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Mapped Genetic Markers and Linked Genes on the Human X
Chromosome (Listed Alphabetically)

Location on Marker Marker
Chromosome Symbol Name
q28—qter ALD Adrenoleukodystrophy
ql3—q27 BA2R BALB/c 3T3 ts2 temperature
sensitivity complementing
CIHR C1AGOH temperature sensitivity
complementing
q CBD Color blindness (deutan)
q CBP Color blindness (protan)

CGD Chronic granulomatous disease
pll—qll DHTR Dihydrotestosterone receptor
pand q DXS1-9 DNA segments

DXZ1
q21—q24 GLA a-Galactosidase
q28 G6PD Glucose-6-phosphate dehydrogenase
q HEMA Antihemophilic globulin A (factor

VIII, hemophilia A)
q26—q28 HPRT Hypoxanthine
phosphoribosyltransferase
pter—p22.3 HYB Y histocompatibility antigen,
regulator
HYC Y histocompatibility antigen,
receptor
p22 ICHI Ichthyosis factor

MAOA Monoamine oxidase

MDB Muscular dystrophy, Becker type
p 2l MDD Muscular dystrophy., Duchenne type

MIC2 Antigen identified by monoclonal

antibody 12E7

OA Ocular albinism

OTC Ornithine transcarbamylase
ql3 PGK Phosphoglycerate kinase
q21—q27 PRPS Phosphoribosylpyrophosphate

synthetase

RNNI Nuclear RNA-1

RS Retinoschisis
q26—q28 S10-12 Surface antigens (X-linked) 1-3
q26—qter
pter—p22.3 STS Steroid sulfatase (microsomal)
cent—pl3 TFM Testicular feminization syndrome

TATR Tyrosine aminotransferase

regulator
pter—p22.3 Xg Xg blood group

Xk Kell blood group precursor

XM a>-Macroglobulin

XPAC Fast kinetic complementation DNA

repair in xeroderma
pigmentosum, group A
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G-Banded Human X Chromosome and Schematic Representations of

It at Various Levels of Resolution, Showing the Regions, Bands, and
Subbands.
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Preface

No chromosome in the mammalian genome has received more attention, been
studied more extensively, or shown a greater variety of behavior than the X chro-
mosome. In the human, much of the accumulated material is concerned with a broad
array of abnormal conditions associated with numerical X-chromosome abnormali-
ties (among them the first clinical syndromes shown to be due to a missing or extra
X chromosome, i.e. Klinefelter’s syndrome, Turner syndrome), as well as with mor-
phologic abnormalities of this chromosome and the expression of genetic material
(genes) on it. It is not surprising that, to encompass such a wealth of information, it
has been necessary to divide this work into two parts to avoid a large and cumber-
some single volume. Part A covers the phylogeny, mapping, and cloning of the X
chromosome; basic mechanisms of X-chromosome behavior and action, including
DNA replication patterns; behavior in meiosis, mitosis, and development; and acti-
vation and inactivation of the X chromosome.

In each area covered, the subject matter is presented by a recognized world au-
thority, in some cases a “historical figure™ in his or her field. Every important facet
of the X chromosome is reviewed in comprehensive, up-to-date fashion, with the
background and historical aspects also given their due. One of the major reasons for
undertaking this project was to bring together in one volume material dispersed over
a wide variety of journals and other publications, thus making it readily available to
students, researchers, and clinicians.

Undoubtedly, much remains to be learned about the X chromosome, but were
we to know as much about other chromosomes as we do now about the X, there is
little doubt that the field of mammalian cytogenetics (and genetics) would benefit im-
measurably. This two-part volume constitutes, to my knowledge, the first attempt to
gather together the available information on the X chromosome. Given the vicissi-
tudes of planning, gathering, and editing a 49-chapter work by a large number of au-
thors, this is not suprising. I am grateful to the contributors for their efforts and for
the time expended in the preparation of their chapters; without their cooperation there
would have been no book.

I wish to thank Miss Anne Marie Conti, Mrs. Cathy Russin, and Mrs. Diane
Smith for clerical help, Mrs. AnneMarie Block for editorial assistance, and, in par-
ticular, my wife, Maryn, for her help in all facets of this volume.

