at least one cell would mutate in such
a way as to correct the pxa defect.
The odds against such a mutation
would be very high, but perhaps not
prohibitively so. In a considerable
number of genetic diseases, it is pos-
sible, by manipulating the culture
medium, to select out the one eell in
ten thousand — or even ten million —
that does, or does not, possess a par-
ticular enzyme; in fact, such selective




mechanisms are the basis of some
standard tests for genetic disease.
Thus in galactosemia, for example,
one would grow mutated cells from a
galactosemia patient in a medium con-
taining galactose as the only energy
source; any cell that survived would
evidently be able to metabolize galac-
tose successfully.

Assuming a “favorable” mutation
could be obtained, the next step would
be to find ways of colonizing the pa-
tient with a population of these cells,
perhaps by transplanting leukocytes
into the bone marrow. It is worth
noting that such transplants have
proved effective in some types of im-
mune deficiency, even though the
leukocytes are exogenous; transplanta-
tion with endogenous, though mu-
tated, leukocytes should, from an
immunologic standpoint, be even
simpler.

Summing up the current situation,
then, it would appear that progress
in treating genetic disease can be ex-
pected to continue, but at a measured
pace. The problem will almost cer-
tainly have to be solved disease by
disease; the likelihood of any dramatic
overall “breakthrough” seems to me
very remote.

The expectation that increasing
numbers of individuals suffering from
hitherto intractable genetic conditions
can be enabled to survive and lead
more or less normal lives is, from one
standpoint, a very welcome develop-
ment. But it carries with it certain
broader implications, some of which
are considerably less welcome.

A problem not infrequently raised
in connection with the treatment of
genetic disease is that successful treat-
ment, by permitting affected indi-
viduals to survive and reproduce, will
negate the natural process that regu-
larly eliminates a proportion of the
defective genes from the population.
The result, it is held, will be a rapid
increase in the papulation frequency
of the gene in question and an even
more rapid increase in the number of
affected individuals who must be
treated. The effect will be a drop in
the “genetic fitness™ of the population
and — to the extent that the treatment
can be expected to be lifelong —a
sharp rise in the load on medical facili-
ties and personnel.

The basie premise of this argument
is obviously correct: Defective genes
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Recessive Condition
| (Phenylketonuria)

O 0 © @ ¢
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Dominant Condition
[Retinoblastorma)

Successful treatment of genetic discases would necessarily lead to increases in their
incidence. However, these would be minor for the recessive conditions, which include
most common genetic disorders, amounting to only 21% in 2,000 years (numbers on the
circles show caleulated incidence per million population). The caleulated increase for
dominant conditions would be much larger: 100-fald in 2,000 years.

not eliminated by the death or repro-
ductive incapacity of the individual
possessing them will remain to in-
crease the overall frequency of these
genes in the population, and there-
fore, other things being equal, the
number of affected individuals. What
is not generally realized, however, is
the extremely slow rate of this increase
for most genetic diseases. For genetic-
ally dominant conditions, the increase
would indeed be rapid. For example,
in dominantly inherited retinoblas-
toma it can be calculated that if all
affected individuals could be cured
(mot an imminent possibility) and
were to reproduce at a normal rate,
the incidence of the disease, currently
about 20 per million population,
would inerease sixfold in five genera-
tions and 100-fold in a hundred
generations. But dominant conditions
account for only a small fraction of
the really incapacitating genetic di-
seases. In the case of recessive condi-
tions, the increase in incidence is far
slower: in rE U, for example, under
the same assumptions as above, the
rise would be only 1% in five genera-

tions and only 219 in 100 generations
— 2,000 years or more. It is worth
mcntim]ing at this pcﬁut that each of
us carries between three to eight penes
for lethal recessive disorders.

So far as “genetic fitness” goes,
the term is to me essentially mean-
ingless, and indeed involves a circular
definition. Evolutionists have long
pointed out, in discussing the concept
of “survival of the fittest.” that the
only operational definition of “fittest”
is “those who survive.” Thus if a per-
son with a genetic disease survives, he
is by definition fit. Beyond this, sur-
vival in our species has always been
in part a function of technology, in-
cluding in recent generations medical
technology. Strip man of his tech-
nology — of his tools for manipulating
his environment and his own body —
and not one of us could survive for
more than a few weeks. From the mo-
ment our ape-like ancestors began
using tools, they set up a genetically
selective process that facilitated the
survival of individuals who were “un-
fit” to survive in a nontechnologic state
of nature. And yet I do not know of
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HOWELL

anyone who regrets this development.

Nonetheless, quite apart from the
matter of long-term effects on popu-
lation genetics, the prospects for in-
creasingly successful treatment of
genetic disease do raise serious ques-
tions of public policy. These stem,
first, from the fact that the treatment
of most genetic diseases can be ex-
pected, at least for the near future, to
require life-long therapy and, second,
from the fact that even in our own
affluent country medical resources are
not infinite and never will be. One is
then forced to ask = to put the matter
in its crudest form — whether we are
justified in employing medical equip-
ment and personnel to treat a handful
of sufferers from rare genetic anoma-
lies when the same resources, other-
wise employed, could deal with the
F;impl&r, but u:.'qutll]:,; i[lc:lp:mimﬁng,
health problems of ten or a hundred
times as many people.

In the last analysis, this is a moral
and ethical problem and, as with most
such problems, the answers are not
simple — in fact, there is a whole range
of answers depending on the disease
under discussion. At one extreme we
have conditions such as rxu. Here,
the untreated sufferer can be expected
to survive for an average of something
like 50 years, but with functional im-
pairment severe enough to require
institutionalization in almost all cases.
And as others have pointed out, if we
weigh the cost of institutionalization
against the cost of detection and treat-
ment, the latter, simply as a matter of
economics, makes far more sense. This
probably remains true even if we take
into account the growing problem of
prenatal » K v, which it now appears
can be expected to threaten a large
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majority of the infants born to phenyl-
ketonuric mothers, although it may
be controlled by reinstituting the
mother's low-phenylalanine diet dur-
ing pregnancy (if one were certain of
identifving all such mothers).

At the other extreme, we have such
conditions as maple syrup urine dis-
ease, in which the untreated sufferer
will frequently survive no more than
a ﬁ:w years, n‘l':ii(: treatment i.t dif—
ficult, expensive, and certainly not
completely effective. Here, treatment
is unjustified on economic grounds
alone. Considering what the same
medical resources could accomplish in
the way of human betterment if ap-
plied to the treatment of other, less
intractable health problems, we must
also wonder if it makes ethical sense.

Without attempting to answer the
question categorically, I would like to
put forward two important considera-
tions that seem to me relevant in
evaluating any program for treating
rare conditions of this sort. The first
is that the program should —if not
must — include a research as well as a
therapeutic component. That is, the
program should reflect, in both its
structure and its specific goals, a con-
cern not only with the essential aim
of treating the disease but also with
studying it intensively, to the end of
achieving a better understanding of
its mechanisms —and, it is to be
hoped, those of genetic discase gen-
erally. On the practical side, the re-
search should aim at devising treat-
ments that are not only maximally ef-
fective but also make minimal de-
mands on medical resources.

The second consideration, I believe,
concerns the responsibility of physi-

cians involved in such programs,
whether as researchers or as elinicians,
to ensure, insofar as lies in their
power, the birth of unaffected chil-
dren to families at risk for genetic
disease. This means that genetic coun-
seling is a cormerstone of current
genetic therapy, by helping families
prevent the recurrence of serious
genetic disease. We must clearly point
out to such couples that there are
several alternatives to their having
another affected child who must be
treated, particularly in view of the
less-than-perfect results achieved even
with the most “treatable™ genetic con-
ditions (e.g., galactosemia, PEU).
They can instead decide to have no
more children, or to have them by arti-
ficial insemination, or to adopt them.
Or — if the condition is one of the in-
creasing number of genetic diseases
that can be diagnosed prenatally —
thev can proceed to conceive in the
normal way but on the understanding
that should the fetus be shown to be
affected the pregnancy can be termi-
nated. (In this connection, it should
be obvious that physicians concerned
with genetic disease have a very legiti-
mate concern with ensuring that state
laws do not block pregnancy termina-
tion under these circumstances. )

Thus, for all the recent and prospec-
tive progress in treating genetic di-
sease, I believe that we must still
consider treatment a measure of last
resort, to be obviated if at all possible.
This approach, I believe, can to some
extent free us from confronting the
ambiguous and thorny ethical prob-
lems cited above, since we will be
operating in accordance with the well-
tried maxim that prevention is better
than cure.
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A

