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Abstract

Genes on the mammalian X chromosome are present in one copy in males and two copies in

females. The complex mechanisms that regulate the X chromosome lead to evolutionary and

physiological variability in gene expression between species, the sexes, individuals,

developmental stages, tissues and cell types. In early development, delayed and incomplete X

chromosome inactivation (XCI) in some species causes variability in gene expression. Additional

diversity stems from escape from XCI and from mosaicism or XCI skewing in females. This

causes sex-specific differences that manifest as differential gene expression and associated

phenotypes. Furthermore, the complexity and diversity of X dosage regulation affect the severity

of diseases caused by X-linked mutations.

Regulation of the X chromosome involves several mechanisms of dosage compensation that

ensure balanced gene expression levels between the X chromosome and autosomes, and

similar expression levels between the sexes. Such mechanisms have evolved in many

organisms owing to the differentiation between the sex chromosomes. In many diploid

species such as mammals, sex is determined by the sex chromosome complement: XY in

males and XX in females. The sex chromosomes differentially evolved into a relatively

large, gene-rich X chromosome and a small, gene-poor Y chromosome that degenerated

owing to suppressed recombination to avoid abnormal transfer of the male determinant. In

mammals, dosage compensation is achieved by increasing expression levels of dosage-

sensitive X-linked genes (that is, X upregulation) in both sexes and by random silencing of

one X chromosome (that is, X chromosome inactivation (XCI)) in females. These

mechanisms are not absolute, and substantial variability in gene expression is thus observed

between species, the sexes, individuals, developmental stages, tissues and cell types.

Furthermore, the X chromosome contains a unique set of genes with sex-specific expression.

A better definition of the functional content and patterns of regulation of the sex

chromosomes will help to understand sex biases in gene expression.
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This Review is based on surprising new findings about the gene content and regulation of

the X chromosome, as well as new information on the onset and distribution of XCI. Here,

we address the causes and consequences of variability in expression of X-linked genes.

Recent advances in this research field have been possible owing to new methodologies to

obtain complete DNA sequence data, to access early embryos from humans and other

mammalian species for XCI analyses, and to develop systems to evaluate allele-specific

gene expression and manipulate XCI in somatic cells and tissues.

We first briefly review our knowledge of the function of genes that are located on the

mammalian X chromosome and focus on genes that are involved in reproduction. Second,

we discuss dosage regulation of the active X chromosome, with an emphasis on regulatory

mechanisms that affect subsets of dosage-sensitive genes. Third, we report the substantial

diversity in the timing of XCI in mammalian species. Most of the molecular details of XCI

onset have been elucidated in mice to facilitate studies in embryos. However, analyses in

humans and other mammalian species show that, at the onset of XCI, the X chromosome is

not as tightly silenced as it is in rodents, which causes differences between the sexes during

development. Fourth, we show how next-generation sequencing approaches have helped to

obtain complete profiles of allele-specific X-linked gene expression in both engineered

mouse models and human systems. Such systems have generated maps of XCI and

catalogues of genes that escape XCI (hereafter termed ‘escape genes’), which differ between

species, tissues and individuals. The expression of these genes results in sex biases, which

are only beginning to be recognized. Finally, we discuss the importance of considering the

peculiar modes of X chromosome regulation in the interpretation of phenotypic effects

caused by X-linked mutations. In particular, the role of mosaicism and XCI skewing in the

manifestation of specific diseases is only starting to be investigated. Our goal is to clarify

the salient features of the X chromosome that influence sex biases in health and disease.

Functional diversity of X-linked genes

To understand X chromosome regulation and function, it is important to first define the gene

content of this chromosome. Indeed, the function of X-linked genes determines the

constraints and consequences of dosage regulation. The sex chromosomes independently

evolved from ordinary autosomes in diverse lineages. At least two adaptive and

opportunistic features evolved in convergence: the emergence of dosage compensation and

the functional specialization of the gene content of the sex chromosomes1,2. The well-known

accumulation of male-beneficial genes on the Y chromosome is probably due to its sole

transmission in males3. Intriguingly, the X chromosome also has a special complement of

genes.

Male-specific genes

The accumulation of male-advantageous genes on the mammalian X chromosome can be

explained by several theories, including sexual antagonism, X hemizygosity in males and

female-biased X transmission (that is, a twofold transmission time in females relative to

males)4. Most male-specific X-linked genes are predominantly or exclusively expressed in

the testes at both premeiotic and postmeiotic stages5,6, which supports the sexual

antagonism hypothesis7. In between these two stages, meiotic sex chromosome inactivation
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(MSCI) silences X-linked genes. To compensate for MSCI, functional pseudogene copies of

essential housekeeping genes have been retrotransposed on autosomes8. Both protein-coding

genes and microRNAs (miRNAs) that are expressed in the testes are enriched on the X

chromosome9. Among these genes there is a marked preponderance of ampliconic genes

(BOX 1; TABLE 1), which represent ~13% of X-linked genes in humans and 17% in

mice6,10,11 (FIG. 1a; TABLE 1). The prevailing theory to explain this special feature is that

the increase in copy number helps to regain normal gene expression levels in round

spermatids, in which only a low level of postmeiotic X reactivation occurs6. Surprisingly,

most ampliconic X-linked genes have been independently acquired in humans and mice11.

