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A unified genetic, physical, and functional map of the human X chromosome is being built
through a concerted, international effort. About 40 percent of the 160 million base pairs of
the X chromosome DNA have been cloned in overlapping, ordered contigs derived from
yeast artificial chromosomes. This rapid progress toward a physical map is accelerating
the identification of inherited disease genes, 26 of which are already cloned and more than
50 others regionally localized by linkage analysis. This article summarizes the mapping
strategies now used and the impact of genome research on the understanding of X
chromosome inactivation and X-linked diseases.

The X chromosome is the most extensively
studied of all human chromosomes, a result
of the wide interest in X-linked diseases and
in the phenomenon of X chromosome in-
activation. Both of these features are relat-
ed to the different dosage of X in males and
females.

Because males have only a single X,
recessive diseases tend to be revealed; this
accounts both for the large numbers of
X-linked diseases (1) and for their charac-
teristic inheritance pattern. The need to
understand these diseases better and to
provide diagnostic tools for genetic coun-
selling in affected families was a major
impetus for mapping studies. As a result of
this driving force, the X chromosome was
the first to have a genetic map based on
restriction fragment length polymorphisms
(RFLPs) and systematic approaches to phys-
ical coverage were undertaken that have
been expanded as part of the Human Ge-
nome Initiative. Genes for two X-linked
diseases (chronic granulomatous disease
and Duchenne muscular dystrophy) were
the first to be isolated by a mapping ap-
proach in the absence of functional infor-
mation about the gene, by what is now
called positional cloning (2). The isolation
of the Duchenne muscular dystrophy gene
(DMD) was an enormous undertaking; it is
by far the largest gene known in any orga-
nism (2.4 Mb), contains introns as large as
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100 to 200 kb, and may take 24 hours to be
transcribed from end to end. More recently,
the study of two other diseases (the fragile X
mental retardation syndrome and spino-
bulbar muscular atrophy) uncovered a new
and unexpected mutation mechanism, the
expansion of trinucleotide repeats (3).
The second fascinating aspect of the
human X chromosome (shared by its mam-
malian homologs) is the process of stable
inactivation of one of the two Xs in fe-
males. Mapping approaches have led re-
cently to the isolation of the probably non-
protein-coding gene XIST which is ex-
pressed only from inactive X chromosomes
and is likely to be important in inactivation

4).

Developing a Physical Map of the
X Chromosome

Physical maps of large chromosomal regions
are defined by a series of DNA markers,
preferably at closely and evenly distributed
intervals. Such maps can be developed
without cloning most of the chromosomal
DNA—for example, by localizing sites for
rare-cutting restriction enzymes (5). It is an
advantage, however, to have cloned DNA
in order to hunt for genes, study gene
expression, or examine chromosome repli-
cation. Consequently, physical mappers
usually aim to reassemble chromosome
equivalents from purified DNA.

As the molecule of DNA that makes up
the X chromosome is much too large to be
handled intact (~160 Mb), it has been
broken into cloned fragments that must be
arranged by overlaps to achieve long-range
contiguity. The collections of clones can be
of various types, but it is intuitively obvious
that larger clones make physical mapping
easier. The development of yeast artificial
chromosomes (YACs) as a cloning vector
has promoted rapid progress in mapping in
recent years (6). YACs provide isolated
SCIENCE °

VOL. 258 ¢ 2 OCTOBER 1992

ARTICLES

fragments of human DNA of up to a
megabase or more, so that a few hundred
would be sufficient to extend across a chro-
mosome.

Two alternative (but often complemen-
tary) methods may be used to organize
DNA fragments into a mapped region. In
the first approach, which has been the
primary one used for the X, chromosome-
specific probes are used to screen YAC
libraries for cognate clones. Many such
probes have been characterized as a result of
ongoing mapping activities related to the
localization and identification of disease
genes (7) and have been genetically or
cytogenetically assigned to regions of the
chromosome (8). Probes defining genetical-
ly mapped, polymorphic loci have been
used to find corresponding larger YAC
clones and provide markers that format the
physical map. Historically, most probes
have been obtained as clones (in plasmids,
phage, or cosmids) derived from flow-sorted
chromosomes (9) or genomic libraries con-
structed from somatic cell hybrids. More
recently, additional methods have been
introduced to recover region-specific
probes; they include the polymerase chain
reaction (PCR)-based amplification of mi-
crodissected fragments of individual chro-
mosomes and amplification of segments
flanked by human-specific interspersed, re-
petitive sequences present in hybrid cells
and YACs (Alu or LINE sequences) (10).
In the second approach, clones for all or
part of a chromosome are systematically
analyzed by fingerprinting techniques [for
instance by sizing restriction fragments (11)
or studying fragments that contain certain
repetitive sequences (12)] and overlaps be-
tween clones are detected by computer
analysis.