Avery A. Sandberg, MD

xi
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Chapter 1
Phylogeny of the X Chromosome of Man
Susumu Ohno

There are two alternative ways of minimizing a genetic disparity between the
homogametic (XX or ZZ) and heterogametic (XY or ZW) sexes. One way is
to maintain the X and the Y or the Z and the W in the homomorphic and ge-
netically homologous state, in which case allelic differences at a few gene
loci determine the sex. This is the means employed by most fish, amphibi-
ans, and reptiles. As YY males and WW females can be viable and fertile in
this scheme, the male heterogamety and the female heterogamety are inter-
changeable within the same genus or even the same species. The other way is
to let the Y or the W degenerate by miniaturization and heterochromatiniza-
tion, until it retains only one or two pertinent genes in a functional state.
This is the means employed by mammals and birds. As the switch from one
means to the other has been accomplished exclusively at the expense of the Y
or the W, the mammalian X and the avian Z have been conserved in foto
since the time of their respective common ancestors.

Our recent DNA cloning experiment indicated that the female-determin-
ing gene residing on the ophidian W and the male-determining gene residing
on the mammalian Y are one and the same, presumably governing the ex-
pression of H-Y plasma membrane antigen. Although conserved in foto,
most of the mammalian X-linked genes have nothing whatsoever to do with
sexual development, and a few that are involved in sex determination are ex-
pressed by males and females alike.

The very fact that true hermaphroditisms, of both synchronous and asyn-
chronous types, are commonly encountered among teleost fish, and that the
sex of turtles and alligators is rather haphazardly determined by incubation
temperatures of fertilized eggs, tends to create an illusion that the chromo-
somal sex-determining mechanism is a modern, sophisticated device that arose
late in vertebrate evolution. Nothing is further from the truth, for gono-

From the City of Hope Research Institute, Duarte, California 91010.
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chorism is the rule in all members of the animal kingdom. It should also be
pointed out that, in the plant kingdom, the sex chromosomes and sexual
reproduction are most often found among members of the primitive phylum
Bryophyta. Many of the mosses have an XX/XY scheme of sex determina-
tion. Some readers may be surprised to learn that the size difference between
the large X and the small Y chromosome of mosses, such as Sphaerocarpus
donnellii, is even more pronounced than that which we usually see between the
mammalian X and Y chromosomes [1]. On the other hand, “modern” plants
with beautiful blooms are, as a rule, hermaphrodites, the one flower bearing
pollen on the stamens and ovules in the pistils. Thus, it may be construed that
the true hermaphroditism that characterizes the “modern” plant is a secondary
development. In a similar vein, hermaphroditisms of teleost fish and tempera-
ture-dependent sex determination of certain reptiles can also be viewed as a
secondary development superimposed upon the preexisting chromosomal sex-
determining mechanism.

SEX DETERMINATION BY THE LARGELY HOMOMORPHIC X
AND Y, OR Z AND W, AND ITS FLEXIBILITY

By establishing the chromosomal sex-determining mechanism, organisms
encounter one problem created by the heterogametic sex-specific occurrence
of the Y or W chromosome. This should not create a great genetic disparity be-
tween the two sexes, for the simple reason that the progeny of the hetero-
gametic sex inevitably include those of the homogametic sex. Whatever trait
confers a selective advantage to the heterogametic sex must benefit the homo-
gametic sex as well.

There are two ways of minimizing a genetic difference between the two
sexes to the necessary minimum. It is worth remembering that, with regard to
any gene locus, a mating between the heterozygote and the homozygote unfail-
ingly perpetuates the same two genotypes in a one-to-one ratio, provided, of
course, that only two alleles are involved. Thus, the minimal requirement for
establishing the male heterogametic type of genetic sex-determining mecha-
nism is to have two alleles at a single gene locus, homozygotes for the recessive
allele developing as females and heterozygotes for the dominant allele devel-
oping as males. In this scheme of the chromosomal sex-determining mecha-
nism, the X and the Y or the Z and the W can remain largely homologous to
each other genetically and homomorphic to each other morphologically.

Indeed, in most of the gonochorist species of fish, amphibians, and reptiles
cytogenetic identification of sex chromosomes is impossible. Yet, the male
heterogamety or female heterogamety of a given species can easily be deter-
mined by sex-reversal experiments. These become particularly elegant if
proper sex-linked marker genes are utilized. As an example, Yamamoto’s ex-
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periments with a small Japanese cypinodont fish, Oryzias latipes, are cited
here. In this species, one of the body-coloration genes is closely linked to the
sex-determining locus or loci. A recessive r (white) allele of the body-colora-
tion locus is normally coupled with a female-determining gene on the X, while
a dominant R (orange-red) allele is coupled with a male-determining gene on
the Y. Thus, a stock can be constructed in which all the females are white
(X”X") and all the males are orange-red (X" YR). Because of the close linkage,
cross-over orange-red females (X”XR) and white males (X" Y") are exceedingly
rare (0.2%). Now if an appropriate amount of androgenic steroid is added to
the aquarium water of hatchlings, all of the white X" X" females will be sex-re-
versed to functional males; a subsequent mating between such X" X" males and
normal X"X’ females naturally produces all female progeny of white pheno-
type, thus confirming the female homogamety. Conversely, an addition of
oesterone produces sex-reversed X" YX red-orange females. By mating such
sex-reversed females to normal red-orange males, a three-to-one sex ratio is
obtained in the progeny; YY males: XY males: XX females = 1:2:1. Ifthe YY
males thus obtained, which are normal and fertile, are then mated to normal
XX females, nothing but normal XY males result, thus confirming the male
heterogamety [35,36].