By contrast, >94% of single-copy X-linked genes are conserved between these species11,

and there are only few examples of single-copy genes (such as chloride channel 4-2

(Clcn4-2)) that are located on the X chromosome in some species but on an autosome in

others12. As germ cell development and testicular function have similar features between

humans and mice, the ampliconic X-linked genes probably have convergent and overlapping

functions despite their diverse origin. Conversely, phenotypic differences in testicular

function between species may be partly determined by independent acquisition of distinct

gene families. Functional studies will help to characterize the new male-biased ampliconic

gene sets. However, owing to the lack of conservation of these genes between species, it will

be difficult to use model systems for such studies.

Box 1

Summary of different types of X-linked genes

X-linked genes can be categorized on the basis of their copy number, evolutionary

history, mode of X upregulation and X chromosome inactivation (XCI) status.

Copy number

X-linked genes are classified as single-copy, multicopy (that is, genes with ≥2 copies but

that are not present in ampliconic regions) or ampliconic (that is, genes present in

segmental duplications of >10 kb in length that share >99% nucleotide identity). Similar

to autosomal genes, both single-copy and multicopy X-linked genes do not show a testis-

biased expression pattern. By contrast, ampliconic X-linked genes are expressed

predominantly in testicular germ cells11 (TABLE 1).

Evolutionary history

‘Old’ X-linked genes are those found on chicken orthologous autosomes 1 and 4,

whereas ‘new’ X-linked genes are those that have been acquired during the evolution of

the mammalian X chromosome. Genes within the X conserved region (XCR) have

orthologues on the marsupial X chromosome, and genes within the X added region

(XAR) have been added since the divergence between eutherian mammals and

marsupials13. Most single-copy and multicopy X-linked genes are shared between

humans and mice, whereas most ampliconic X-linked genes have been acquired

independently in these mammalian species11 (FIG. 1a; TABLE 1).

Mode of X upregulation
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Two main mechanisms of X upregulation have so far been described: a histone

acetyltransferase KAT8-mediated mechanism to enhance transcription initiation and a

mechanism that increases RNA half-life. Some genes are more sensitive to KAT8

regulation and some to regulation of RNA stability27. Genes implicated in networks and

large protein complexes are dosage sensitive30 (FIG. 1b; TABLE 1).

XCI status

X-linked genes either undergo or escape XCI to a variable degree. Usually, a gene that

escapes XCI has been defined as one that shows ≥10% expression from the inactive X

allele compared with the active X allele76. Escape genes can be exclusively expressed

from the inactive X chromosome, for example, X inactive specific transcript (XIST).

Some escape genes are members of X–Y gene pairs with a paralogue on the Y

chromosome, which may have the same function as the X paralogue. Other escape genes

have lost their Y paralogue, or their Y paralogue has evolved a separate, often testis-

specific, function66. Genes located in the pseudoautosomal regions have equivalent

copies on the sex chromosomes (FIG. 3; TABLE 1).

Female-specific genes

Mammalian X-linked genes have been grouped into two categories: ‘old’ genes that are

conserved on chicken orthologous autosomes and ‘new’ genes that are absent on chicken

orthologous autosomes13 (BOX 1; TABLE 1). In humans, the old group of X-linked genes is

often female biased and has high expression levels in the ovaries compared with a control

group of oldest autosomal genes14. Analyses of old conserved genes indicate that the mouse

X chromosome is also enriched in female-biased genes that are expressed in the ovaries15.

In female germ cells, a double dose of X-linked gene expression is observed following X

reactivation that is mediated by the germ cell factor PR domain zinc-finger protein 14

(PRDM14)16,17. Increased expression of X-linked genes is essential for normal ovarian

function. This is supported by the fact that individuals with Turner syndrome, who have a

single X chromosome, show ovarian dysgenesis.

Brain-specific genes

In addition to genes that are important in reproduction, the mammalian X chromosome is

also enriched in genes related to neurological function18. Many of the same genes that are

expressed in the testes are also expressed in the brain, which suggests that sexual selection

has a role in this enrichment19. Overall, X-linked genes are highly expressed in the brain20,

and the proportion of X-linked genes expressed in the brain is significantly higher than that

in other somatic tissues21. Consistently, X-linked forms of intellectual disability are 3.5

times more common than autosomal forms, and nearly 100 human X-linked genes have

mutations in individuals with intellectual disability22,23. The effects of these mutations are

variable in females owing to XCI skewing or escape from XCI (see below).

Diverse mechanisms of X upregulation

X upregulation consists of increased expression levels of genes on the single active X

chromosome to balance expression with the autosomes (which are present in two copies).
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This phenomenon was demonstrated by analyses of several somatic tissues and embryonic

stem cells (ESCs)21,24,25. Molecular studies have shown enrichment in RNA polymerase II

and in histone marks that are indicative of active transcription, such as acetylation of histone

H4 at lysine 16 (H4K16ac), at the 5′ promoter-proximal region of X-linked genes relative to

autosomal genes, which would help to open chromatin structure and increase transcription

levels26,27. Another mechanism of X upregulation apparently operates by enhancement of

RNA stability, but the molecular causes of increased RNA half-life are not yet

understood27,28. Interestingly, both old and new X-linked genes — as defined by their

conservation in chickens (see above) — are regulated by these mechanisms but to different

extents27 (BOX 1; TABLE 1). Whether the ampliconic X-linked genes that are exclusively

expressed in the testes are also upregulated is not entirely clear owing to limited analyses of

gene expression in this organ27. Evolutionary comparisons between mammalian X-linked

genes and their autosomal homologues in chickens did not show evidence of global X

upregulation, which may be limited to subsets of dosage-sensitive genes29. The highly

specialized nature of the X chromosome gene content should be taken into account when

evaluating dosage regulation. Products of X-linked genes that interact with those from

autosomal genes in large protein complexes and networks would be expected to be more

tightly regulated in terms of dosage30. Tissue specificity also has an important role: genes

that are strictly expressed in male germ cells are silent in somatic tissues in which they are

not upregulated27.