A-Bomb effects on chromosomes, 49°
aso incomparibility, and Rh
immunization, 266%, 267
Abnormal hemoglobins {see Hemoglobin
variants )
Abaortion, in chromosomal du plication
deficiency, 11
Acerabular dysplasia, 207*, 208
Acetophenetidine merabolism, 95°
Achondroplasia, 213, 214, 222*
Aerocentric chromosome, 3, 11
definirion, 3
Active transport (see Transport, active)
Adamson, J., 139
Adrenogenital syndrome
caortisene in treatment, 69
enzyme block, 69°, 71
hypertension, 71
inhericance, 222*
salt loss, 71
salt-retaining form, 71
synopsis, 275
treatment, 6%, 71
virilization, 71
Agammaglobulinemia, synopsis, 279
Aganglionic megacolon (Hirschsprung’s
disease ), 205
Age effect (see Marernal age effect)
Albinism
enzyme defecr, 64°, 68°, 60-70
inheritance, 222*
oculocutaneous, 70
Albine family, 70
J’h|.'rc:q:vl'rl.1-r|1.1ri:l1 65
arthritis, 49
diagnaosis, 68
enzyme defect, 68
facial appearance, 69°
incidence, 69
ochronosis, 69
synopsis, 68
Alleles, definition, 217
Allelic series, definition, 217
Alpha-l-antitrypsin
elecrrophaoretic parcerns, 132*
funcrion, 131
genetic variants (Pi system), 132
Alpha-1-anticry psin deficiency,
131-140, 234
cirrhosis, 136
clinical and generic aspects, 131, 136
frequency of abnormal gene, 132
genetic counseling, 140
hepatic defecr, 136
hepatocyres, 133*, 139*
lung scans, 135*
pedigree, 136*
pulmonary emphysema, 131
radiographic findings, 135*
screening for, 140, 234
severe, with or without emphysema,
134*

* dentotes illustration or table
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rrimadal distribution, 132

Alport’s syndrome, 222°

Amuno acid, artificial, 89

Amino acid residues, 63

Amino acid sequence
in hemoglobin, 54
in human growth hormone, 150
n phcn}'lknmmlria, Gt ®

Amino acid transport
dual system 84-85, 88
ontogeny of dual system, 88
renal elearance of proline and

phenylalanineg, 82°*
role in nurricion, 88

Amine acid eransport defeers
Hartnup disease, 84
iminoglycinuria, 1%, 83 %, 84, 85, &8
methionine malabsorption syndrome, 84
maodel, 85*

Amish studies, 213

Amniocentesis, and cytogenetic

analysis, 248°-245"

Amniccentesis for prenatal diagnosis
chromosomal anomalies, 249
genetic disorders, 249
Lesch-Myhan syndrome (case

history ), 250
list of detectable disorders, 250"
methylmalonic aciduria, 248
respiratory distress syndrome, 248
Rh disease, 247
rishs, 247

Amniotic cell cultures, 159, 246*

Amos, 191

Amyloid neu mp:ltll}'. kindred studies, 213

Anencephaly
incidence, 205
polygenic inheritanee, 205

Aniridia, congeniral, 222%, 224°

Ankylosing spondylitis
and histocompatibilicy antigens, 181
incidence and risk in relatives, 206

Antibodies
78 (lgG) and 195 (IgM}), 171, 174

Antibody-antigen reactions (see

Histocomparibility; Transplants )

Anribody response

B cell, T cell, macrophage
populations involved, 169, 170

genetic control of, 169-182

mechanisms of (animal experiments),
170-176

steps in, 170"

Antibody structure
association with immune response

genels), 173
genetic coding for, 173

Anticoagulants, coumarin-type
dieumarol metabolism, twins, 97°
inherited resistance, 95, 9%6*

Anticonvilsants, sensitivicy, 94

Antigen-antibody reactions (ree

Histocompatibility; Transplants)

Antigens
dose-response relationship, 171
recognition of, by Band T cells, 177, 178
Antigens, human
identification of, 189, 190
Antigens, syntheric
ITHLESE :xpnrimcnn-:_ 172
rabbir experiments, 171
structures, 172°
Antenatal diagnosis (fee Prenaral
diagnosis )
A nrip}'rinr: metabolism,
rwin studies, 97
Anti-Rh prophylasis
clinical trials, 265-268, 268*
gamima globulin, 265-268, 269*
programs, large-scale, 268
and renal eransplantation, 270
-'1l|51'l'¢‘11'-"-:|-'ﬂ'|¢'. COLNEVITE, h'l'.lluﬁﬂz}'ﬂll:..
definitions, 74 (fee alse Vitamins)
Argininemia, treated with Shope
papilloma virus, 276
Argininosuccinic aciduria, 250
screening test for, 232, 234
synopsis, 278*
Arias, . M.: Genetic Disorders in
Bilirubin Metabolism, 123-129
Aronsan, 5., 255, 256
Arthrins
in ﬂlknpr:murin_ 69
in Leseh-Nyhan syndrome, 109
Ascorbic acid, in pRU, 240
Asexual ateliotic dwar fism (sec
Panhypopituitary dwarfism )
.-"Lr:lxiz-tchngi:-:mﬁi: syndrome
{Louis-Bar), 44, 222*
Arkin, 40
Auntoimmune mechanisms
T response systein, 151
in sex chromosome disorders, 23
Auromated sereening, 239-231, 229°,
2300, 211°
Aurosomal defects, 3-14
Aurosomal dominant conditions
counseling, 233°
list of, 222*
congenital aniridia as rypieal
pedigree, 224*
Auntosomal recessive conditions
counseling, 223*
list of, 222°*
.-\urnr:ldingm!ﬂu', o, 27

B

B (bone marrow ) cells
and antibody response, 169, 176, 177*
T-cell interaction, 176
Bg-responsive anemia, 73
Bach, M. L. and Bach,F. H.: The
Generics of Histocomparibility, 183-195
Bacterial inhibition assays, 233", 234
Enzyme-Auxotroph Assay, 234
Bailev, 191, 192
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Banding rechniques {chromosomal)
(Giemsa stain, 32
quinacrine mustard (gat), 30
Bantu
;tccguimd porphymna in, 117
stature, compared to Pygmy, 155
Barr body, 17%, 18, 20*, 25
Bearn, 142, 157, 164
Beck, J.C., 149
Benacerraf, B., 169-172, 183
Beutler vese, 236°
Bilirubin, 123-129
history and acrion, 123
maolecular structure, 123
proteins Y and Z, 123-126
Bilirubin excretion, defect
in Dubin-Johnson syndrome, 124
in mutant sheep, 124*
Bilirubin metabolism, 123-129, 125*
cholestasis, 128
excretion, 128
in rats, 127
uptake and conjugation, 127
E:iulugi::a.l transport (see T:mnsp-nn,
active)
Bivalents, lucrescence patterns, 12
Bloom, A. D., 49
Bloom's syndrome
chromosomes, 42, 43, 43°
clinical features, 43, 44
facial appearance, 42, 45*
immunity disturbance, 43
parental consanguinity, 4
predisposition to cancer, 43, 44
S0 ﬁcnsiriril;lv.', 42 43
Boers (South Africa), curaneous hepartic
porphyria in, 116
Bovine serum albumin, 170, 189
Brady, R., 257
Brain damage in phenylketonuria, 65
Breakage syndromes
Bloom's, 42
Fanconi's anemia, #4
Louis-Bar, 46
Burkirt's lymphoma
marker chromosome, 35-36
single cell origin, 40
Burnet, 170

C

C-grnup chromosomes
idenrificarion h"r fluorescence
method, 31*
trisomies, 5-6, 34
Cancer
chromosome changes, 25, 40°, 49*
environmental factors, 48-49, 49*
|:|-n:di:i|1r.lsitiun o, Pul}'genic
inheritance, 50
risk, chromosome instabilicy in, 39
role of T eell, 181
single cell origin, 40
Carbohydrate metabolism, defects, 110
fihroblast cnlture studies, 160
Carrier detection in Tay-Sachs, 249
Carriers of sex-linked diseases, 228*
Carter, C. 0.; Multifactorial Genetic