YAC libraries used to build the X physical
map can be divided in two classes: total
genomic libraries (13) or X chromosome—
specific libraries constructed from appropriate
somatic hybrids. The targeted libraries most
intensively studied are for Xq24 to q28 (14)
and pter to q27.3 (15). Chromosome-specific
libraries have a smaller number of clones
which favors screening with probes. Current-
ly, the chromosome-specific libraries appear
to contain a smaller percentage of chimeric
clones (clones that contain segments from
two regions of the genome that became arti-
factually linked) than total genome libraries.
Although chimeric clones pose problems for
contig building, constructing a chromosome-
specific library with long DNA inserts and
adequate representation is a tedious and diffi-
cult task. Some total libraries are of special
value for the X map as they are based on cells
from patients with four or five Xs, and have a
2- to 2.5-fold enrichment in X-specific clones.
Other libraries have been useful because they
have a large average insert size (13). YAC
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Table 1. Positional cloning of X-linked diseases. T, D, and Y indicate whether translocations (T),
large deletions (D), or YACs (Y) were crucial for localization and cloning of the gene.

Year

cloned Disease Method Reference
1986 Chronic granulomatous disease D @
1986 Duchenne muscular dystrophy DT @)
1990 Choroideremia T,D (89)
1991 Fragile X syndrome Fragile site, Y (69)
1991 Kallmann syndrome DY (90)
1991 Lowe syndrome TY 91)
1992 Norrie disease DY 92)

libraries that are accessible to many investiga-
tors are considered to be “reference libraries,”
as databases of characterized clones allow in-
tegration of mapping information from vari-
ous sources (9, 16, 17).

Screening YAC libraries with specific
probes can be performed either by hybrid-
ization of the radioactively labeled probe to
a matrix array of the clones (16) or by PCR
with a pair of oligonucleotides that produce
a small (60 to 1000 bp) product character-
istic of that unique site in the genome.
Such a site is called a sequence tagged site
(STS) (17). The hybridization approach is
the most direct for probes that have not yet
been sequenced. However, it may be sub-
ject to false positive or negative screening
artifacts. Filters with a high density of
ordered arrays have been made for the
Imperial Cancer Research Fund (ICRF)
library, which facilitates hybridization
screening (16). Most total genome YAC
libraries have now been formatted in pools
of clones for efficient PCR screening (17).
In fact the PCR-based method that relies
on STSs has become a feature of the U.S.
Human Genome Initiative. The goal of this
program is the development of a map as a
group of contigs of an average 2 Mb,
aligned and oriented with a minimum of
gaps and with an STS every 100 to 200 kb.
In STS content mapping, overlapping
YAG: are fitted together by their common
content of STSs (18).

Prior to being completely linked in a set of
YACs, DNA segments can be compartmen-
talized by localizing them to mapping inter-
vals of specified regions of a chromosome.
Intervals can be defined through use of hybrid
cells containing segments of the chromosome,
by deletions or translocation breakpoints
found in patients with X-linked disorders
(19), by in situ hybridization of probes to
chromosomes in metaphase (20), or by radi-
ation hybrid mapping (21). The preassign-
ment of clones to intervals helps to reduce the
effort required to infer overlaps among them.

Interval mapping is especially valuable
in providing early localization of otherwise
random clones (or in targeting probes to
regions of particular interest). Many groups
have concentrated on targeted mapping of
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regions around some disease loci or the X
inactivation center in Xql3, and this has
led to the isolation of many of the disease
genes listed in Table 1. However, such
approaches are unlikely to give coverage for
the whole X, and strategies for long-range
mapping are thus indispensible.

Long-Range Physical Mapping

The first attempt at long-range mapping
was directed towards the Xq24—q28 region
by means of a targeted YAC library (14).
The library was organized as a matrix array
of 800 clones, and the strategy was based
almost entirely on hybridization of probes
(a large number of these were available for
Xq26-q28 from groups mapping the fragile
X syndrome or diseases in Xq28). For clos-
ing gaps, additional PCR screening of gen-
eral libraries and isolation of YAC ends for
walking steps were performed (22). For the
Xq24-q25 region, where few mapped
probes were available, in situ hybridization
of YAC:s provided useful information (23).
As aresult, the distal half of the long arm of
the X chromosome is now organized in 21
contigs, the largest of 8.5 Mb around HPRT
and F9 (8, 22). As these contigs cover a
total of 45 Mb, the remaining gaps are
expected to be small. In Xq26-q28, where
genetic and somatic cell hybrid maps had
been extensively developed, contigs could
be easily ordered and oriented. In contrast,
in Xq24-q25, most contigs have not been
ordered completely.

