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Introduction

Mammalian sex chromosomes display significant differences from auto-
somes in both structure and function. The involvement of the Y in sex
determination and fertility; the need for correct pairing and segregation of
two grossly different chromosomes during male meiosis; the ability to
dosage compensate X-linked genes by epigenetic means; the viability of
sex chromosome aneuploidies; and the different consequences of muta-
tions in X-linked genes in males and females as a result of the mosaic
nature of mammalian females: these are just some of the unique proper-
ties that evolution has donated to our sex chromosomes. This special issue
of Current Opinion of Genetics & Development focuses on recent findings on
sex chromosome organization and evolution, on X chromosome inactiva-
tion and on diseases caused by sex chromosome abnormalities. The
emerging picture is one in which each of the above-mentioned features
reveal a considerable number of exceptions (see Table 1), suggesting that
in our evolutionary history the presence of heteromorphic sex chromo-
somes might represent a transition phase to which we are still trying to
adjust.

Human sex chromosome sequence and evolution

X and Y chromosomes have long attracted special attention among geneti-
cists. The hemizygosity of the human X chromosome in males exposes
recessive disease alleles, and this phenomenon has prompted decades of
intensive study of X-linked disorders. By contrast, the small size of the
human Y chromosome, and its prominent long-arm heterochromatic region
suggested absence of function beyond sex determination. As detailed in the
review by Ross, Bentley and Tyler-Smith, both human sex chromosomes
have now been sequenced. The X chromosome remains at the forefront of
research into human genetic disease — research now aided by detailed
knowledge of the sequence and gene content of this chromosome. Many of
the X-linked diseases being actively investigated are covered in depth in
subsequent reviews in this issue. The sequencing of the human Y chromo-
some and related studies have shown that, in addition to the male-deter-
mining gene SRY, the Y chromosome bears numerous genes essential for
normal levels of sperm production. The review by Ross, Bentley and Tyler-
Smith also discusses the fascinating reconstruction of the evolutionary
history of the human X and Y chromosomes, which was made possible
by comparison of their sequences. This theme is explored more extensively
in the review by Graves, Koina and Sankovic. Comparison of Y and X
chromosome sequence shows that the X and Y chromosomes have become
recombinationally isolated from each other in stepwise fashion over hun-
dreds of millions of years. All available evidence indicates that whenever a
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2 Genetics of disease

Table 1

Dispelling popular notions about the X and Y chromosomes

Rules

Exceptions

X and Y genes are single-copy in males and do not recombine
The Y chromosome is involved in sex determination and male
fertility

X-linked genes are subject to dosage compensation by means
of X-inactivation in females; female mammals have an ‘active’
and an ‘inactive’ X chromosome

X-inactivation occurs randomly

X-linked diseases can be either recessive and affect male
individuals or dominant and affect both males and females

Genes located in pseudoautosomal regions

Mutations in some X-linked and autosomal genes lead to sex
reversals; a high number of X-linked genes are expressed
exclusively in testis

At least 15% of genes escape X-inactivation; the XIST gene
is active only on the ‘inactive’ X chromosome; differences in
the X-inactivation patterns of genes exist both between and
within species and between different tissues

Both individual genotypic differences and chromosomal
abnormalities can lead to nonrandom X-inactivation either the
by inability to inactivate one of the two Xs or by cell-selection
mechanisms

X-linked recessive diseases can affect heterozygous females
as a result of nonrandom X-inactivation; heterogeneity of
disease phenotypes in X-linked dominant male-lethal
diseases as a result of individual variability of X-inactivation
has been observed; different phenotypes have been found
between human patients and corresponding knockout mice,
as a result of interspecies differences in the X-inactivation
pattern of genes

region of the Y became recombinationally isolated, most
of the genes in that region were subsequently inactivated
by nonsense mutations and deletions. However, a few
genes have persisted for tens or hundreds of millions of
years, sometimes for reasons that are not clear. In other
cases, it is clear that the Y-chromosomal isoforms
have become specialized for spermatogenesis and that
often this specialization was accompanied by wholesale
duplication of the gene. As a consequence, large inter-
stitial deletions of the human Y chromosome — ranging
in size from 0.8 to 7.7 Mb — have no clinical phenotype
beyond loss of spermatogenesis. Such deletions are
described in the review by Noordam and Repping,
who also discuss other deletions, one of which is a risk
factor for low sperm count. This review also discusses
open questions regarding the possible spermatogenic
effects of other large-scale structural variation among
human Y chromosomes.