X-linked genes may be classifiable on the basis of the mechanisms that evolved to

upregulate them. Indeed, a subset of 69 X-linked genes seem to be more sensitive to

knockdown of histone acetyltransferase KAT8 (also known as MOF, which acetylates

H4K16) in mouse ESCs. Among the KAT8-sensitive genes only 60% also show enhanced

RNA half-life, which suggests that increased transcription levels and RNA stability have

independently evolved to upregulate individual X-linked genes after they lost their Y copy27

(FIG. 1b; TABLE 1). The existence of differentially regulated subsets of X-linked genes

suggests that X upregulation may have evolved gene by gene. In addition to feedforward

mechanisms, X upregulation may also depend on basal feedback or buffering mechanisms

that dampen the effects of any aneuploidy31,32 (FIG. 1b). Furthermore, it has been proposed

that an inverse dosage effect similar to that described in Drosophila melanogaster33 may

downregulate autosomal genes in mammals to balance their expression with X-linked

genes29. Thus, several strategies may have evolved to balance expression of the genome,

and some genes may be regulated by more than one mechanism (FIG. 1b). The finding of

diverse mechanisms to achieve a balanced expression dosage raises the question: does

variability in the mechanisms and effectiveness of dosage regulation of the X chromosome

in relation to the rest of the genome have any effect on phenotypes in health or disease?

Dysregulation of specific regulatory pathways may differentially affect specific subsets of

X-linked genes, as exemplified by KAT8 knockdown in mouse ESCs27.

Variable XCI initiation and mosaic X expression

Most studies of XCI in early mammalian development have been carried out in mice, in

which detailed analyses can be done. Surprisingly, XCI initiation in rodents turned out to be

different from that in humans, rabbits and cows34. Although XCI initiation is tightly
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controlled throughout mouse development from the two-cell stage, this is not the case in

other mammalian species. Thus, previously unsuspected levels of variability in X-linked

gene expression occur in embryonic development before gonadal development. These early

sex biases are poorly understood but slowly becoming recognized35.

Another important level of variability in X-linked gene expression relates to the randomness

of XCI at its onset. A limited number of cells are present at the time of random XCI, which

leads to measurable levels of unequal distribution of cells that have either the paternal or the

maternal X chromosome inactivated in somatic tissues. Thus, female tissues are composed

of patches of cells with different allele-specific expression patterns of X-linked genes36.

XCI initiation in mice

In mice, two different forms of XCI — imprinted and random — occur through regulation

of the long non-coding RNAs (lncRNAs) inactive X specific transcripts (Xist) (FIG. 2).

Extensive reviews of this process have recently been published37–39. XCI is initially

paternally imprinted in preimplantation mouse embryos following upregulation of the

paternal Xist allele at the two-cell stage by the maternally deposited X-linked activator E3

ubiquitin protein ligase RLIM, whereas the maternal X chromosome is protected by a

repressive Xist imprint that is established in the female germ line. The antisense lncRNA

Tsix also has an important role in Xist repression40,41. The paternal X chromosome remains

inactive in extra-embryonic tissues and is reactivated in the inner cell mass (ICM) of the

mouse mid-stage blastocyst42. XCI is then reinitiated by upregulating Xist from one

randomly chosen X chromosome. Random XCI can be recapitulated in vitro upon

differentiation of female mouse ESCs in systems that have greatly advanced our

understanding of the molecular mechanisms of XCI, but such findings need to be confirmed

in vivo. Interestingly, increased X dosage blocks differentiation of female ESCs43.

Following XCI initiation Xist RNA spreads in cis44 and recruits repressive complexes to

implement silencing through specific histone modifications, DNA methylation at CpG

islands and changes in replication timing37. Additional proteins such as SMCHD1 — a

member of the structural maintenance of chromosomes (SMC) family of proteins that is

important in chromatin condensation — and repeat elements such as long interspersed

nuclear elements (LINEs) help the formation of the condensed inactive X

compartment39,45,46. The timing of onset of these modifications and of their associated

silencing varies between genes, which would cause gene-specific sex bias in early

development47.