* denotes sllustration or table
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Disease, 199-208
CHEP-EI'SEM. T. and Fech, L.: Chromosome
Identificarion by Fluorescence, 27-38
Castle, W.B., 59
Castle, W, E,, 129
Car-cry syndrome, 12, 13*
Cavalli-Sforza, 153
Cell culoures, human, 157-165 {(see also
Amniote cell e.; Fibroblast c.;
Leukuc}-m e L}'mp!uu::.'tc AL
L_vlnphnh]:;r.t L)
cell-cell interactions, 164
corrective factors, 165
Cell cultures, human, metabolic prup-cr[ins
and nging, 158*
Cell hybrids, fluorescence study, 37
Cell membrane, transporr role, 50, 81
Central nervous system damage in
phenylketonuria, 64, 65
Centromere, 3, 11
Cerebellar ataxia in Louis-Bar, 46
Cercbral palsy (see Lesch-MNyhan
syndrome)
Charache, 8. (see Conley, C.L.)
Chiasma distribution in chromosome
mapping, 32
Chimeras, 24, 174
Cholesrasis
characteristics, 129
familial, 129
Cholinesterase deficiency, 279*
Choroideremia, genetics of, 20, 224
Chromatid interchange, 44*
Chromatin, sex (see Barr body)
Chromosomal abnormalities, 3-26
Chromosome identification by
fluorescence, 27-38
Chromosome instabilicy, oncogenie
implications, 39-50
Chromosomes
acrocentne, 3, 11 (see also Y
chromosome )
autosomal defecrs, 3-14
banding, 30, 32
bivalent metaphase body, 11
breakage, 13,42%, 48, 49°
breakage syndromes, 40-44
classification by fluorescence curves, 29*
deletion, 12
karyotypes, 28%, 38° (see also
Karyoryping rechnigue )
mapping {see Mapping of
chromosomes |
marker (see Marker c.)
metacentric, 3, 11
mutation, in cancer, 48
normal, appearance, 4*
number, in man, 3
patterns, computer analysis of, 27, 32-33
guadrivalent meraphase body, 11
rearrangements, 40
replication, §
ring, 13
satellives, 4
sex (see X chromosome)
sex chromosome defects, 16-26
staining techniques, 27, 32

Chronic myelogenous leukemia
chromosome anomaly, 13, 35, 40
single cell origin, 40

Cirrhosis in alpha-1-antitrypsin

deficiency, 133*, 136-138
biopsy specimen, 137*
clinical mamfestations, 136
family studies, 136
flucrescence study, 136
microscopic study, 134
pathogenesis, 137
serum assays, 137°

Cirrullinemia
cell culture scudics, 162
synopsis, 278"

Clarke, C. A.: The Prevention of Rh

Isoimmunization, 263-270

Classificarion of diseases {ree Nosology)

Cleaver, 50

Clefr lip
incidence in idenrical rwins, 199
incidence in relatives, 202, 203, 205
multifactorial model, 203
severity of, in relation to sibling risk, 205
single-gene model, 202

Clones
hybridized cells, 165
lvmphoblast, 158

Codon, definicion, 74

Coenzymes, vitamins as, 74, 75"

Coin-flipping probabilities, model of

disease causation, 200°

Computer, use in chromosome

identificarion, 27, 32, 33

Condirional muranrs, 50

Congenic mouse strains, 180
in histocomparibility study, 191

Congenital, definition, 221

Congenital aniridia, pedigree, 224*

Congenital hip dislocarion, 204-208
acerabular dysplasia, 207, 207*
breech birth, 207
environmental factors, 207
familial joint laxiry, 206°-207*
genetic factors, 207-208
ncidence, model, 204*
incidence in Lapps and American

Indians, 207
swaddling of infants, 205*, 207

Congenital pylaoric stenosis, incidence
multifactorial model, 204*
sex ravio, 205

Conley, C. L. and Charache, 5.: Inherited

Hemoglobinopathies, 53-61

Consanguinity, and nosology, 213 (see

also Inbred groups)

Contact inhibition, loss of in broken

cells, 13

Contraceptives, oral
and alpha-] -ﬂ.nri:r}rpsin levels, 131, 136
and jaundice in Dubin-Johnsen

syndrome, 128%, 129

Counseling (see Genetic counseling)

Counseling services
dircetory of available, 228
requirements for hospital facilicy, 228

Cretinism, familial goitrous, 222*



Cri-du-chat syndrome, 13

Karyotype, 13°
Crigler-MNajjar syndrome, 126

etiology, 127

gene defect in, 126

hypersensitivity to salicylares, 91

response 1o phenobarbital, 126, 127

trearment by enzyme induction, 276
“Criminal effect” of XYY condition, 23
Cross-correction, 143, 144, 217
Crossing-over, in hermaphroditism, 24
Culeures of amniotic eclls, list of

disorders detectable by, 250

Cystathioninuria, 74

Bi-dependent, 77

rreatment of, 274
Cystic fibrosis

inheritance, 222*, 213

synopsis, 279*

treatment, 276
Cystinosis

synopsis, 278°

kidney transplant, 273, 276°
Cystinuria, 83

risk of menral defecr, 88

svnopsis, 278°

D

Dy trisomy, study by fluorescence, 34°
pxa-binding Auorescing agents, 30
BxA transduction
in bacteria and mammalian cells, 276
in fibroblasts of galactosernics, 276
Daneis, |.: The Prenaral Derection of
Heredirary Defects, 246-251
Danes, B., 142, 157, 164
Drannelli, 81
Davson, &1
Deaf-mutism, as example of
heterogeneity, 215
Delayed hypersensitivicy, 170, 178
Deletion syndrome: eri-dr-chas, 12
Demies, definition, 213
Dermatan sulfare, 141, 142
Diaberes
early-onser type, incidence, 206
genetic counseling, 208
genetic factors, 71, 206
Dibucaine inhibirion tese, 93
Dibucaine number, 93
Dicentric chromosome, 13
Dicumarol metabolism (see alse
Anricoagulants)
rwin studies, 97*
Diphenylhydantoin sensitivicy
inherited, %4
isoniazid produced, 24
Dominant genes, 6
Dominant inheritance, definition, 221
Down's syndrome, 7, 8, 10, 11, 12%, 34,
35,222
fluorescence study, 34°
hypersensitivity to atropine, 1
karyorype, 12*
maternal age in, 8
prenatal diagnosis, 249, 249*
Dirug reactions, hereditary, 91-97

Dubin-Johnson syndrome, 124
estragen effects, 128-129
jaundice in, 128*, 129
liver in, 129
similarity o disorder in mutant

sheep, 124%, 129

Duchenne muscular dystrophy
carrier identificarion, 228*
inheritance, 223

Duplication deficiency, chromosomal, 11

Dwarfism (see alse Human growth
hormone)

achondroplasia, 213, 214*
cartilage-hair hypoplasia, 213
diastrophic, diagnostic features, 215*
Ellis-van Creveld svndrome, 213
Laron type, 135
panhypopimitary, 151° (see alse

as wain enery )
sexual atehotic, 153, 154

E
Ear, in diastrophic dwarf, 215
Ectodermal dysplasia, 222*
Eijsvoogel, 191, 192-193

Emphysema (see Pulmonary emphysema)

Enzyme-Auxotroph Assay, 234
Enzyme binding, 63
Enzyme defects, inherired, 63-71
list of, 68*
prenatally dececred (lisc), 250°
recessive inheritance, 64
Enzymes (see alse Vitaming)
evolutionary significance, %4
funcrion, 63, 6
replacement therapy, 274
Eriksson, 5., 131, 132, 139, 140
Erythroblastosis fetalis (see Rh disease)
Expression, gene, 6

Fabry's disease
synopsis, 279*
treatment, 275
Fagerhol, M., 132, 133
Familial, definition, 221
Family size and incidence of recessive
disorders, 217*
Fanconi's anemia, 15, 40-45
cancer risk, 44
chromosomes, 42°, 45
consanguinicy, 44
leukemia, 44
Ferguson-Smith, M. A.: Chromesomal
Abnormalities: 11, Sex Chromosome
Defeets, 16-26
Fertility in Klinefelter's, 21
Fertilization, delayed, 9
Fetal blood, assay for, 265
Fetal hemoglobin, 53, 56
Fetal loss from translocations, 11
Fialkow, 40
Fibroblast cultures
chromosome stability in, 160
cross-correcting, 143
for Lesch-Myhan studies, 104

human biochemical defects expressed
in, list, 164*-165*
in study of Lyon hypothesis, 106,
108", 158, 159*
merachromasia, 142-143, 157
for mucopolysaceharidoses studies,
142-143
techniques, 159-160
“treatment” of metachromatic
lenkodystrophy in, 161
X-inactivation evident in, 158
Fibroblast cultures, diseases studied
citrullinemia, 162
galactosemia, 160-161, 160°, 161*
gangliosidoses (Krabbe's, Gaucher's,
Miemann-Pick discases), 161
glycogen storage discases, 161
Lesch-Myhan syndrome, 104, 107-108%,
143
merachromatic leukodyserophy, 161
xeroderma pigmentosum, 46, 47
Fingerprine ridge counts, 201°*
in relatives, 201°
Finn, R., 265
Fluharey, 161
Fluorescence analysis in chromosome
identificarion, 27-38
in pig, 37
in tobacco mouse, 37
Fluorescence parterns (chromosomal)
computer :mrll:.'s.is, 32* 33*
in kinship determination, 30
in plants, 30
variations in, 30
Fluorescence staining technique, 37
Fluorescence study of liver, in
alpha-1-antitrypsin deficiency, 136
Fluorescence of teeth and nails in
porphyria, 115
Fluorometric assay in Tay-Sachs, 257
Fluorometric curves in chromosome
classification, 31*
Fluorometry, technique of, 31
Folling, A., 64, 237
Ford, C.E., 40, 49
Fourier analysis of chromosome
patterns, 32%, 33
Fraser, F. C.: Generie Counseling, 221-228
Freda, V., 265
Freier, E., 135
Fructose intolerance, hereditary,
synopsis, 278
Fusion gene, 54
G
G rrisomies, fluorescence study, 34
G-6-PD deficiency, 222
drug sensitivity in, 91
G-6-PI) variants, carriers of,
X-chromosome in, 20
Galactosemia, 68*, 232%, 250*
dietary treatment, 272
fibroblast cultures, 160
synopsis, 278*
Gamma globulin synthesis, genetic defects,
sfnu-Psi.s, 279"
Ganglioside G in Tay-Sachs, 256*