The human X and Y chromosomes are not entirely
separated from each other during meiosis. The tips —
2.7 Mb on each of the short arms and 0.3 Mb on each of
the long arms — recombine, and these tips, the pseu-
doautosomal regions, are the subject of the review by
Blaschke and Rappold. As discussed in this review, the
short arm pseudoautosomal region (PAR1) is remarkable
for its extremely high rate of crossing over during meiosis.
Furthermore, the gene rich PAR1 contains at least one
gene, SHOX, haploinsufficiency of which contributes to
the Turner (45,X) phenotype. This gene has been inten-
sively studied, leading to the identification of many
SHOX mutations that cause short stature and disturbances
of skeletal development.

X chromosome inactivation

T'o achieve an equal gene dosage of X chromosome genes
between sexes, female mammals inactivate one of the two
Xs. This process is a unique example of ¢is-acting, long-
range, cpigenctic gene-silencing. Valley and Willard
review both ‘epigenomic’ and genomic studies on X
chromosome inactivation (XCI). They discuss epigenetic
features of the inactive X chromosome, including histone
hypoacetylation, methylation of specific lysines on his-
tone H3, late-replication in S-phase, methylation of CpG
islands, and enrichment for macroHZA. They also discuss
recent findings showing that two heterochromatin com-
plexes are associated with the inactive X chromosome,
one of which contains X/S§7 RNA. Finally, the authors
describe genomic approaches that were used to study the
XCI pattern of virtually all human X chromosome genes.
These studies revealed that more than 15% of genes
escape X inactivation — with a substantial heterogeneity
in the degree of escape from X inactivation from gene to
gene — and that individual differences exist among
different female individuals in the level of escape from
XCI. Finally, a correlation was found between the pre-
sence of LINE repetitive elements and the likelihood
that a gene is subject to XCI.

Clerc and Avner review recent advances in the under-
standing of the basic mechanisms underlying the choice
of the X chromosome to be inactivated, and the factors
altering the randomness of this process. They discuss how
the paternal X chromosome becomes coated by Xiszs RNA
and is transcriptionally silenced as early as the 4-8-cell
embryo stage; and they describe how a transient pairing
occurs between the two X inactivation centers at the
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onset of XCI in differentiating female embryonic stem
cells, suggesting synchrony in the mechanisms of choice.
The roles played by the Xce loci, Xist mutants, 7six — a
gene running antisense to Xist — and autosomal loci in
the skewing of XCI are also discussed, as well as the
analysis of regions between escaping and non-escaping
territories. Finally, they propose that the chromatin com-
position of the inactive X might be cell-lineage-depen-
dent. This might underlie tissue-dependent, and even
age-dependent, variations in the maintenance of XCI,
and could represent the basis for the variable repression
and skewing of particular X-linked genes.

Franco and Ballabio discuss the influence that XCI has on
the phenotypic expression of X chromosome mutations in
female individuals. To illustrate this, they use the exam-
ple of X-linked dominant male-lethal disorders, such as
oral-facial-digital type I (OFDI) and microphthalmia with
linear skin-defects syndromes (MLS), in which XCI plays
a role in the variability of the disease phenotypes. In
addition, they discuss how differences in the X-inactiva-
tion status between Homo sapiens and Mus musculus could
account for discrepancies between the phenotypes
observed in patients and the corresponding murine
models.

Sex chromosomes and disease

A significant fraction of genetic disease in humans results
from mutations and other anomalies involving the sex
chromosomes. This is a consequence of the haploid
presence of the X and Y chromosomes in males, and of
the more frequent survival of individuals with altered
numbers of sex chromosomes (aneuploidy). Other sex-
linked disorders can exhibit unusual features that result
from the unique process of X inactivation in the female
and from consequences to tissues that are mosaic for
mutant and normal cells. In their commentary, Hall,
Hunt and Hassold describe current understanding of
the causes of chromosome segregation errors that result
in sex chromosome aneuploidy, and the consequences to
meiosis in individuals carrying these anomalies. The
possibilities for restoration of fertility are outlined.