XCI initiation in other mammals

The idea that imprinted XCI is the primitive state of X silencing in mammals has been

challenged by studies in rabbits and humans48 (FIG. 2). In these species XIST is not

imprinted but is expressed from all X chromosomes in males and females at the 4–8-cell

stage48,49. Surprisingly, some ICM cells show XIST RNA coating on both X chromosomes

in early rabbit blastocysts, which is quickly resolved because most cells display only one

inactive X chromosome in late blastocysts. In humans, the two X chromosomes remain

active in trophectoderm and ICM cells even if there is XIST RNA coating, which suggests a

late onset of XCI48. Lack of imprinted XCI is supported by studies in rabbit
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parthenogenotes, and in human and horse placenta34,50. By contrast, early X silencing seems

to be essential in mice to quickly ensure correct dosage given fast embryonic

development51. Comparisons between mice and humans with sex chromosome aneuploidy

also highlight the importance of early paternal X silencing in mice: only XmXpY (where

Xm denotes the maternal X chromosome and Xp the paternal X chromosome), but not

XmXmY, karyotypes survive in rodents52, whereas equal percentages of these karyotypes

are observed in humans53. Species-specific differences in expression patterns of the

pluripotency factor octamer-binding protein 4 (OCT4), which acts as a XIST repressor, could

mediate such adaptation. Whereas species with delayed implantation timing (for example,

rabbits, pigs, rhesus monkeys and humans) show OCT4 expression in both the ICM and the

trophectoderm to allow expansion of these layers, species with rapid implantation (for

example, mice) lack OCT4 expression in trophoblasts, which are end cells adapted to

immediate implantation54 (FIG. 2).

Random XCI in rabbits and humans may represent a stochastic process that is initiated by X-

encoded activators such as RLIM34, followed by selection of cells with one active X

chromosome against those with no or two active X chromosomes during development43,48.

Interestingly, a stochastic XCI process can also be observed in mouse cells55, but it may be

too slow to be adapted in rapidly developing extra-embryonic tissues. In the mouse ICM,

random XCI is tightly controlled by monoallelic regulation of Xist mainly through the

antisense Tsix, and such a mechanism may be lacking in other mammals56. Recently,

another lncRNA — X active specific transcript (XACT) — was reported to coat the active X

chromosome in human ESCs but not in mouse ESCs, which suggests a species-specific role

in XCI57. Incomplete stochastic XCI could be an ancient compensation mechanism adapted

from random monoallelic expression1,34. In marsupials, in which the X chromosome is

homologous to the X conserved region (XCR) in eutherian mammals but lacks the X added

region (XAR) (FIG. 1a), XCI is paternally imprinted58–61. Most strikingly, the XIST gene

does not exist in marsupials62, but the marsupial-specific lncRNA RNA-on-the-silent X

(RSX) has been shown to have XIST-like properties60. This finding indicates the extensive

diversity of silencing mechanisms in mammals.

In conclusion, diverse regulatory mechanisms involved in XCI can quickly adapt to the

species-specific modalities of embryonic development. Differences between the sexes in

early stages of development will need to be clarified in view of XCI diversity between

species. Even though XCI patterns in eutherian species apparently vary in early

development, they eventually resolve to the silencing of one X chromosome in female

somatic cells; nevertheless, XCI is ultimately less complete in humans than in mice (see

below).

Mosaic X expression in female somatic tissues

Following random XCI initiation, tissues develop from variable numbers of progenitor cells,

which leads to diverse patterns of mosaicism. This female-specific mosaicism has been

comprehensively reviewed elsewhere36. The extent of patches of cells with a specific X

allele expressed depends on whether gene expression is cell autonomous, on the number of

progenitor cells at the time of silencing and on potential growth rate advantage of cells with
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a given X allele inactivated. The stochastic nature of the process can lead to marked

differences in the distribution of expressed alleles even between the two halves of the

brain63. Mosaicism for X allele expression has important consequences for the expression of

phenotypes owing to X-linked mutations (see below).

Sex bias in gene expression

Most X-linked genes are subject to XCI in mammals, which results in similar expression

levels between the sexes. However, a subset of X-linked genes escape silencing and thus

have higher expression levels in females than in males. XIST is unusual, as it is completely

female biased owing to exclusive expression from the inactive X chromosome in adult

tissues. For other escape genes, expression from the inactive X allele is usually lower than

that from the active X allele, which leads to a female bias of less than twofold in expression

levels64. Some genes are present on both X and Y chromosomes: among these, genes

located within the pseudoautosomal regions (PARs) have near equal expression levels

between the sexes except for some male bias, which is probably due to partial spreading of

XCI in females65. By contrast, X–Y gene pairs located outside the PARs often show a

female bias for the X-linked paralogue owing to a lack of compensation by the Y-linked

paralogue that has often acquired a testicular function66. Rare imprinted X-linked genes also

display sexual dimorphisms, as males do not express maternally imprinted X-linked genes67.

Tissue-specific escape from XCI

Allele-specific expression analyses in mice indicate that 3–6% of X-linked genes

consistently escape XCI in cell lines68,69 and in the brain63. Escape genes are dispersed

along the mouse X chromosome, but most are in the XAR (FIG. 3; TABLE 1). These genes

lack both Xist RNA coating and repressive chromatin marks44,69–71. Chromatin

conformation analyses show that these genes apparently adopt a specific chromatin

configuration with different domains interacting with each other, which suggests that escape

genes may occupy a specific nuclear compartment71. Domains of silencing may be protected

by insulator elements from encroachment by escape domains72,73. Furthermore, lncRNAs

(the genes of which are often located adjacent to protein-coding genes) may facilitate their

escape74,75.