203



Gangliosidoses, in fibroblast cultures, 161
Gans, 137
Gargoylism, nosology, 213
Garrod, A. (inborn errors of metablism),
69, 123
Gaucher’s disease, 161, 250*, 274
Genetic, defimition, 221
Generic code, 271.
Genetic compaound, definition, 88
GGenernc cuum;cfling, 221-238, 280
in early-onser diaberes, 208
example of, in dwarfism, 211
}u;'chulﬂgiu considerations, 226-227
in Tay-Sachs disease, 261-262
Genetie counseling services
directory, MNational Foundation-
March of Dimes, 228
National Genetics Foundarion, 228
requirements for hospital facilicy, 228
Generice diseases
mass screening, 229-2346 (see also
Mass screening programs)
mendelian, caralog, 218
number identified, 217, 218°
physiology, 271
prenaral diagnosis (see as wain entry )
prevention through screening, 254
treatable, s}‘m.r[ﬁlls.. 278" 270"
vitamin-dependent, 274
Genetic disease, treacment, 271-280
biochemical correction, 271-273
correction of gene defect
[experimental ), 276
on enzymie level, 273-274
Generic fitness of p::|}'|.1|.3l'ml‘|.
decline in, 277
Genetic heterogencity
and counseling problems, 223
definimion and l:x:ll]'l].‘-l:’.:. 212
Genetics of drog reactions, 91-97
Germ cell bivalents, identification by
fluorescence patterns, 32
GGerman, ].: Oncogenic Implications of
Chromosomal Instability, 39-50
Giemsa-stain banding rechniques, 32, 39
Gi]l-.-sp:i-;-. 59
Glucuronyl eransferase deficiency in
Gunn rats, 129*
Glycogen storage disease, 250
svnopsis, 278"
treatment by surgery, 273, 273*
Goirer, familial, 279°
Gonadal dysgensis (see also Turner's
syndrome) _
appearance and karyotype, 24°-25°
XY interchange in, 24
Goor (see also X-linked uric acidurias)
in glycogen storage disease, 110
and heart disease, Framingham
study, 110
in Lesch-Nyhan syndrome, 101
in maple syrup urine disease, 110
purine merabolism, 109
s}rnup-sis, 278"
tophaceous, treatment, 272
treatment with allopurinol, 112, 276
Graft (see also Transplants)

* demates illustration or table
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donor-recipient combinations in
leukoeyre cultares, 192, 192°
Graft rejection, causes, 183
cvrotoxic reactions, 193, 194
delayed hypersensiriviry, 184
tiszue differences, 184
Graft-vs-host reaction, 183, 187
Granick, 118, 118%, 119
Giross leukemia vieus in mouse, H-2
association, 181
Grouchy, 49
Groweh hormoene (see Human growth
hormone ) %
Growth retardation in pEU nﬂ'spring,
231
Crrumbach, 151
Grumet, 174
Guthrie, R.;: Mass Screening for
Genetic Disease, 229-2346
Gurhric test for pEU, 238-240

H

H-2 (histocompatibility ) system in mice
chromosome mapping, 179
and immune response, 181
Hahn, 5%
Hairy car, Y-linked trair, 18
Halothane sensitivity, 96
Hamburger, 190
Haploid number, definition, 8
Hapren-poly-L-lysine conjugares,
response in mice, 169-171
Havyflick, 157
Heart disease, ischemic
environmental factors, 207
incidence in relatives, 206
Heche, 46
Height (see Stature; Dwarfism)
Heme, function of, 113, 114
Heme synthesis, 113, 116%, 118*
Hemochromatosis, s}'l'l.::pﬁiai, 279*
Hemoglobin
amino acid sequences, 54, 33
conformations, 55, 56
oxygen affinity, 59*
Hemoglobin, abnormal
malecular structare, 54, 33
pq:r'l:,.-'l :Frriclc chain substitutions
and deletions, 54*, 55
Hemoglobin 8, 56, 57 (see also Sickle
cell disease; Sickle cell rraic)
and Hb .\Ir;mphiﬁ, pedigree, 60®
molecular aggregation, 57°
Hemoglobin variants
Bethesda, 56
EH AU 55
Chesapeake, oxygen affinity in, 3%*
Freiburg, 53
Gun Hill, 53
Kiiln, hemolytic anemia in, 57
Lepore, 54
M syndromes, 36
Malma, pxygen affinity, in 57
Memphis with Hb 5, pedigree, 60*
Miyada, 54
Proege, 74
Rainier, 56

S (see as wrain entry )
Liirich (see a5 main entry )
Hemoglobin Zirich
amino acid substitution in, 57
and Hb 5, pedigree, 60°, 61°
methemoglobinemia and anemia,
from sulfonamides, 91
Hemoglobinopathies
clinical manifesrations, 58°
inherited, 53-61
Hemaolytie anemia and Kiln, 57
Hemaolyrie diseascs, synopsis, 279
Hemaophilia
CArriers, cuun‘st'ling of, 226
heterozygotes, X chromosome in, 20
maode of inheritance, 222%, 226
treatiment, 274
Hemostasis, hereditary disorders of,
synopsis, 279*
Heparan sulfate, 141-142
Hereditary, definirion, 221
Hereditary a11gi.uur:ur::l.‘ic edema,
screening test, 232°%, 234
Hereditary hemorrhagic relangiectasia,
20
Hereditary iminoglycinuria (see
Iminoglycinuria)
Hereditary persistence of fetal
I“.“l'ill::igluhii'l. 53, 56
I'Il,.‘rlll'.‘l!}h rodite, tiue
karyotype, 24°
mosaicism, 23
Herrick, |. B, 57
Hi:r{:rugt:'m:il‘:'.'1 g!:nv::l."tc {see Generic -
heterogeneiry; Carrier)
Hexosaminidase (in Tay-Sachs)
molecular structure, 256°
Hex A and Hex B, chromatographs,
258"
Hip dislocation, congenital (see
Congenital hip dislocation)
Hirschhorn, K.: Chromosomal

Abnormalities: 1. Aurosomal Defects, 3-14

Hirschsprung’s disease, 205
Histidinemia, 68*
H i.sl;m:mup:l.tibilit}', gmlcl.'i".‘? of, 183-19%
His:ucmnparlhilit}' antigens, 179
(ree alse Transplantation antigens)
Histocompatibility complex, major,
183, 191
evolutionary advantage, 195
studies in man, 191
studies in mice, 191, 192 (see also
H-2 SYSLE 1 TG |
Histocompatibility-linked immune
response genes, list of, 173°
Histocomparibility systems, najor
H-2 in mouse {(see a5 wrain entry )
HE-A in man (fe¢ a5 prain entry )
Histocompatibility tests
lymphocyte typing of sera from
multiparous mother, 188
mixed leukocyte culture (ac), 190
preparation of sera for, 184°-185°
third-man, 187
Histocompatibility Workshop (1965},
158