Two major efforts are now under way to
complete the physical coverage of the X
map. An STS content mapping approach is
used by David Schlessinger and colleagues,
starting from seed YACs (which contain
selected genes or anonymous STSs or are
taken at random from the Xpter-q27.3-
specific library). PCR primer pairs are de-
veloped for the ends of their human DNA
inserts to screen for overlapping clones that
extend the map locally, until maps of sub-
regions meet. A strategy based on ligation-
mediated PCR followed by automatic se-
quencing, allows efficient development of
end STSs (about 30 per week) (24). The
STS-based approach avoids the necessity of
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accumulating large numbers of probes from
many laboratories to test batteries of clones.
Furthermore, integration of a functional
map of expressed genes with the physical
map is possible (as cloned genes assigned to
the X are sequenced and easily converted to
STSs). The genetic map can also be incor-
porated as it is increasingly based on highly
polymorphic microsatellites (small, tan-
dem, di- or trinucleotide repeats, usually of
CA) which are already in STS format.
Such integration also provides material rap-
idly to groups interested in a particular
region. The most extensive example of pure
STS content mapping thus far has been
provided by the studies of Page and co-
workers (25) who have assembled 30 Mb of
the Y chromosome into two contigs, in-
cluding regions of the Y short arm homol-
ogous to extensive regions of the X chro-
mosome (about 2 Mb in the pseudoautoso-
mal region and 10 to 20 Mb in Xq21) (7,
22). An alternative hybridization-based
strategy (used by Hans Lehrach, Anthony
Monaco, and their colleagues) is based on
the high density filters of the ICRF library
(16); it can be used with single copy or
complex, region-specific probes (16). This
has been very successful for the Xp21.3—
q21 region due to the availability of large
numbers of very well mapped probes from
the region (26). Large contigs have already
been developed around the 2.4-Mb dystro-
phin gene, which allowed mapping of its 79
exons and reconstruction of the complete
gene (except for exon 60) ina 2.6-Mb YAC
(27).

Somatic Cell Genetics

The mapping of the X chromosome and
isolation of disease genes has been ad-
vanced by application of somatic cell genet-
ic approaches that take advantage of two
aspects of X chromosome genetics: the
availability of X-linked selectable genetic
markers that ensure retention of portions of
the X in human/rodent somatic cell hybrids
and the availability of a large number of
structurally abnormal X chromosomes from
patients with cytogenetic abnormalities.
Unlike mapping of most autosomes in so-
matic cell hybrids, which relies in many
instances on the fortuitous retention of the
relevant chromosome, mapping to the X
has been greatly facilitated by both positive
and negative selection for the hypoxan-
thine-guanine  phosphoribosyltransferase
(HPRT) locus, which maps to Xq26. When
normal, HPRT* human cells are fused with
HPRT~-deficient rodent cells, there is di-
rect selection for retention of the human
HPRT locus (and, therefore, the X chro-
mosome) in the resulting somatic cell hy-
brid (28). More recently, a second X-linked
selectable locus, the ubiquitin-activating



enzyme E1 (UBE1) locus in Xpl11.2, has
been used to complement a temperature-
sensitive mouse mutant (29). Thus, selec-
tion for growth of human/mouse hybrids at
the nonpermissive temperature results in
retention of the short arm portion of the X
chromosome.

Because of the functional hemizygosity
of the X chromosome, many translocations
between X and an autosome as well as other
structural abnormalities (such as deletions,
duplications, and isochromosomes) are de-
tected clinically. By means of the selectable
markers described above, such rearranged
chromosomes have been isolated in somatic
cell hybrids and have provided a rich re-
source for interval mapping, especially in
the pericentromeric region and in the mid-
dle and distal long arm regions (19). In
some instances, the density of available
breakpoints is such that resolution of phys-
ical mapping is in the range of a few
megabases (8), allowing the unambiguous
ordering of markers that could not be de-
finitively ordered by other techniques.