In humans, escape genes are more abundant than those in mice and are concentrated within

large domains in the evolutionarily recent XAR (TABLE 1). About 15% of human X-linked

genes consistently escape XCI, and an additional 10% escape silencing in a variable manner

in cell lines76. Whether this is representative of expression patterns in human tissues is still

unclear, as only a few escape genes have been confirmed in vivo owing to technical

difficulties in measuring allele-specific expression. However, indirect determination of the

XCI status of genes on the basis of their epigenetic features suggests diversity between

tissues. For example, on the basis of the finding that escape genes have markedly higher

levels of intragenic non-CpG methylation in females than in males, new escape genes were

identified specifically in neuronal cells77. Similarly, a lack of methylation at CpG islands

has been exploited to identify putative escape genes in one tissue but not in others78.

Variability in the degree of escape has been confirmed for some genes in vivo at the cell and

whole-organism levels; for example, the TIMP metallopeptidase inhibitor 1 (TIMP1) gene
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has a propensity to escape silencing in some women owing to acetylation of histones that are

associated with the gene79.

Escape from XCI in development

The XCI status of specific genes can change during development. Some genes that escape

XCI in adult mouse tissues are initially silenced in embryos followed by reactivation during

development80, whereas other genes escape XCI from the onset81. Whether specific human

genes escape XCI at a given developmental stage is not well studied. Such information

would be helpful to understand the diversity of developmental defects observed in patients

with Turner syndrome. One study reports that in placental and extra-embryonic tissues, there

is a wide range of individual differences for genes that are expressed either monoallelically

or biallellically82. Further studies of the developmental plasticity of the domains of escape

and XCI will help to better understand their role in health and disease.

Sex effects of escape from XCI

An extensive analysis of X-linked gene expression in hundreds of human lymphoblastoid

cell lines determined that only 5% of X-linked genes have increased expression levels in

females relative to males, which suggests a limited role for escape genes in eliciting sex

biases in this in vitro system65. However, this may not be the case in vivo, as indicated by

new studies in tissues. A recent RNA sequencing analysis showed significant sex-specific

dimorphisms in gene expression, the extent of which differed between subregions of the

brain83. Sex bias in X-linked gene expression is not limited to protein-coding genes, as some

mouse miRNAs show a strong male bias in the brain and testes84. In some instances the sex

bias can be due to imprinting, for example, in the case of the maternally imprinted Fthl17

(ferritin, heavy polypeptide-like 17) gene family85.

There is good evidence that transcriptional sex-specific differences exist before gonadal

development in several species86. In fact, some sex biases can be detected as early as the

blastocyst stage; for example, the X-linked reproductive homeobox genes Rhox6 and Rhox9

show a female bias that is already present in ESCs and that is later maintained in the

ovaries87. Interestingly, expression of Rhox6 and Rhox9 is regulated by the histone

demethylase KDM6A, which is encoded by an escape gene that has higher expression levels

in female than in male mouse embryos and adults87. An early sex bias in gene expression

has also been observed in preimplantation cow embryos88. Thus, sex-biased expression of

some genes precedes the onset of gonadal differentiation, which indicates that such bias is

independent of sex hormones.

Sex chromosome complement and sex bias

Studying the role of the sex chromosomes in eliciting sexual dimorphisms in gene

expression in adult tissues is complicated by the potential interference of gonadal hormones.

Useful mouse models have been developed to circumvent this problem. One such model —

the four core genotype (4CG), in which XY and XX males, and XX and XY females are

produced — has clearly shown that both the sex chromosome complement and gender have

a role in phenotypic sex-specific differences89. For example, the number of X chromosomes

can influence adiposity and cardiovascular sexual dimorphisms90,91. Using the 4CG mouse
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model, global gene expression differences that originate from the sex chromosomes have

been shown to influence the entire genome, which suggests genome-wide effects92.

Analyses of brain specimens collected before gonadal development in another mouse model

that is based on a rearranged Y chromosome (Y*) have also identified genes with

differential expression between mice with one or two X chromosomes93,94. Although the

majority of these genes were X-linked, some differentially expressed genes were autosomal.

This finding confirms that the sex chromosome complement influences the entire genome,

which is also supported by expression analysis of somatic tissues from XX and XO mice95.

Some of these genome-wide effects could potentially be attributed to female bias in

expression of master regulators, for example, the histone demethylases KDM6A and

KDM5C (both of which are encoded by escape genes)87,96,97. KDM6A also has a histone

demethylase-independent function that is essential for normal development98. Other escape

genes may also have chromatin-wide effects on the genome, which could explain specific

sex biases, but these effects remain to be discovered.

X chromosome regulation and disease

The phenotypic manifestations of mutations on the X chromosome are greatly influenced by

the modalities of dosage regulation of this particular chromosome (FIG. 4). Males are

affected by both recessive and dominant mutations because they only have one allele.

Duplications of X-linked genes have severe consequences in males owing to their inability

to become inactivated99. In females, the manifestations of mutations in X-linked genes can

either be dampened by random XCI that results in a population of cells that express the

normal allele or even be obliterated by complete skewing of XCI36. Phenotypic effects also

differ depending on whether the mutated gene is subject to XCI or escapes XCI (FIG. 4).