HL-A, 183-195
chromosome mapping, 179
and Hodgkin's disease, 181
and nontropical sprue, 182
segregant series, 193°
and systemic lupus erythemartosus, 182
Holtzman, N. A. (see Hsia, D.Y-Y.)
Homocystinuria, 68*, 250*
dietary treatment, 77
inheritance, 73, 222*
screening rest, 232
synopsis, 278*
vitamin Bg dependency, 77
voungest patient treated, 73
Homozygosity, 6
Howell, R. R.: Genetic Disease: The
Present Status of Treatment, 271-280
Hsia, DY-Y, and Haolvzman, N, AL A
Critical Evaluation of PKU Screening,
237-144
Human growth hormone (HoH)
aming acid sequence, 150°
disorders, 149-156
funcrion, 149
merabolism, 149*, 150
radicimmunologic assay, 132°
synthesis of, 150
rissue insensitivity to (in Pygmics),
155-154, 156*
Hunt, A.D., 73
Hunter, C., 141
Hunter's syndrome (see alse Hurler's
syndrome; Mucopalysaccharidoses )
appearance of patient, 216*
Cross-Correction experiments, 144
lenkoeyre transfusion, 275*
prenatal diagnosis, 147
svnopsis, 146°, 279
urine tests, 145°
X chromosome of carriers, 20
Huntingron's chorea, 221
inheritance, 224
pedigree, 226*
Hurler, G, 141
Hurler's syndrome, 141-147 (see also
Hunrer's syndrome; Mucopolysacchari-
dioses)
appearance of patient, 141, 216°
CTOSS-COTrection experiments, 144°
liver cells in, 142"
prenatal diagnosis, 145°, 147
synopsis, 146%, 279
Hybrids, somartic cell, fluorescence
analysis, 37
Hy perammonemia, synopsis, 278
Hy perargininemia, synopsis, 278"
Hyperbilirubinemia (ree alse Crigler-
MNajjar syndrome)
benign, in brease-fed infants, 123°
chronic nonhemolytic, pedigree, 126*
drug-induced, 124
synopsis, 279"
Hy percystinuria, 88
Hyperoxaluria, primary, 278%
Hyperphenylalaninemia
and hypertyrosinemia, in infants, 242°
inheritance, 240

in sereening for pru, 240
Hypertyrosinemia, 242*
Hypophosphatemic rickets

familial, synopsis, 279*

X-linked, 73
Hy poxanthine-guanine phosphoribosyl-

transferase (HoaprT) defect, 104=106,
162°%, 164

Identification of chromosomes, te-.:lmiqucs
mlmmdiogmpl'l}', 27
eentromeric position, 3
fluorescent staining, 27
secondary constrictions, 3
size, 3
TV camera projection, 34
ultramierospectrophotometry, 27
Iminoglyeinuria
heterogencity of, 84, 85, 88
inhibition experiments, 84*
pedigree, 81*
renal clearance, 84
transport defect, 83*
Immune response {see Antibody
FCSPOSE |
Immune response genes
behavior of, 171
cellular expression, 16%-178
histocompatibility -linked, list, 173*
identification, 178
locus, 174, 178
mrpping of, 180
T cells as expressors of, 174
threshold of response and antigen
dose, 171
Immu nﬂglﬂhulil: :]]m}'p: genes, 173
Immunosuppressive drugs, in organ
transplants, 183
Inacrivation of X chromosome (see
M-inactivation )
Inbred groups in genetics, 218
Incidence of genctic discases
consanguinity and, 206
increase in, result of successful
treatment, 277
f:lmi]:..' rc]atiunshi[ﬁ in, 204, 204*
severity of index case and, 205
SEX rario in, 205
Inherited drug anomalies, mechanisms
anatomic disorders, 95
drug merabolism disorders, 95
recepror site disorders, 95
tissue metabolism disorders, 95
International Transplantation
Confercnce (1972}, 190
Intersex (see also Hermaphrodices)
mosaicism, 23
XX/XY chimeras, 24
XO/XY mosaic, 24
Intestinal polyposis, 222°
Izchemic heart disease
environmental factors, 207
incidence in relatives, 206
Ishihara, 49
Ispantigen, 171
Izochromosomes, 11, 19*, 25

Isoenzymes, definition, 63
Isolated growth hormone deficiency
(sexual areliotic dwarfism), 153
inhericance, 154
insulin response, 153*
and panhypopituitarism, 153
rf:pr::ducr'mri.. 154
treatment, 154
Isoniazid (rsn) and related drugs
bimodal excretion patcern, 22*
diphenylhydantoin sensitivity, ™4
enzyme deficiency of slow inactivators,
92
EXCretion rates in twins, 94*
lupus erythematosus-like syndrome
after hydralazine, %2
pedigree of excretion rates, 92°
peripheral newritis afver 1n, 92
rapid and slow inactivarors,
generics of, 92

J

Jaundice in Dubin-Johnson syndrome,
129
incorrect diagnosis of, 129
Jaundice in infants
from brease milk, 127
physialogic, Y protein maturation

and, 125

Joine laxity
familial, and congenital hip
dislocarion, 206-208, 206°-207*
hormonal, in pregnancy, 208
in rabbits (experimental), 208
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Kaback, M. M. and O'Brien, J. 5.:
T::,'-&.u:hs: P_rnml:}rl:nc for Prevention
of Genetic Disease, 253-262

Kallman, F. J., 206

Kaplan, 151

Kappas, A. (see Levere, R. 1)

Karyotype, normal, 28%

Karyotyping technique, 3, 4, 4%, 5*,6°

Keratan sulfare, 142

Kidney transplant

in cystinosis, 275, 276°

in Fabry's disease, 275

prediction of success from leukocyte
eulrures (arc), 190

Kinky-hair syndrome, 279*

Kinship determination by fluorescence
pattern of chromosomies, 30

Kleihauer rest for feral erythrocytes,
266, 267

Klein, 192

Klinefelter's syndrome

clinical signs, 21
inferrility, 21

karyvorype, 21°

physical appearance, 20°
XY interchange in, 24

Klenk, E., 256

Knox, W. E.: Inherited Enzyme Defects,
63-T1

Knudson, 147

Kountz, 190
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Krabbe's disease, 161
Krooth, 160, 161
Kueppers, F., 134, 139
Kumatori, 49

L
La Du, B. M. Jr.: The Genetics of
Drug Reactions, 91-97
Laron type of dwarfism, 155
basic defect, 155
inhertance, 155
Laurell, C. B., 131
Laurence-Moon-Biedl syndrome, 222*
Lo {lymphocyrically defined)
antigens, 184-195
Lead poisoning, enzyme inhibition
in, 113
Lesch, M., 102
Lesch-Nyhansyndrome
histary, 102
Pre-Incan :xaml}li:, 100%, 102
prenatal diagnosis, 110, 111, 250, 250*
symopsis, 278"
Lesch-Nyhan syndrome, biochemist TYs
101-106
enzyme defect, 104, 105*, 164
fibroblast cultures, 104, 107-108,
108°, 164
noert defecr, 104-106, 162, 164
purine synthesis, 106, 164
Lesch-Nyhan syndrome, carriers
detecrion of, by measurement of
enzyme in hair root, 250
detection of, in tissue culmure, 248
sereening for, 110-111
X chromosome i, 20, 106
Lesch-Myhan syndrome, clinical
aggressive behavior, 101, 103
appearance of patient, 102, 103*,251*
description, 101, 103, 104, 249
dysarthria, 103
gout, 103-104
kidney damage, 104
self-murilation, 101, 102°, 103*, 251*
Lesch-MNyhan syndrome, genetics,
106, 222°
counseling, 111
family studies, 107, 109
Lyon hypothesis, 103, 106, 108°, 250
pedigrees, 108*-109%, 251
Lesch-MNyvhan syndrome, treatment
allopurinol, 104, 111, 112
azathioprine, 104
Leucocyte (see Leukocyte)
Leukemia, result of ionizing radiation
in arthrities, 49
in Hiroshima A-bomb survivors, 49, 49°
Leukocyte antigens
genetic control of, 189190
identification, 189
Lo (lympheeyrieally defined), 184-195
s (serologically defined), 184-195
Leukocyte cultures
mixed (ree Mixed leukoeyte e.)
one-way, Prcpataﬂﬂn. 186*
Leunkocyte transfusions, in
mucopolysaccharidoses, 274

* denotes tlnstration ar table
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Leukocyre typing, preparation of
antisera, 184*-185
Levan, A, 3
Levere, R. . and Kappas, A.: The
l"ﬂrph}'ric Dizeases of Man, 113-121
Levi, AL J., 125
Li,C.H., 149
Licberman, 181
Lieberman, J., 134
Linder, 40
Linkage, genetic, 214-215
elliptocyrosis and Rh blood group, 215
X-linked hemophilia, 215
H-2 region and immune response
gencs in miee, 178%, 180
Linkage disequilibrium, 195
in Hi-A system, 195
evolutionary advantage, 195
Linkage groups, 173
definition and conceprs, 179
Lobster-claw deformity of hands
inheritance, 224
pedigree, 225*
Louis-Bar, ., 46
Louts-Bar syndrome, 40, 46
chromosomes, 43%, 46
clinical features, 46
i.ﬂ!ll!l'tunupﬁth_‘r, 44
stunting of growth, 44
Lumping and splitting, 212, 212°-213*
Lymphoblast cultures
a-;h':lntagc for gcm:l;ic studies, 158
cloning of cells, 138
phytehemagglutinin, 158
short-term, 158
similarity to bacrerial culoares, 158
techniques, 158
virus component, 158
Lymphocyte cultures
chromosome study, 3
Lymphoeyte typing, preparation of sera,
154*-185*
Lyon hypothesis, 19
demonstrated in fibroblast cultures, 159
supported by Lesch-MNyhan studies,
106, 108, 158, 250
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MeDevite, H. O.: Genetic Control of
the Antibody Response, 169-182
McKusick, V. A.: The Nosology of
Genetic Disease, 211-218
Malaria and sickle cell disease, 59
Male inferrility from invisible
translocations, 12
Manic depressive psychosis, genetic
risk, 206
Maple syrup urine disease, 68, 110
dietary treatment, 272
sereening test, 232
synopsis, 250°, 278°
treatment, ethical consideration of, 280
Mapping of chromosomes, 4-5, 4%-5*_ 38
by hybridization, 162°%, 163*, 165
chizsma distribution, 32
H-2 and immune response loci in
mice, 178%, 180, 192