Newer somatic cell genetic techniques
have been reported that should increase the
resolution of physical mapping based solely
on naturally occurring abnormal chromo-
somes. These approaches depend on intro-
duction of experimentally induced chromo-
some breaks, the subsequent isolation or
“rescue” of broken chromosomes in somatic
cell hybrids, and the use of such hybrids for
mapping DNA markers. The original devel-
opment of this approach was by Goss and
Harris (30), who used low-dosage irradia-
tion to introduce breaks between genetic
markers. While these original hybrids found
some use among physical mappers (30, 31),
they have been effectively replaced by hy-
brids retaining even smaller DNA frag-
ments generated by irradiation, chromo-
some transfer, and fragmentation (21) or by
simultaneous positive and negative coun-
terselection of multiple selectable X-linked
markers (32). An elegant application of
this approach has utilized telomere-directed
chromosome breakage, in which human
telomeric DNA has been introduced into a
human/rodent somatic cell hybrid carrying
the X chromosome. In a proportion of
clones, the cloned telomeric DNA induced
formation of a new telomere interstitially
on the X, resulting in terminal deletion of
the - chromosome (33). A panel of such
terminally deleted chromosomes would be
enormously useful for physical mapping and
would complement existing panels of hy-
brids based on clinical material.

The Genetic Map

The X chromosome was the first one for
which an RFLP-based map was produced,
by linkage analysis in a defined panel of

normal families with large sibships (34).
This strategy became the standard for build-
ing a genetic map of the human genome as
an international collaboration under the
auspices of the Centre d’Etude du Polymor-
phisme Humain (CEPH) in Paris. In 1985
the map contained 20 RFLP markers, with
an estimated genetic length of 185 centi-
morgans (cM) (34). The current length is
estimated at 200 cM (8). The map provided
an extremely useful starting tool for genetic
mapping of a rapidly increasing number of
X-linked diseases. In turn, the interest in
such diseases led to a steady improvement
of the X genetic map through the building
of regional maps of increased density and
accuracy (35). Mapping based on the early
RFLP array was not optimal, since most

‘RFLP markers were only diallelic and not

very informative and few probes were avail-
able that were highly polymorphic, multi-
allelic markers (36). This has changed with
the use of microsatellites (37), which can
be rapidly tested by PCR; about 70 such
markers have already been characterized
and are being placed on the genetic map
(38). At present the CEPH database con-
tains genotypic information on about 160
markers (~130 loci). The largest systematic
effort over the whole chromosome resulted
in the characterization and genetic map-

.ping of 55 RFLPs and a preliminary map

including 111 markers over a distance of
200 cM was presented by Fain and Barker at
the third X chromosome workshop in April
1992 (39). This map contained only three
gaps greater than 10 cM. The map present-
ed in this issue of Science is a composite of
the Fain and Barker map and of published

regional maps; it includes many of the most_

widely used markers.

. A striking feature of the genetic map is
the tenfold difference in recombination fre-
quency between males and females for the
2.5-Mb pseudoautosomal region shared be-
tween the tips of the short arms of the X
and Y chromosomes. Polymorphic markers
in this region show a gradient of sex linkage
from the pseudoautosomal boundary
(PABX), which marks the beginning of
X-specific sequences, to markers near the
telomere (DXYS14) that show 50% recom-
bination in males between the X and Y
chromosomes. A 50% recombination fre-
quency indicates that one crossover occurs
at each meiosis in this region, which is
probably the most highly recombinogenic
in the human genome (40). Recombination
in this region between the two female X
chromosomes is at a frequency of only 5 to
6%, a value close to that predicted from the
physical length (40). The pseudoautosomal
region is particularly rich in highly poly-
morphic minisatellite markers (which have
longer repeat units than microsatellites)
and it remains to be seen whether these
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tandem repeat sequences are involved in
the high male recombination rate. On au-
tosomes, minisatellites appear also to clus-
ter near telomeres, in regions with high
recombination rates (41). Increased recom-
bination was also found within the dystro-
phin gene (DMD) (42) and in regions
flanking the fragile X site in Xq27.3
(FRAXA), although the fragile locus itself
is not a hot spot of recombination (43).
The pericentromeric region shows less re-
combination than expected from its size (8,
35) perhaps reflecting a centromere effect
on recombination frequency.