It is the extensive genetic homology still retained between the X and the Y
that confers the viability and fertility to YY males. In turn, the viability and
fertility of YY males make a switch from the male heterogamety to the female
heterogamety possible. If a new Y chromosome that, by a mutation, acquired
a new female-determining allele dominant over the formerly dominant male-
determining allele arises in an isolated population and spreads, the YY males
now become homogametic ZZ males, and a new dominant Y becomes the fe-
male-determining W chromosome to produce ZW heterogametic females. In-
deed, male heterogamety and female heterogamety often exist side-by-side in
closely related species, and even in different populations of the same species,
of gonochoristic fish, amphibians, and reptiles.

It now appears that the flexibility of this form of sex-determining mecha-
nism is the foundation upon which secondary development of hermaphrodi-
tisms and the temperature-dependent sex-determining mechanism in numer-
ous lower vertebrate species are based. In teleost fish, two forms of
hermaphroditic reproduction are found: In the synchronous form, the same
individual endowed with an ovary and a testis or ovotestes functions both as a
male and a female in cross-fertilization or even self-fertilization. In the asyn-
chronous form, which is age-dependent, it may be protoandrous (males when
young) or protogynous (females when young). As to the temperature-de-
pendent sex determination commonly found among turtles and alligators, the
following observation made in pond turtles of the family Emididae is particu-
larly pertinent. The key to our understanding is the heterogametic sex-specific
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appearance of H-Y plasma membrane antigen in all vertebrates [32] and its
relevance in determining the fate of embryonic indifferent gonads [33].
Among members of the family Emydidae, the morphologically distinct sex
chromosomes of the XX/XY scheme have been reported only in the Asian
black pond turtle Siebenrockiella crassicollis [4]. In Emys orbicularis, neither
the X and the Y in male karyotypes nor the Z and the W in female karyotypes
can be distinguished, and the nearly one-to-one sex ratio in this turtle species
can be obtained only among the brood hatched within the narrow range of in-
cubation temperatures. When extragonadal somatic cells (blood cells) and
gonadal cells of such male and female turtles were serologically examined for
H-Y antigen, all females and not a single male expressed H-Y antigen in either
cell type, thus extablishing the chromosomal sex-determining mechanism of
Emys orbicularis as the ZW/ZZ type of female heterogamety [37]. All Emys
orbicularis hatched at high incubation temperatures of 30-30.5°C developed
as females [27]. While their gonads (ovaries) uniformly expressed H-Y anti-
gen, they were of two kinds with regard to the expression of H-Y antigen in
their extragonadal somatic cells. Those who expressed H-Y antigen in extra-
gonadal somatic cells too were obviously ZW genetic females. On the other
hand, those with H-Y antigen-negative extragonadal somatic cells were ZZ ge-
netic males that were sex-reversed to females by the high-temperature induc-
tion of H-Y antigen in their gonads [38]. The above series of experiments has
been very instructive in revealing the temperature-dependent sex-determining
mechanism operating in turtles and alligators as a mere secondary develop-
ment superimposed upon the preexisting chromosomal sex-determining
mechanism. The temperature-dependent sex determination is nothing but a
form of sex reversal practiced by nature, and it relies upon the high-tempera-
ture-dependent induction of H-Y antigen expression in ZZ gonads as well as
the low-temperature-dependent suppression of H-Y antigen in ZW gonads.

EVOLUTION OF THE HETEROMORPHIC SEX CHROMOSOMES
EXCLUSIVELY AT THE EXPENSE OF THE Y OR THE W

Mammals, on one hand, and avian species, on the other, selected an alter-
native way as the means of minimizing a genetic difference between the two
sexes. The means employed is to render the heterogametic sex-specific chro-
mosome, the mammalian Y and the avian W, a genetic dummy retaining but
one or a few genes that are exclusively concerned with the primary (gonadal)
development of the heterogametic sex. It is extremely fortunate that one can
readily follow the evolutionary transition from the genetically homologous,
morphologically homomorphic Z and W to the grossly heteromorphic Z and
W, exclusively due to progressive miniaturization and heterochromatinization
of the W in snakes of the reptilian suborder Sepentes. By and large, diverse