HL-A region in man, 179
immune response genes, 180
techniques, §
Macfan syndrome, 212
Marker chromosomes
in Burkire's lymphoma, 35
in human cancers, 39-40, 50
Maroteaux-Lamy syndrome, 141, 142, 144
(see alse Mucopolysaccharidoses)
synopsis, 146*
Mass screening, 229-236 (see also
Sercening reses)
automared, I290-231, 233, 235, 236
costs, 232-233
regionalization, 233, 235, 234
sickle cell hemoglobin, 235
Tay-Sachs disease (see Mass screening
program for Tay-Sachs disease)
Mass screening programs
importance of voluntary approach, 262
organization of community facilicy, 261*
Mass sereening program for Tay-Sachs
disease, 254
costs of the Washington-Baltimore
study, 261
educational program, 260
Washingron-Baltimore experience,
259-262
Marernal age effecr
in Down's syndrome, 8
in meiotic nondisjunction, 8
in XXY condition, 23
Maurer, P., 169
Meiosis, normal, 7, 9, 16, 18*
Meiotic nondisjuncrion, 7, 8
Melanin, absence of, in albinism, 64*
Melanin, low levels in kv, 65
Mellman, W. J.: Human Cell Culrure
Techniques in Genetic Studies, 157-165
Membrane transport mechanisms,
genetie defeets in, B0-89 (se¢ also
Transport, active)
Memory cells, 171*
Mendel, G., 201
Mendelian diseases
catalog of, 218*
number identified (1959-1971}, 219*
Menke's disease (kinky-hair syndrome},
synopsis, 279"
Mental recardarion, in
galacrosemia, 68*
histidinemia, 68*
homocystinuria, 68
Hurler, Hunter, and Sanfilippo
syndromes, 141
Klinefelrer's syndrome, 21
phenylalaninemia, 231
phenylkeronuria, 64, 244
Merimee, T., 156
Metacentric chromosome, definition, 3
Merachromasia, in mucopolysaccha-
ridoses, 142-143
and cross-correction, 143
in fibroblasts, 143, 157
as test for carriers, 143
Metachromatic leukodystrophy,
“creatment” in cell culture, 161



Methemoglobinemia
cyanosis in, §7
hemolyric anemia in, 57
synopsis, 279*
Methylmalonic aciduria, 74-746, 250
case report, 75
history, 75
treatiment, 75-76
Microcytic anemia, carrier and
noncarrier X chromosomes, 20
Miller, 170
Milne, 83
Mintz, 174
Mitchell, 170
Mirotic nondisjunction, 9, 23
Mized leukoeyte culture (sre), 187
and cell-mediated lympholysis, 194
composite of 17 experiments, 192
and immune response genes, 183
Lot and alleles controlling
reactions in, 189*
ane-way, culture methods, 186°
Modest, E. ]., 30
Mongalism (see Down's syndrome)
Monosomy, autosomal, 7
Monosomy X, 16
Monosomy Y, 16
Morehouse, 157
Morquio syndrome, 141, 142, 143, 145
!i].'n{rprs'ui., 146*
Mosaicism, 9, 23
flucrescence patterns, 36, 36°
phienotypic manifestation, 23
in tetraparental mouse system, 174=178
in true hermaphroditism, 23
Mucopolysaceharides (atps)
diagrams of normal and degraded, 143
urinary, in diagnosis, 141-142
Mucopolysaccharidoses (see also
Hunter, Hurler, Morquio, Scheie,
and Sanfilippo syndromes)
biochemical defects, 143-145
inhericance, 214
nosology, 213
prevalence, 141
synopsis, 146°
treatment, 146-147, 274
Mucopolysaccharidoses, differential
diagnosis of
cross-correction, 143
metachromasia, 142
maode of inheritance, 142
type of mucopolysaccharide, 141
Multifactorial, definition, 199
Mulrifactorial gl:m‘:tic disease, 199-208
eounseling in, 225
Murphey, W, 234
Mutation, chromosomal, in cancer, 40, 41°
Mutation, de nove, risk n sibs, 224
Myaoranie dystrophy, 222
Myrianthopoulos, M., 255, 256
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Nails, luorescence in porphyria, 115

Makao, 120
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Neoplasms, chromoesome breakage, 13
Mephrogenic diabetes insipidus, 222°
Weunfeld, E. F.: Mucopolysaccharidoses:

The Biochemical Approach, 141-147
MNeurofibromarosis, 222*
Newropsyehiatrie symproms in pru, 63
Niemann-Pick disease, 222*

fibroblast cultures, 161

| Nondisjunetion, 7-9, 18-19, 23

Nontropical sprue, association with
HL-A, 182

Mosology of genetic discases, 211-218

Mvhan, W. L., 102
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O'Brien, |. 5. (ree Kabaclk, M. M.)
Ochronosis in alkaptonuria, 69
Oeular albinism, 20, 222*
Oreulocutaneous albinism, 60-70
Ohno, 49
Okada, 5., 257
Oneogenic implications of chromosome
instability, 39-50
Oparin, A. L, 80
Ciral 1:11:1tr:1r_'1:]n:i1.'-|:ﬁ and jaundice, 128*
Oirorie aciduria
experimental enzyme induetion, 275
metabolic defece, 272
screcning test, 232°, 134
5:.'11npcsi.s, 78"
treatment, 272-273
Oxygen affinity
45 cause of pul}'c}'tlh’:nlia, 5n
in feral hemoglobin, 56
of normal and abnormal hemoglobin, 5%

P

I-'a.nh}']:l-opituitar}' dwarfism
familial, 152-153
hormone defect in, 152
mheritance, 152=153
spnmdi-c:, 152
“Tom Thumb,"” 153, 154*
trearment, 153
Pauling, L., 59-60
Penctrance, reduced, 224
illuserated, 225"
Penrose, L., 10
Pentasomics, 16
Pentosuria, 648°
Pieiffer, 46
Pharmacogenetics
definition, 91
history, 91
Phenobarbiatal
and bilirubin transport, 126
differemtiavor of types of
Crigler-MNajjar syndrome, 126
W Prnh:in increased by, 125
Phenylalanine
control of, in pregnant pEU patients,
235"
distribution of blood levels of,
in screening studies, 242°
in newhormns, 239*
n ph{:nylk{:tunuria, 8
renal rransport, 81

Phenylalanine-tyrosine metabolism,
64", 67"
in albinism, 63
in alkapronuria, 65 *
normal, 64, 238*
in PEU, 64, 64°, 238°
in scurvy, 65
Phenylalaninemia
maternal, effect on infant, 231
pathologic effects, 231
Phenylbutazone metabolism, genetic
control, 97*
Phenylketonuria (pru)
behavior of children, 67
diagnosis, 68
discovery, 237
forms, 240
genetic defect, 67
inheritance, 222*, 223, 237
17, 68
mental recardation, 244
prenatal diagnosis, 280
s:lmn]uiﬁ, 278"
tooth hypoplasia, 66, 67*
Phenylkeronuria, biochemistry
amino acids, 66
metabolic detect, 67, 237, 238°%, 239*
Phenylketonuria, diet, 68
during pregnancy, 244
effect on 1g, 243*
Phenylk ctonuria, incidence, 230, 239
among blacks, 242
as found by Gurhrie test, 238, 240
sex ratio, 238
in various couneries, 244*
Phenylketonuria, screening
age for, 237-238, 240°
automated, 229*-230*
costs, 241
in District of Columbia, 242
evaluation of, 237-244
state laws on, 239
Phenvlketonuria, tests
bacrerial inhibition, 240, 241*
FeClurine, 237
Guthrie, 240-244
Phenylketonuria, treatment (see also
Phenylkeronuria, diet)
costs, 241
dangers of overtreatment, 231
monitoring, 231
Phenylketonuria, variants
atypical, 239
h}rpcrphl:n:.'hlanincmia, 239
rransient, 240
Philadelphia chromosome, 13, 40
fluorescence identification, 35, 38*
Phaotosensitivity
in mutant shwp with bilirubin
defecr, 124
in porphyria, 114-116
Phytohemagglatinin, 3, 158
Pi (protease inhibiter) system, 132
genetics of, 133
phenotypes with pulmonary
emphysema, 133
Pituitary dwarfism, 151 (see also
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Panhypopituitary dwarfism; Isolared
growth hormone deficiency)
syndrome of small sella turcica in
abnormal sphenoid, 152
synopsis, 279
types, 155