Mapping X-Linked Diseases

At least 16 X-linked disease genes have
been cloned on the basis of prior knowledge
of the defective protein (8). However, for
most of the remaining diseases, the bio-
chemical defect was unknown or very un-
certain and it was- thus necessary to use
mapping strategies to identify the corre-
sponding genes. Genes for seven X-linked
diseases have been isolated by positional
cloning (Table 1), including those for
Duchenne muscular dystrophy and the frag-
ile X mental retardation syndrome, the two
most common, severe, X-linked diseases. In
several other cases, mapping studies were
useful in selecting an independently cloned
“candidate” gene (a gene coding for a pro-
tein whose function or localization fits with
the. disease manifestations), which could
then be validated by finding gene-specific
mutations in patients. Linkage studies in
affected families are being actively pursued
in many laboratories for more than 50
diseases (7). Increasingly, microsatellite
markers are used for more efficient and
precise mapping, and meanwhile provide
diagnostic assays for genetic counseling.
Fortunately, X-linked diseases have fea-
tures that facilitate positional cloning.
Chromosomal assignment, which can be an
arduous task for rare autosomal diseases, is
obvious because of the inheritance pattern.
For about ten diseases, rare affected females
have been found with balanced X-autosome
translocations. In these patients, the nor-
mal X chromosome is generally inactive,
and the translocated X active, because of a
selection process operating itrearly embryo-
genesis against cells carrying an inactive
translocated X. Translocations that have a
breakpoint within a gene will lead to ex-
pression of the corresponding disease, as the
uninterrupted copy on the normal X is
inactive. Such translocations have provid-
ed precise localization for the relevant dis-
ease genes that could be confirmed by link-
age analysis in affected families and have
been instrumental in the cloning of several
genes (Table 1). This approach is now
being used for anhidrotic ectodermal dys-
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plasia (EDA) and Menkes disease (MNK)
(44).

A puzzling case is represented by incon-
tinentia pigmenti, a rare disorder with de-
velopmental neuroectodermal abnormali-
ties. It affects only females and is assumed
to be an early lethal in affected male fetus-
es. Several females with different de novo
X-autosome translocations have been de-
scribed, with breakpoints in Xpll.1 or
Xpl1.21. Some of these breakpoints appear
to be separated by at least 1250 kb (45),
suggesting that the corresponding gene,
IP1, may be very large. Such a putative
large gene should be a target for other types
of mutations. However a familial form of
the disease has been localized to a different
region by genetic mapping, Xq28 (defining
locus IP2) (46).

Males have only one X chromosome,
and it was thus surprising to find rare male
patients who survive with deletions (often
detected cytogenetically) encompassing
several megabases of DNA. In most cases
the lack of function for genes in the deleted
region results in a contiguous gene syn-
drome. In other words, several diseases are
associated in a single patient, allowing very
accurate mapping of the relevant genes if a
series of overlapping deletions are available
for analysis (47). This was first observed in
the case of the BB deletion encompassing
part of DMD and genes for chronic granu-
lomatous disease (CYBB), McLeod syn-
drome (XK), and retinitis pigmentosa-3
(RP3) (48). The BB deletion was instru-
mental for the cloning in 1986 of DMD and
CYBB, and now is being used to clone XK
and RP3 (49). Large deletions have been
found in the Xp22.3, Xp21.2, Xq21.2,
Xq25, and Xq27 regions and are illustrated
in the chart in this issue of Science. Very
likely such regions have relatively low gene
densities, or the deletions would be lethal
(50). In the Xp21.2 region this can be
accounted for in part by the huge size of
DMD, but more generally it illustrates the
great heterogeneity in gene density
throughout the genome, with gene-poor
regions (in general AT-rich, Giemsa dark
bands) -alternating with gene-rich ones
[such as the distal part of Xq28 where many
genes are clustered (7, 51)].

For X-linked diseases that severely de-
crease reproductive fitness in affected males,
unrelated ' patients can be expected to carry
independent mutations (this is not the case
for autosomal recessive diseases), and a pro-
portion of these may be small deletions.
When a disease locus has been mapped within
about a megabase, it can thus be efficient to
screen a panel of unrelated patients for such
deletions with probes from the region, as this
may pinpoint the exact location of the gene.
This strategy was first used for Duchenne
muscular dystrophy (52).
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The high proportion of families whose
X-linked diseases are a result of new muta-
tions impairs, however, precise localization
by linkage analysis. Even with a very dense
genetic map composed of highly polymor-
phic markers, most rare diseases will not be
mapped to intervals smaller than 2 to 5 cM
(on the order of 2 to 5 Mb and containing
up to 100 genes) (53). For some milder or
late onset diseases that can be transmitted
through many generations, precise localiza-
tion may be facilitated by the study of
specific association (linkage disequilibrium)
between the disease and alleles at marker
loci in homogeneous populations suscepti-
ble of showing a founder effect for the
disease (54). In the more general case, and
in the absence of translocations or deletions
large enough to be easily detected, isolation
of genes for rare X-linked diseases will be
difficult, even if YAC contigs are available
for the region.

An even more challenging problem is
posed by the heterogeneous causes of
X-linked mental retardation. The fragile X
syndrome, which affects 1 in 1500 males,
may account for only 30 to 50% of X-linked
mental retardation. Rare syndromes have
been described in which mental retardation
is accompanied by specific clinical features,
but in many families such' features are ab-

sent or nonspecific (55). In the latter cases,

one cannot pool the linkage results ob-
tained in different families, as they may not
have a defect in the same gene and this
severely impairs genetic mapping. Studies
of some large families have indeed indicated
that genes at a number of different positions
along the X can cause similar “nonspecific”

mental retardation (55). Contiguous gene |

syndromes in patients with large deletions
(such as in Xp22.3 and Xq21.3) may help
to isolate some of these mental retardation
genes (47, 56).