Age-related X reactivation could further influence the diversity of phenotypes observed in

diseases, for example, in neurological disorders and cancer100. A recent mapping of the

topography of XCI in mouse tissues demonstrates important fluctuations in the extent and

distribution of mosaicism63. Notably, this elegant study mapped allele-specific expression of

X-linked genes using fluorescent markers and suggested that XCI has a role in stochastic

diversity of gene expression in females. Females may also be susceptible to aberrant X

reactivation in somatic cells. Here, we consider the interaction of dosage compensation with

the phenotypic effects of X-linked mutations.

X-linked mutations and XCI skewing

XCI skewing in favour of cells in which the normal allele is active is often observed in

female carriers of an X-linked mutation, which can alleviate the phenotypic outcome (FIG.

4). If the gene escapes XCI, skewing will only partially restore a normal phenotype36. For

genes that are subject to XCI, protection from deleterious effects depends on the degree of

skewing that is related to the extent of cell selection in specific tissues. Factors that

influence XCI skewing include whether the mutated gene produces a cell autonomous

protein or a secreted protein, and whether the protein product is part of a multimeric

complex. XCI skewing can selectively occur in cell types in which expression of a normal

allele is crucial, and the degree of skewing can also be related to developmental stage or

age101. Innate XCI skewing can also occur as observed for mouse X chromosome
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controlling element (Xce) alleles that directly influence the choice of which X chromosome

will be silenced102. In humans, progressive XCI skewing is suspected to occasionally have a

deleterious effect by uncovering mutations, as proposed in autoimmune diseases that are

prevalent in women103. Interestingly, age-related XCI skewing may be an indicator of clonal

expansion in the bone marrow even in normal healthy individuals104. XCI skewing can

certainly have a role in cancer; for example, expression of the breast tumour suppressor gene

forkhead box P3 (FOXP3) is altered by skewing105.

Mutations in escape genes

Mutations, deletions and duplications of individual escape genes are known to cause a range

of abnormal phenotypes, including cancer. Chromatin modifiers are of particular interest, as

they can influence global gene expression through epigenetic changes. For example,

mutations in the escape gene KDM6A have been implicated in medulloblastoma, prostate

cancer and renal carcinoma106–108. Constitutional KDM6A mutations cause Kabuki

syndrome, which is a rare congenital syndrome characterized by skeletal abnormalities,

growth retardation and mild to severe intellectual disability109,110. Interestingly,

heterozygous females are affected to various degrees, probably because of low expression

levels from the normal allele in cells in which it is on the inactive X chromosome109,111. As

individuals with Turner syndrome do not have Kabuki syndrome, monoallelic KDM6A

expression is apparently sufficient to prevent this phenotype. Another escape gene

associated with intellectual disability is KDM5C, which is important for neural cell

development. In this case, only men are affected, which suggests that haploinsufficiency

only has mild consequences in women112,113. Additional studies will help to better define

dosage effects that are related to escape from XCI.

Sex chromosome aneuploidy

Abnormal phenotypes in individuals with sex chromosome aneuploidy are partly due to

abnormal expression levels of escape genes. Effects on female and male fertility have been

extensively discussed114. For example, 45,X females exhibit Turner syndrome, which is

associated with severe phenotypes such as frequent death in utero, ovarian dysgenesis, short

stature, webbed neck and other physical abnormalities115,116. As the Y chromosome protects

men from these deficiencies, the most likely candidate genes for Turner syndrome would

have copies on the Y chromosome except for genes that control female-specific phenotypes,

such as those regulating ovarian function or XCI itself. Note that germ cells from patients

with Turner syndrome have a deficiency in all X-linked genes and not only in escape genes,

as the X chromosome is reactivated in normal ovaries114. Variability in the severity of

phenotypes of Turner syndrome is thought to result, in large part, from mosaicism for XX or

XY cells, which can help survival117.

A common type of sex chromosome aneuploidy can also affect men in the form of an

additional X chromosome, for example, in Klinefelter’s syndrome. It is unclear whether the

phenotypic features of Klinefelter’s syndrome are caused by altered hormonal dosage due to

testicular malfunction or to increased expression levels of escape genes. One hypothesis is

that male physiology is not adapted to a female bias in gene dosage, which would contribute

to the clinical manifestations. To address this hypothesis a recent study analysed a mouse
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model of Klinefelter’s syndrome, which confirmed that genes known to escape XCI had

significantly higher expression levels in the brain (but not in the kidney and liver) of mice

with two X chromosomes (XX and XXY) than male controls118. These brain-specific

differences suggest that dosage of escape genes contributes to the cognitive phenotypes of

patients with Klinefelter’s syndrome. The variable extent of adverse phenotypes associated

with Klinefelter’s syndrome and X aneuploidy in general is partly due to XCI skewing and

mosaicism119. In addition, X aneuploidy could indirectly alter gene expression genome wide

through epigenetic effects; for example, the presence of an extra heterochromatic

chromosome might act as a sink for specific protein complexes120.

Diseases associated with somatic X reactivation

The lncRNA XIST was initially thought to be dispensable for maintenance of silencing121.