Plate, 191

Plasma membrane, strucrure, 81

Pleiotropism, definition, 212

Point mutations, 211, 222

counseling in, 224, 225
Pollack, W, 263
Polyceythemia

in hemoglobinopathies, 56

oxygen affinity in, 57

Fnl}'gl:nic, defimition, 199

Population genetics, effects on,
of successful treatment of generic
diseases, 277"

Parphyria, 113-121 (se¢ alse Porphyria,
acquired; acure intermittent; congeniral
erythropoietic; cutaneous hepartic;
experimental; and heparic)

biochemical lesions, 116"-117"
glucose in treatment, 120-121
photesensitivity, management of, 121

Porphyria, acquired

alcohol-induced, 116-117

drug-induced, 117

enzyme sequence, 117*

incidence in Bantu, 117

hepatic, 119, 119*

hexachlorbenzene-induced, in
Turkey, 117

Porphyria, acute intermittent, 68°, 115

basic defect, 118

behavioral disturbance, 116

clinical features, 115

incidence, 115

inheritance, 222*

pathology, 116

synopsis, 119
Porphyria, congenital erythropoietic

basic defect, 114

clinical manifestations, 115

fluorescence of tissues, 115

hypersensitivity to barbiturates, 1

synopsis, 119
P{:rph}'riﬂ_ cutancous hc'paric. 16

elinical, 114

incidence and inheritance, 116

photosl:nsiﬁt'it}r, 116

synopsis, 119"

Porphyria, experimental, 117-119

Porphyria, heparic, 114

acquired, 119

inherived, 119

synopsis, 119*

Parphyrin-heme pathway, 114%-115*

Furph}rr[ns, 113

fluorescence, 120

metabolism, 114

synthesis, 118

Porter, 161

Pregnancy monitoring, in Tay-Sachs
disease, 257

Prenatal diagnosis, 246-251 (see also

* denotes illusiration or table
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Amnigcentesis )
in Hurler and Hunter syndromes, 147
use in counseling, 226
Preventive medicine, 221 {see also
Genetic counseling)
Praoline, 82-83
and hydroxyproline, transport
cxperiments, §4*
renal transporr, §1*
Protoporphyria, congenital erythropoietie,
115
basic defeer, 115
synopsis, 119*
Psoriasis and #r-a antigen, 182
Puck, 157
Pulmonary emphysema in alpha-l-anti-
trypsin deficiency, 131, 133, 134*
genetics of, 134
heterozypote frcrlucnc}', 135
pathogenesis, 139
risk vo heterozy gotes, 134
x-ray and lang sean findings, 134
Purine synthesis, 105, 164
Pygmies, African, 155
appearance, 155°
growth hormone, insensitivicy to,
156, 1546*
made of inheritance, 156
pliysical eharacteristics, 155
physiologic experiments, 156
Pyloric stenosis, incidence, 204
multifacrorial models, 204*
SC% ratio, 205

Q

Quinacrine luorescent staining, 28%,
29,39

R

Radiation, ionizing
chromosomal aberrations from, 49, 49*
leukenua, 49
Radiation, ultravielet
chromosome breakage in mammalian
cells, 48
Radioimmunoassay for human gmw:h
hormone, 150, 152*
Rauh, 43
Recognition systems in antibody
response, 170, 170*
Recombinant, definition, 180
Refsum’s disease, 270
Replicartion, §
Retinoblastoma, synopsis, 279
Reyes, H., 125
Rh disease
and apo incompatibility, 264, 264%,
246", 267"
incidence, 263-264
pathogenesis, 263
prenatal diagnosis, 264
Rh disease, prevention (see also
Anti-Rh prophylaxis)
anti-Rh gamma globulin, clinical
trials, 265-267
in Brirain, 267
exchange transfusion, 264

induced labor, 264
intrautcrine rransfusion, 264
Rh factor, transmission of, 263
Eh immunization and aso incompatibility,
266°, 267*
BEh incompatibiliey, 263
and ARG 'tlll:'nulp:ltihilit_'r, 264, 266", 269"
Eh soimmunization, |}n'_"l.1:ntinn of,
263-276
Rheumatoid arthrits, incidenece and
risk to relatives, 206
R“E’_\.'-D:I:l.' 5}'ndrnn1¢, 222"
Rimain, 17, L..: Genetie Defects of
Growth Hormone, 149-156
Ring chromosomes, 13
Rose, 181
Rosenberg, L. E.: Vitamin-Dependent
Genetic Disease, 73-78
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Sachs, B., 255-256

Sanfilippo syndrome, 141-146 {see alse
Mucopolysaccharidoses)

cross-correction experiments, 144
synopsis, 146
Scheie svndrome, 141-143, 145 (ree alre
Mucopaolysaccharidoses)
synopsis, 146"
Schendel, 192
Schizophrenia
causal controversy, 206
genetic factor, 206

Schneck, L., 257

Schmid, 119

Schroeder, 45

Schulez, 81

Schwarez, 119

Sereening, multiple, for metabolic
diseases, 244

Screening tests

bacterial inhibicion, 220-230, 234% 238
Beutler, 233

Enzyme-Auxotroph Assay, 234

ferric chloride for pru, 229
fluorescent spot, 234

Guthrie, 238, 240

list of , 232*

Scriver, C. R.: Genetic Defecrs in
Membrane Transport Mechanisms,
B0-59

Seurvy, enzyme abnormalicy in, 65*

s (serologically defined) anrigens,
184-105, 103"

Seegmiller, ]. E.: Lesch-Nyhan Syndrome
and the X-linked Uric Acidurias, 101-112

Segall, 195

Seizures in PKU patients, 64

Sela, M., 171

Self-mutilation

in Lesch-MNyhan, 101, 102%, 103,
103*%, 251
in rats fed caffeine, 107*
Sex chromosome defects, 16-26
Sex chromosomes (ree alro X and Y)
anomalies, 22, 22*
climical importance, 16
counting, 18



Sex determinants, |msi[im1 an
chromosome, 25
Sex determination by buceal smear, 17°
Sex-linked recessive conditions
counseling in, 223*
list of, 222*
Sexual ateliotic dwarfism (see Isalated
growth hormone deficiency )
Sharp, H. L.: Alpha-l-Antitrypsin
Deficiency, 131-140
Sheep, mucant
bilirubin defects in, 124*, 129
Y and £ proteins in, 126
Sheppard, P. M., 263
Shope papilloma virus, in argininemia
therapy, 276
Sickle cell anemia, 57, 232°
Hb S in, 54*
history, 57, 59
and malaria, §9
made of inheritance, 59, &0
malecular basis, 59
Sickle cell hemoglobin
codon change in, 53
detection of carrier, 235
mass screening for, 235
Sickle cell traie
codominant inhentance, 60
in Mediterrancan peoples, 39
in Megroes, 59
Sickle cell trair, gene expression
effect of other mutations, 61
environmental influence, 61
pedigrees, 60°-61*
Sickle cell erair, heterozygores
clinical manifestation in
symptons in Megro soldiers during
airlifr, 40
in acute alcoholism, 60
under anesthesia, 60
afrer periods of anoxia, 60
in eyanotic heart disease, 60
Sickle cells, 56
circulatory effect, 39
formation of, 60
molecular aggregation, 57°
Silent allele (absence of plasma
p::udnch::lillrsttfnse}., a3
Simonsen, 192
Single cell origin of cancer, 40
Skeletal disproportion in Klinefelver's
syndrome, 21
Skin cancer, and xeroderma pigmentoswm,
47-48
Skin graft survival, prediction
from one-way sic studies, 190
Snell, 179, 180
Sorenson, 195
Sorenson, L., 104
Soukup, 43
South African porphyria, 116
Sphingolipidosis (see Tay-Sachs)
Spina bifida
incidence in relatives, 205
polygenic inheritance, 205
Somatic cell hybrids, fluorescence
studies, 37-38