Another medically important, but very
difficult mapping problem is posed by Rett
syndrome. This severe neurological disorder
affects 1 in 10,000 live-born females and is
thought (but not proven) to be an X-linked
dominant trait with lethality in males. As
affected females do not reproduce, the ex-
tremely rare families with two affected half-
sisters (from different fathers) are thought
to be due to maternal germinal mosaicism.
These are being now used for exclusion
mapping of the putative X-linked mutations
(57). In exclusion mapping, the gene may
lie only in those regions where the two
affected daughters share the same maternal
alleles. Unfortunately, X-autosome translo-
cations found in two females with a Rett
phenotype gave inconsistent mapping in-
formation.

As the Human Genome Initiative ad-
vances, the production of a catalog of genes
along the X chromosome, and the charac-

SCIENCE ¢ VOL. 258 ¢ 2 OCTOBER 1992

terization of tissue-specific patterns of ex-
pression, may provide a general route to the
selection of candidate genes. It will then be

critical to screen these candidates for mu-
tations at the DNA or RNA level (58).

Mutations in X-Linked
Disease Genes

The spectrum of mutations and incidence
of severe X-linked diseases is due to the
constant input of new mutations and direct-
ly reflects the mutational sensitivity of the
gene, with little influence of population
genetic parameters such as selection, drift,
or founder effect. This is because in cases of
severe disease, affected males do not repro-
duce. Therefore, at each generation the
number of mutations decreases by one-third
(since males have one-third of the X chro-
mosomes in the population) and the partic-
ular mutation becomes extinct after a few
generations. This does not apply to muta-
tions with mild or no effect on reproductive
fitness such as those responsible for glucose-
6-phosphate dehydrogenase (G6PD) defi-
ciency, color blindness, or some cases of
mild hemophilia A or B. Systematic analy-
ses of mutations in unrelated patients pro-
vide information on the mechanisms of
mutations in_different regions of the ge-
nome, including parameters such as paren-
tal origin of mutations or the effect of
paternal age. Such studies are often of great
importance for diagnostic applications and
will benefit from the complete sequencing
of the genes and of their neighboring re-
gions. It is already clear that there is a
striking difference in deletion frequency for
various diseases. In X-linked ichthyosis, 80
to 90% of the mutations are large deletions
encompassing the entire gene. Many of
these are 1.9-Mb deletions that result from
unequal recombination between flanking
low-copy repetitive elements (59). Du-
chenne muscular dystrophy is another dis-
ease with a high frequency of partial dele-
tions (60 to 70%) and a significant level of
partial duplications (6 to 7%) (60). In part,
this may be due to the huge target size of
the dystrophin gene (2.4 Mb), but there is
a clear clustering of deletion breakpoints in
two regions, which poses the problem of the
mechanism of this selective inistability (61).
For most other diseases analyzed thoreughly
(notably hemophilia A and B, as well as
ornithine transcarbamylase and HPRT de-
ficiencies) the frequency of deletions or
other rearrangements detectable by South-
ern blot is on the order of 5 to 15%.
Databases of point mutations have been
established for hemophilia A and B (62,
63). Because of the smaller size of the
coagulation factor IX gene (which has been
totally sequenced), hemophilia B has been
more thoroughly analyzed, with about 400



mutations reported (62). A change from a
CpG dinucleotide to TpG or CpA accounts
for 33% of these mutations, a 20-fold in-
crease in mutation rate with respect to the
average of other nucleotide changes (64)
and very similar observations were made for
hemophilia A (63, 65). In the latter case,
thorough analysis of all exons by PCR and
denaturing gradient gel electrophoresis al-
lowed the identification of 89% of the
mutations in patients with mild to moder-
ate hemophilia A (mostly missense muta-
tions), but only 53% of the mutations in
patients with a severe form, who lack factor
VIII activity (65). Thus many null muta-
tions may occur in introns or flanking se-
quences, (regions that have not yet been
sequenced, as the gene is very large). Two
hemophilia A mutations are due to inser-
tion of a LINEI interspersed repeat ele-
ment. This LINE element was used to
identify the parental sequence, which en-
codes a functioning reverse transcriptase
(66). A case of hemophilia B resulting from
de novo insertion of an Alu repeat has also
been reported (67). These observations in-
dicate that transposable elements can cause
mutations in humans, although it is a rare
occurrence. For G6PD, only missense point
mutations have been found, with the ex-
ception of one single codon deletion, and it
is likely that mutations which totally abol-
ish G6PD activity are early lethals (68).