Ropers details recent advances in the study of X-linked
mental retardation. A large fraction of the male mental
retardation among humans is thought to result from
lesions in X-linked genes, and the pursuit of the genes
responsible has been highly successful in the past decade.
The current state of the field is described. The fact that
mental retardation is excessively common in males can-
not be adequately explained from the available data;
Ropers proposes explanations for their numbers.

Among the X-linked mental retardations, fragile X syn-
drome stands out as a very common cause. As the first
discovered triplet repeat disorder, this fragile site-asso-
ciated mutation provided the first glimpses of the peculiar
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features of mutations that confer instability on them-
selves. In their review, Garber, Smith, Reines and War-
ren describe advances in our understanding of the normal
function of the FMRI gene, defective in fragile X syn-
drome. This gene continues to be informative about the
role of chromatin changes, microRNA regulation, and
events in the synapse, and updates in these areas are
offered. Fragile X syndrome results from aberrant events
in one promoter, leading to lack of gene expression,
whereas Rett syndrome, as described by Moretti and
Zoghbi, is caused by more-global changes in transcrip-
tional regulation and mRNA splicing as a result of altered
function of the MECPZ gene. Of particular note in
MECP2 mutations is the significant allelic heterogeneity,
which is dependent on the mutation in any given indi-
vidual. The presence of autistic features in many patients
with mutations in MECP2 has generated interest in this
gene as a possible model for autism in addition to X-
linked mental retardation.

Another gene that generates variable phenotypes when
mutated is the NEMO gene. Curiously, there exists a
particularly common mutation of this gene in individuals
with incontinentia pigmenti, despite high variation in the
disease severity. This reflects the significant contribution
of X inactivation in females with incontinentia pigmenti.
Nelson updates the state of knowledge about NEMO
mutations and function, describing very recent work that
implicates the gene in nuclear—cytoplasmic signaling of
DNA damage; the consequences of abrogating this func-
tion remain unexplored.

Camerino, Parma, Radi and Valentini detail the mechan-
isms by which the sex chromosomes are involved in sex
determination in normal development, and how these
events can go awry. T'hey detail the roles of SOX9 and
SRY in male sex determination and review the recent
findings that illustrate how these genes exert their effects.
Normal variation in human females includes variability in
the onset of menopause. Early menopause, or premature
ovarian failure, is found in a small fraction of women, and
X-linked loci have been found to be responsible for some
of these cases. In her article, Toniolo describes recent
advances that offer a number of explanations for this
disorder, ranging from single gene variation to chromo-
some anomalies. Curiously, premutations of FMRI can
result in premature ovarian failure, but so can mutations
in bone morphogenetic protein 15, and Toniolo suggests
that X-linked forms might be less common than pre-
viously thought.

Although one of the most common genetic disorders,
color blindness, stems from alteration in the X-linked
cone pigment genes, the human population also exhibits
significant variation in color perception owing to poly-
morphic variation. Deeb describes genetic variation in the
cone pigment genes and the subsequent effects on color
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perception through alterations to the distribution of cones
in the retina. Cone cell differentiation is also discussed.
Gécz, Cloosterman and Partington describe the fascinat-
ing Aristaless-related homeobox (ARX) transcription fac-
tor, involved in at least seven distinct mental retardation
syndromes. It has a common mutation that expands a
polyalanine region of the protein, and also displays many
other mutations with highly variable effects. The authors
also describe efforts from the study of other organisms
that have helped clarify the functions of ARX. Finally,
Luzzatto offers a review of the unusual disorder X-linked
paroxysmal nocturnal hemoglobinuria, which is caused by
somatic mutation in the PIG-A gene. Patients exhibit
mosaicism for this mutation among somatic cells, result-
ing in a population of erythrocytes that are highly sus-
ceptible to lysis. This is a very unusual example of a

somatic mutation resulting in a non-neoplastic disorder
and is facilitated by the X-linkage of the gene.

A comprehensive view of the many fascinating examples of
genetic variation and disease-causing mutations among the
sex chromosomes is well beyond the size limitations of this
issue. The overviews of broader topics, along with specific
vignettes drawn from individual genes and diseases are
meant to illustrate the range of subjects that have intrigued
human geneticists since X-linkage was first implicated in
the etiology of common disorders such as hemophilia, and
since heteromorphism for sex chromosomes was under-
stood. Numerous other genes and diseases were not
included here, but they have great interest in their own
right. Perhaps a future issue can focus on those other stories
of the remarkable sex chromosomes.
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