However, a new study shows that ablation of Xist in the blood compartment causes an

aggressive form of cancer in female mice122. The authors hypothesize that upregulation of

X-linked genes due to the loss of Xist leads to genome-wide changes in important

homeostatic pathways. Mutations in Smchd1, which is also associated with cancer in

mice123, lead to X reactivation partly as a result of hypomethylation of the CpG islands of

genes that are normally inactivated46. Conversely, reactivation of Xist in immune cells can

induce gene silencing of the mouse X chromosome124. In humans, abnormalities of XCI

have also been reported in cancer100. Age-related reactivation of specific genes has been

occasionally reported, for example, in the case of the ornithine transcarbamylase (Otc)

gene125. Furthermore, reactivation of the CD40 ligand (CD40LG) gene by hypomethylation

has been proposed as a mechanism that increases protein levels and that contributes to

systemic lupus erythematosus126. Interestingly, this disease shows a strong female bias and

is also common in patients with Klinefelter’s syndrome. Genes that confer susceptibility to

immune disorders in women are only beginning to be identified, and it is expected that X-

linked genes will be shown to have an important role in such disordes127.

Conclusions and perspectives

In this Review, we have considered specific aspects of the gene content and regulation of the

mammalian X chromosome that lead to substantial differences both between species and

between the sexes at the whole organism, tissue and cellular levels. Important questions

have been raised, notably regarding the function of the newly identified families of X-linked

genes that are expressed in the testes and that are poorly conserved between species. Other

unanswered questions include: how early do sex-specific differences in X-linked gene

expression manifest themselves, and are these important for phenotypes? Further studies of

X-linked gene expression in early human embryos are needed to understand their role in

health and disease, for example, in terms of effects associated with sex chromosome

aneuploidy. In particular, single-cell analyses using next-generation sequencing hold great

promise in clarifying patterns of X-linked gene expression and mosaicism. With the

availability of single-cell analyses, systems for skewing XCI or for sorting cells are not

necessary, although methods to identify alleles on the basis of frequent single-nucleotide

polymorphisms (SNPs) are still needed. Such approaches will provide a better determination

of the extent of escape from XCI in specific tissues and developmental stages, which is still

Deng et al. Page 12

Nat Rev Genet. Author manuscript; available in PMC 2014 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



lacking to fully understand their role in sexually dimorphic phenotypes. Direct or indirect

epigenetic effects mediated by X-linked genes are only beginning to be studied in cancer.

Currently, disruptions of XCI but not of X upregulation have been identified. Further

molecular analyses of X upregulation will help to understand its potential roles in diseases.

The complexity of dosage regulation of the X chromosome in terms of molecular

mechanisms of X upregulation and XCI renders these systems susceptible to a range of

genetic or epigenetic mutations with strong sex bias, which can have tremendous advantages

for the evolution of new traits, especially those related to sexual reproduction. However, the

X chromosome is also vulnerable to mutations that are differentially expressed in males and

females. A sizeable sex bias due to differences in the dosage of X-linked genes is becoming

recognized as an important contributor to the susceptibility to specific diseases.
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Glossary

X upregulation A process to increase X-linked gene expression levels to

balance expression between the X chromosome and

autosomes

X chromosome
inactivation

(XCI). A process to silence one X chromosome in females

to achieve similar expression levels between the sexes

Sex biases in gene
expression

Differential gene expression between males and females

Allele-specific gene
expression

Specific expression from the maternal or paternal allele that

can be assayed by single-nucleotide polymorphisms

Genes that escape XCI A subset of X-linked genes that are biallelically expressed

in female somatic cells

XCI skewing Preferential inactivation of one X chromosome

Sexual antagonism Evolution of alleles that are beneficial to one sex but

detrimental to the other

Meiotic sex chromosome
inactivation

(MSCI). A process to silence both X-linked and Y-linked

genes during male meiosis

X reactivation A process to reactivate the silenced X chromosome at

different developmental stages (for example, in the mouse

inner cell mass and in female germ cells)

Turner syndrome Syndrome in females with a single X chromosome (that is,

45,X)
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XCI initiation Onset of chromosome-wide X-linked gene silencing that is

controlled by a master regulatory locus known as the X

inactivation centre

Inactive X specific
transcripts

(Xist). Long non-coding RNAs transcribed from the X

inactivation centre that function as the master regulator of

mouse X chromosome inactivation

X conserved region (XCR). A region on the mammalian X chromosome that is

found on chicken orthologous autosome 4 and on the

marsupial X chromosome

X added region (XAR). A region on the mammalian X chromosome that is

found on chicken orthologous autosome 1 and that was

added since the divergence between eutherian mammals

and marsupials

Mosaicism for X allele
expression

A mixture of somatic cells that carry an active paternal or

maternal X chromosome owing to random X chromosome

inactivation

Pseudoautosomal regions (PARs). Regions of homology and pairing on the sex

chromosomes

X–Y gene pairs Genes with paralogues located on the X and Y

chromosomes

X chromosome
controlling element

(Xce). A locus at the X inactivation centre that controls the

choice of a particular X chromosome to be inactivated or to

remain active

Haploinsufficiency Insufficiency due to the presence of a single copy instead of

two copies of a gene in a diploid cell

Klinefelter’s syndrome A syndrome in males that carry an additional X

chromosome (that is, 47,XXY)
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Figure 1. Variable gene content and dosage upregulation of the mammalian X chromosome
a | Schematics of the human and mouse X chromosomes1,11 are shown. The X conserved

region (XCR; blue), which occupies the long arm and a small region of the short arm of the

human X chromosome, and the X added region (XAR; green) are indicated. In mice, the