Expansion of a trinucleotide repeat se-
quence' is a newly discovered disease-caus-
ing mechanism (3) originally described as
the sole type of mutation in two X-linked
diseases. The fragile X mental retardation
syndrome is caused by an astonishingly
unstable expansion of a CGG repeat ina 5’
exon of the gene FMR-1, which is correlat-
ed in patients with abnormal methylation
of the adjacent CpG island (69). In spino-
bulbar muscular atrophy, the mutation is a
more moderate expansion of a CAG repeat
in the NH,-terminal coding region of the
androgen receptor gene (AR) (70) while
other heterogeneous mutations in AR result
in the completely different phenotype of
testicular feminization. The identification
of the mutation has had a profound impact
on both the understanding of the peculiar
inheritance of the fragile X syndrome, and
on its diagnosis (69). Trinucleotide expan-
sion has been found more recently in myo-
tonic dystrophy, an autosomal dominant
disease (3).

Mapping of Genes Controlling or
Escaping X Inactivation

The stable inactivation of one of the two X
chromosomes in females is a fascinating
phenomenon as it can spread over 100 Mb
of DNA, turning off several thousands of
genes. It is thought to occur in three steps:

initiation early in embryogenesis at a site
called the X inactivation center, propaga-
tion along the length of the chromosome,
and stabilization of the inactive state of
individual loci (71, 72). (Stabilization is a
term used to indicate that once the chro-
mosome is inactivated, all descendants of
that chromosome will be inactivated.) Ge-
nome mapping has already revealed some
important and surprising features of this
process.

The study of structurally abnormal X
chromosomes in humans and mouse gave
strong evidence for the existence of a cis
acting locus, the X inactivation center
(XIC), necessary for initiation of inactiva-
tion (71, 72). This locus was mapped re-
cently in both species to a region between
the ectodermal dysplasia locus (EDA, or
Tabby in mouse) and the phosphoglycerate
kinase gene (PGK) (73) a region of 2.5 Mb
in humans now largely covered by a YAC
contig (26). A gene cloned by serendipity
was found to map to this region that is
transcribed only from inactive X chromo-
somes (4, 74). It is also expressed in males
from the single X that is inactivated during
spermatogenesis. The portion characterized
does not appear to code for a protein, and
extensive alternative splicing occurs in hu-
mans but not in mouse (4, 72, 74). The
localization and expression of this gene,
named XIST (for X inactive—specific tran-
scripts), suggests that it is involved in ini-
tiation or spreading of inactivation. Re-
cently, studies of two deletions in females
showing nonrandom inactivation have sug-
gested that a region near the FRAXA-IDS
loci (in Xq27.3—proximal q28 where prox-
imal refers to the side closest to the cen-
tromere) may be involved in inactivation of
distal loci (75). A second surprise was the
discovery that several genes along the X
appear to escape X inactivation (72). Al-
though this feature was expected for genes
in the pseudoautosomal region (which exist
in two copies in males), it was also found
for at least three genes in three other
regions (ZFX, UBEI, and RPS4X in
Xp22.1, Xp11.23, and Xq13.1, respective-
ly). These genes are subject to inactivation
in mouse. Abnormal dosage of such genes
may be involved in the embryonic lethality
and clinical phenotype of X0 females
(Turner syndrome) in humans, whereas X0
mice are practically normal (76).

Stabilizdtion of inactivation is very well
correlated with DNA methylation (at the
cytosine of a CpG dinucleotide), which
occurs at CpGe-rich regions (CpG islands)
near the 5' end of many genes (77). This
feature is useful for mapping by pulsed-field
gel electrophoresis (as the restriction en-
zymes used are sensitive to methylation),
and as a way to identify expressed genes in
cloned regions (5, 51). Analysis of such
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differential DNA methylation near some
polymorphic X loci is also used for the study
of clonality in tumors and of biased inacti-
vation in female carriers of some X-linked

diseases (78).