Spleen cells, immunocompetence of, 174
Staining rechniques
fluorescence, 27
Giemsa banding, 32
quinacrine HCL and quinacrine
miustard, 5, 6, 18, 27
Stature, short
i anacomical male with short-arm
Y isochromosome, 25
in Bloom's syndrome, 42, 45*
in Louis-Bar syndrome, 46
in Pygmies, 156
in Turner’s syndrome, 21
Stature, tall
sex chromosome excess as cause, 22
Sreriliry
in male with invisible translocaton, 12
in Turner's syndrome, 20
Stimpﬂing, 192
Elrrr:pr{bcncrnl nnrigcn.l: and rheumatic
heart discase or glomerulonephricis, 178
Submortic stenosis, inherited, %6
Succinylcholine, !1}"]:.']’5{'“5;.!1'!-' i.t"p" T
dibucaine inhibition test, 93, 93*
frequency of homozygotes, 93
respiratory paralysis from, 93
and suceinylcholine resisters, 93
Sulfation factor, 151
Sulfohromophthalein (pse), 123
Svenncrholm, L., 236
Systemie lupus erythematosus, and
HL-A antigens, 182*
T
T (thymus) cell
antibody response, 169, 170
antigen-induced blase rransformation,
170
in eyvrotoxieity and delayed
hypersensitivicy, 178
immunoglobulin conversion, 174
in recognition system, 170, 177-178
T cell, interaction with B cell in
TG response, 178
T cell-macrophage-B cell receptor
transfer model, 170*
Talamo, B., 134
Talipes equinovarus, inheritance
patterns, 204
Tarkowski, 174
Tay, W., 25§
Tay-Sachs disease
amnincentesis in, 249
in Ashkenazi Jews, 235
carrier detection, 258
counseling, 261-262
demaography, 255
description and course, 254, 254°-255*
diagnosis, 234
enzyme defect in, 256
eyein, 257°
genetics, 222°, 255
history, 255
hospital costs, 255
mMass screening program (see as main
entry )
prenatal diagnosis, 257, 259*

toeatment, 274-275
Tedesco, 162
Teeth
fluorescence of, in porphyria, 115
in phenylkeronuria, ¢4
'l'r:l:mgi{:::ts:iia
in Bloom's syndrome, 42, 45
in Louis-Bar syndrome, 46
Tetraparental mouse system, 174, 1755,
176, 176", 177*, 178
Tetrasomics, 16
Thalassemias, 54
Threshold of risk, 199, 203
Thomas, L., 195
“Throwback"” myth, 222
Thymectomy, effect on antigen response
in mice, 180°
Tissue culture (see Cell culture)
Tissue umt:.'hing (see Histocompatibiliy;
'I'mn:i.pl.rmrs. argan
Tiio, J.H., 3, 157
Todaro, 45
Tom Thumb (circus dwarf), 153
pedigree, 154
wedding picture, 154*
Translocation, chromosomal, 10-12
balanced (Auorescence micrograph),
36"
as cause of trisomies, 10
centric fusion type, 10°
chromosome deletion, 12
congenital malformarions from, 11
fetal loss from, 11
fluorescence analysis, 27, 34
invisible, in infertile males, 11-12
karyorype, 8°
mechanisms of, 11
pedigree, 8
reciprocal (balanced), 9%, 37°
in xeroderma pigmentosum, 47
'l'mnspl.nnr:lrinn {see Ilistn-l:'mnparihilit}';
Immune response)
Transplantation antigens
H-¥ in mouse, 174
HL-A in mamn, 179
Tr:m.li].ﬂﬂntx, rgan
donor-recipient matching, 183
graft-vs-hose reaction, 183
in identical ewins, 183
kidney transplants, number, 183
rejection, 183-184
Transport, active (see also Amine acid
transport )
mutations, synopsis, §6°-87*
in n:-.'l|.1mu\rptirnr'|1 kidney, 82
renal clearance rares, §2*
sires, B2
svsten, genetic r:gulntiun of, 58
Tmn.tilmrr prmcin_ defimition and
funcrion, 82
Transport protein, inborn errors
cystinuria, 3
Fanconi's syndrome, 83
Harmup disease, 83-84
malabsorption syndromes, 83, 84, 8%
in small intestine and renal
tubule, 83
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Treatment of genetic disease, 271-280
list of treatable diseases, 278%-279°
Trisomics
aurosoamal, 5-6
meiotic nondisjunction, 7, 8, 18-19
mitotic nondisjunction, 9, 19, 23
sex chromosome, 16
Trisomy & (C group), fluorescence
patrern, 35, 35°
Trisomy 13, 6
Trisomy 18,6
Trisomy 21, 6 (see alte Down's
5.?.'|11.irum¢:l
Trizomy 22, 6
Trisomy, partial, 20
Tschudy, 120
Tyrosinenua, heredivary, 332°, 172
Tumor cransplants in mice, 179
Turner’s syndrome, 16 (see alse X0
-.1t_r|}i|::ﬂ .25
menral capacity, 22
somatic abnormalities, 21
sterility in, 20
U
Ultramicrospectrophotometry, 37
Uric acidurias, X-linked, 101-112
Urine
fluorescence tests, 113-114
maple syrup, 68, 272, 278, 280
mitt r_'trpt:ll}'-_i:'l.n:lmridl.rs i, 141
red wine, in porphyria, 113
Uterine fibroid tomors, single cell
0 rigin_ 40
v
van Rood, 190
‘l..'i;;ilir?,' and Y chromosome, 25
Virilization in adrenogenital syndrome, 71
Virus
and cancer, chromosomes, 59
component in lymphoblast culture, 158
pxA transduction, 276
and genetic discases, 276
gcn-ctic effects, 13
sv-4), 13
Vitamin Bg, 73-78
a5 COENEVIE, 74
metabolism, 74, 74°
Vitamin Bz, 74-77
biochemistry, 76-77, 76*, 77°

* denotes illustration or table
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45 COCnEYme, i+
in methylmalonic aciduria, 74-75
Vitamin C in prevention of
hyperphenylalaninemia, 240
Vitamin D-resistant rickers, 74
Vitamin dependency contrasted with
vitamin deficiency, 73
Vitamin-dependent genetic diseases, 73-78
biochemical defects, 74-78, 78°
history, 73
inheritance, 73
synopsis of, 76
Vitamin K mns.itivlr:v in warfarin-resstant
parients, #5
Vitamins as cocnzymes, 74, 75, 78*
von Gierke's disease, 68°
abnormal drug response, %1

W

Warfarin (fce ;lntlcuagulams.
coumarin-typel

Warkany, J.. 218
Watson, 120
Weinbe rig, 160, 161
Welch, M., 134
Werdnig-Hoffmann disease, 222*
Werewolves and IKJ['ﬂ'I"L‘I'i.B.., 115
Wilson's disease, 68*

synopsis, 279

treatment, 272
Wrynne-Davies, R, 208

X

X chromartin (ree Barr body)
X chromosome, 16-25 (see also
X-linked disorders)
duplicarion sequence, 19°
generic role, 16
X-inacrivation, 18-20 (see alse Barr body;
Lyon hypothesis)
in G-6-PI} deficiency, 40
in Lesch-Nyhan syndrome, 107
of long arm, 25
partial, 20
random, in true hermaphrodies, 24
in remors, 40
X-linked disorders
By-responsive anemia, 73
color blindness, 18
hemophilia, 18

Lesch-Nyhan syndrome (see as ziain
entry)
muscular dystrophy, 18
X-linked uric aciduria, 101-112 (see also
Lesch-Nyhan syndrome)
Family studies, 109
purine metabolism, 108-110
variants, amino acid sequences, 109
N-ray cffects, 49
XO (Turner's syndrome), 16, 19
miavernal age effect in, 23
XXY (Klinefelter's syndrome), 16, 19
XXY, maternal age effect in, 23
XY ilm:rchangc_-s, 2425
in pure gonadal dysgenesis, 24-25
in Klinefelter’s syndrome, 24
XYY anomaly
“criminal effect,” 23
fluorescence analysis, 36
Xanthurenic acidurna, 77
Neroderma pigmentosum, 46-48, 250
absence of vv-specific enzymes, 47
skin cancers in, 48
reciprocal translocarion of
chromeosomes, 6%, 47
uv=light sensitivity, 47*, 48
\r
Y body
in cells of patient with gonadal
dysgenesis, 20*
quinacrine staining for, 6%, 18, 20*
Y chromosome
as male derermining factor, 16
excess of, relared to rallness, 22
flunrescence analysis, 36
identification, §
size, variations in, 25
virility, 25
Y-linked traic
hairy ear, 18
Y and Z proteins
as bilirubin binders, 123-124
nature of, 125
phenobarbiral and, 125
in mutant sheep, 124
Young, 45
Yumis, 191

z
Zech, L. (see Caspersson, T.)















Edited by Victor A. McKusick, M.D., Chief, Division
of Medical Genetics at Johns Hopkins University,
and Robert Claiborne, Senior Editor of Hospital
Practice, “"Medical Genetics' details these gains
in understanding of this complex subject, in
detecting and in anticipating genetic errors, and in
managing the mental and physical disorders

they cause.

Experts whosa names recur frequently in the
literature of genetics (see contents listed on back
of jacket) cover every major clinical and research
aspect of the field:

* The latest knowledge of the mechanisms of
transmission of genetic defects and their resultant
diseases;

* Chromosomal anomalies involving specific body
systems and biochemical pathways;

= Current applications of genetic knowledge
through screening, counseling, therapy, and
pravention;

» Techniques that are speeding the advance of
knowledge in medical genetics and expanding its
clinical availability.
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