XAR and XCR are rearranged. Many of the newly acquired ampliconic genes differ between

humans (pink) and mice (orange). Note that the position of these regions does not

necessarily represent the position of the ampliconic genes. b | The proto-X and proto-Y

chromosomes originally had similar sizes, and their expression level was balanced with that

of autosomal genes (which are present in two copies). After the Y chromosome degenerated,

hemizygous X-linked genes became upregulated. There is evidence of at least two

feedforward mechanisms, which are schematically represented by the different colour

faucets for upregulation of X-linked genes in mammals, including increased transcription

(yellow and green; large grey arrows) and extended RNA half-life (pink and purple; large

black arrows). Additional feedback and buffering mechanisms that respond to any type of

aneuploidy may also be implicated in X upregulation (blue; small black arrows). Genes that

represent dosage-insensitive genes (black) would not be upregulated. Note that some genes

may be regulated by more than one mechanism (red and orange). Part b is adapted from

REF. 128.
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Figure 2. XCI initiation varies in mammals
A comparison of X chromosome inactivation (XCI) in early embryonic development (that is,

from zygote to epiblast) in three eutherian species (mice, rabbits and humans) is shown. XCI

is mainly mediated by regulation of X inactive specific transcript (XIST) in eutherians; high

expression levels of XIST start at zygotic genome activation (ZGA), and mice have the

earliest onset of Xist expression. In mice, XCI is initially imprinted and triggered by

exclusive Xist expression and coating of the paternal X chromosome (Xp) at the 2–4-cell

stage. At the morula stage, imprinted XCI is completed. The Xp remains inactive in the

trophectoderm (TE) that develops into extra-embryonic tissues such as the placenta, whereas

Xp is reactivated in the inner cell mass (ICM) of the mid-stage blastocyst. XCI is then

reinitiated by upregulating Xist from one randomly chosen X chromosome (that is, either the

maternal X chromosome (Xm) or Xp) at the late-stage blastocyst and epiblast stage. In

rabbits, XIST is not imprinted; thus, XIST upregulation and coating can occur on one X

chromosome or both X chromosomes in some cells at the morula and early blastocyst stages

followed by silencing. In late-stage blastocysts, cells with random monoallelic XCI in both

the ICM and TE are selected by an unknown mechanism. In humans, XIST is also not

imprinted, and diffuse XIST coating is visible on both X chromosomes but without initiation

of silencing. Random XCI is initiated much later, probably after the blastocyst stage.

Pluripotency regulatory factors such as octamer-binding protein 4 (OCT4) can repress XIST.

OCT4 expression is very high in zygotes, decreases sharply at the two-cell stage and then
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gradually declines until ZGA, followed by an increase in preimplantation embryos. OCT4

levels remain high in both the ICM and TE in rabbit and human blastocysts but only in the

ICM in mice. Data from REF. 34.
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Figure 3. Escape from XCI varies between cell types and tissue in mice
Schematics show the location of genes that escape X chromosome inactivation (XCI) along

the mouse X chromosome on the basis of complete surveys of allele-specific gene

expression by RNA sequencing in three systems: trophoblasts, Patski cells (which are

derived from the embryonic kidney) and the brain63,68,69. The positions of five escape genes

on the mouse X chromosome in all three cell types and tissue (black) are indicated, with

their names shown at the left. Genes that escape XCI only in trophoblasts are shown in red,

those only in Patski cells in blue and those only in the mouse brain in green; the gene names

are indicated at the right of each chromosome. Only genes expressed from the inactive X

chromosome at a level ≥10% of the active X chromosome in Patski cells (13 genes) and in

the brain (8 genes), and genes with P < 0.05 in trophoblasts (16 genes; common in both
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reciprocal crosses) are included. Escape gene location is based on coordinates from

University of California Santa Cruz (UCSC) genome browser build NCBI37/mm9.
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Figure 4. Variability of X-linked gene expression and sex bias
a | Sex bias in X-linked gene expression in normal individuals is shown. There is no sex bias

for genes that are subject to X chromosome inactivation (XCI) or for genes with equivalent

X–Y paralogues (not shown). A female bias occurs for genes that escape XCI but that have

no equivalent Y paralogue; a male bias occurs for genes that are solely expressed in male

organs such as the testes. b | The effects of X-linked gene mutation depend on XCI patterns.

For genes that are subject to XCI, a mutation that affects males does not necessarily affect

females, who can be rescued either by random XCI (which leads to mosaicism for cells with

the mutant allele silenced) or by selective skewing in favour of cells that express the normal

allele. For escape genes, males can be partly rescued by expression of a Y paralogue with

similar function (if it exists), whereas females will be haploinsufficient even if there is

skewing in favour of the normal allele. Severity of the haploinsufficiency in females

depends on the expression levels from the inactive X chromosome. Mutations in genes that

are essential for XCI (such as the gene that encodes X inactive specific transcript (XIST))

specifically affect females by causing XCI failure. If a mutation is in an X-linked gene that

is solely expressed in male organs (such as the testes), only males will be affected. However,
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as many of the testis-specific genes are ampliconic, the effect of a mutation in one copy will

be partly rescued by the normal copies.
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