Of Mice, Humans, and Kangaroos

It was postulated originally by Ohno (79)
that genes which are X-linked in one mam-
malian species should be X-linked in all
others. The rationale for this was that as
these genes function at a single dose, while
those on autosomes function at double
dose, exchange of a large chromosome seg-
ment from autosomes to X would result in
impaired dosage and would be expected to
be lethal. The mouse X chromosome is
being actively mapped, and because of the
conservation of protein-coding DNA se-
quences between mouse and human, the
same genes or conserved probes can be
mapped in parallel in the two species (80).
Indeed, almost all genes tested that are
X-linked in humans have their counterpart
on the mouse X chromosome and five large
regions can be defined that appear to have
conserved gene content and order between
the human and mouse Xs (80). Thus, rela-
tively few intrachromosomal rearrange-
ments have occurred on X since divergence
of the two species. The correspondence
established between the maps of the two
chromosomes has allowed the validation of
mouse mutants as homologous models for
human diseases with similar phenotypes,
based on their equivalent map positions,
and may be useful for positional cloning of
such loci (44, 81). For example, the Hyp,
Ta, and Mo mutants correspond to the
genes for hypophosphatemic rickets (HYP),
ectodermal dysplasia (EDA), and Menkes
disease (MNK), respectively in humans.

An interesting exception to the conser-
vation of genes is the apparent absence in
mouse of sequences homologous to the ste-
roid sulfatase, Kallmann syndrome (KAL),
MIC2, and GSI1 genes, four genes that are
closely located in Xp22.3 in humans (72).
Deletion of this region in males results in a
relatively mild phenotype, and it may have
been similarly deleted in a mouse ancestor.
Another surprise was the finding that all
genes tested that are located on the short
arm of the human X are autosomal in
marsupials and monotremes. This is at vari-
ance with Ohno’s hypothesis, and suggests
that the short arm was of autosomal origin
and was added to the X chromosome in
eutherian mammals (82).

The Future of the X Chromosome

Overall, about 40% of the X has now been
recovered in YAC contigs (8). It can be
forecast that the majority of the chromo-
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some will be represented in cloned DNA of
known location within the next 18 to 24
months. Although the physical map of the
chromosome will approach completion,
much additional effort will be required to
close gaps and validate both the map and
the clones representing it. In many re-
spects, this will be a continual process, as
alternate cloning vehicles and methods are
developed. Assembly of such large regions
in cloned DNA also permits the initiation
of more refined structural studies, including
the placement of repetitive sequences, the
mapping of expressed genes, and evolution-
ary comparisons of human DNA to other
species. For detailed analysis, YACs can be
subcloned into phage or cosmid vectors or
used as probes to recover cosmids from
high-density arrays of genomic or chromo-
some-specific libraries (8, 16, 83). These
will promote vertical integration from con-
tigs toward sequence, and will provide re-
agents for studying disease-associated rear-
rangements.

For functional analysis, a number of
techniques that rely on the cloned contigs
are increasingly in use to identify expressed
sequences. Whole YAC screening of cDNA
libraries, cDNA selection strategies involv-
ing hybridization of PCR-amplified cDNA
inserts to DNA from the contig, and exon
amplification procedures show significant
promise (84). The isolation of a significant
fraction of the genes present in distal Xq28,
a region particularly rich in disease loci has
been recently reported (85). In a comple-
mentary approach, systematic sequencing
of cDNA clones provide expressed se-
quence tags, or ESTs (86) that may be
placed on the YAC contigs, thus providing
accurate localization of the corresponding
gene. The requirement of searching
through entire genomes to find those ESTs
in a defined region of interest may limit its
present utility for positional cloning
projects, and the development of efficient
strategies to assign large numbers of such
ESTs to YAC contigs is still needed. In
addition to providing candidates for genes
conferring phenotypes, such studies will
begin to answer basic questions regarding
the density and arrangement of genes in
human chromatin. The isolation of disease
genes will be accelerated and, as shown by
those loci recently identified, will likely
provide significant new insights into basic
biochemical, genetic, and developmental
processes in addition to their impact on the
diagnosis, treatment, and prevention of the
diseases.

The use of probes or STSs sufficiently
conserved during evolution may permit re-
searchers to recover equivalent regions of
many genomes across phyla (87). Thus, the
preservation of the fossil record in genome
sequences from a variety of organisms can
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provide a method of formatting and com-
paring maps for all of them. Many evolu-
tionary events will likely be revealed from
the reconstructed maps.

Until now, genomic sequencing on the
X has been limited to a small number of
genes (8). With the advent of computer
algorithms capable of identifying candidate-
coding sequences in genomic DNA (88),
large-scale sequencing projects become
more attractive. They will probably first
involve the disease-rich region in Xq28 or
the deletion-prone regions in the enormous
gene DMD whose large introns may contain
unsuspected genes. Sequencing may also be
used in the study of recombination, for
instance in the pseudoautosomal region, or
in the analysis of control elements involved

“in the various phases of X inactivation. The

yeast and Caenorhabditis elegans large-scale
sequencing projects have uncovered a high-
er than expected gene density, and this
should further encourage similar projects on
the X chromosome.
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