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Abstract

The X chromosome is unique in the genome. In this review we discuss recent advances in our understanding of the genetics
and epigenetics of the X chromosome. The X chromosome shares limited conservation with its ancestral homologue the Y
chromosome and the resulting difference in X-chromosome dosage between males and females is largely compensated for
by X-chromosome inactivation. The process of inactivation is initiated by the long non-coding RNA X-inactive specific tran-
script (XIST) and achieved through interaction with multiple synergistic silencing pathways. Identification of Xist-interacting
proteins has given insight into these processes yet the cascade of events from initiation to maintenance have still to be
resolved. In particular, the initiation of inactivation in humans has been challenging to study as: it occurs very early in
development; most human embryonic stem cell lines already have an inactive X; and the process seems to differ from mouse.
Another difference between human and mouse X inactivation is the larger number of human genes that escape silencing.

In humans over 20% of X-linked genes continue to be expressed from the otherwise inactive X chromosome. We are only
beginning to understand how such escape occurs but there is growing recognition that escapees contribute to sexually
dimorphic traits. The unique biology and epigenetics of the X chromosome have often led to its exclusion from disease
studies, yet the X constitutes 5% of the genome and is an important contributor to disease, often in a sex-specific manner.

Introduction to the X Chromosome

The genomes of males and females differ dramatically, with
males having a single X chromosome and the sex-determining
Y chromosome; whereas females have two X chromosomes,
and thus 100 Mb more DNA than males (X: ~155 Mb, Y: ~55 Mb).
The X and Y are derived from an ancestral pair of autosomes,
but the human Y retains functionality for only 17 of the over
600 genes once shared with the X (reviewed in 1). Whether there
is upregulation of X-linked genes to maintain equivalence to an-
cestral autosomal gene dosage remains controversial (reviewed
in 2) (3), in part due to the unique gene composition of the X.
Both the X and Y have acquired ampliconic gene families that

are expressed only in testes, are not well-conserved between
humans and mice, are often palindromic and are argued to un-
derlie dramatic selective sweeps on the X (4). The X has also
been both recipient and donor for retrogenes, with autosomal
copies of X-linked genes compensating for the X silencing that
occurs during meiotic sex chromosome inactivation (MSCI) in
spermatogenesis (5). miRNA genes are also over-represented on
the X, and respond differentially to MSCI during spermatogene-
sis (6,7). Regardless of whether the X to autosome dosage has
equilibrated, there is a dosage imbalance between males and
females for the ~1000 X-linked genes. As hypothesized by Lyon
in 1961, compensation for this difference occurs by inactivation
of one of the two Xs in early female development.
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X-Chromosome Inactivation: Making Two
Equal One

In the over 55 years since the Lyon hypothesis of X-chromo-
some inactivation (XCI), many features have been shown to dis-
tinguish the active X (Xa) from an inactive X (Xi). These
features, such as silent chromatin marks, DNA hypermethyla-
tion at CpG island-containing promoters and late replication
timing, are often shared with other silent, heterochromatic
regions of the genome (reviewed in 8). The Xi is comprised of
two large superdomains encompassing superloops rather than
the compartments (9) and topologically associating domains
(TADs) that are seen on other chromosomes (10). In both
humans and mice the hinge between these superdomains is the
macrosatellite DXZ4/Dxz4, whose presence is critical for this ul-
trastructure (10-12). The FIRRE/Firre locus serves as one of the
superloop bases, and is required for superloop formation (13),
nucleolar localization and H3K27me3 retention (see Fig. 1) (14).
The initiating event in the heterochromatic and structural
conversion from Xa to Xi is the expression of the long non-
coding (Inc) RNA, X-inactive specific transcript (XIST), whose lo-
cus also serves as a base for the superloops. It is named for its
Xi-specific transcription pattern, and, impressively, this long
(15-19 kb processed) RNA remains localized to the chromosome
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from which it is transcribed. The human and mouse XIST/Xist
genes are fairly conserved in their exon/intron structure, and
both have tandem repetitive regions (generally labelled A-F)
with varying extents of conservation; repeat A being well con-
served while repeats B-F differ between species. The short iso-
form of Xist, lacking 5.6 kb of exon 7 downstream of the E
repeat, can establish XCI, suggesting that the internal region of
Xist exon 7 is functionally dispensable (15). XIST expression is
female-specific in somatic tissues of karyotypically normal indi-
viduals but is also expressed during spermatogenesis.

Early Events Establishing X Inactivation

During early development, XIST expression from both Xs has
been observed in humans but not in mice, suggesting the early
events may be species-specific (16-18). Single-cell sequencing
suggested dampening of X-linked gene expression when XIST is
expressed (17), although alternative analysis suggested that
early XCI was the source of decreased expression (19). In human
embryonic stem cells (hESCs) the majority of cell lines are found
to already have an Xi. Rare populations of XaXa cells are ob-
served, but, problematically for use in regenerative medicine,
there are also substantial populations of cells with an eroded Xi
(Xe) that has lost XIST expression and XCI (reviewed in 20).

Figure 1. Major factors involved in the inactivation of an X. Xist RNA coats the X and is critical for its localization to either (or both) the nucleolus and nuclear mem-
brane. Localization to the nucleolar membrane requires the IncRNA Firre. Xist acts as a molecular scaffold recruiting various repressive complexes such as PRC1/2
while also acting as a tether between various chromatin and matrix binding factors. Some of these factors, such as PRC2 and HNRNPU are known to be recruited to the
Xi in both humans and mice, however most evidence of the interactions and pathways regulating these factors comes from work done in mouse models. H3/H4/H2A/
H2B refer to histone subunits, me and ac refer to the methylation and acetylation of histone tails at specified lysines (K).
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Unique to early human XCI is expression of a non-coding RNA
expressed from the Xa (named XACT) that has been proposed to
compete with XIST (18), and thus may be responsible for the
erosion of inactivation in hESCs. Recent work has shown that
naive hESCs have two Xas that express XIST and can undergo
XCI upon differentiation; however, most hESCs and human in-
duced pluripotent cell lines retain substantial populations of
cells with mono-allelic XIST expression (21,22).

All Xs in excess of one in diploid cells are inactivated, while
in triploids there can be more than one X active and in tetra-
ploids there are two Xis and two Xas. Thus, many models of XCI
have invoked a dosage-sensitive factor derived from the auto-
somes that blocks inactivation of one X. Such a blocking factor
could not be present on chromosomes (or regions of chromo-
somes) that are found in females with a trisomy (or segmental
duplication), as they would then prevent both Xs from undergo-
ing XCI. Intriguingly, by searching the DECIPHER database for
sex-biased duplications, regions of chromosome 19 were found
duplicated in males but not females, and include important
chromatin regulators and zinc-finger repressors (23).
Alternatively, recent mathematical modelling demonstrates
that coupled X-chromosomal feedback loops could explain the
shift from bi-allelic to mono-allelic XIST as well as the Xi pat-
terns of aneuploids (24).

Epigenetic Silencing of the X: Moving Towards
Mechanism

How does an RNA localize to the chromosome and induce si-
lencing? As with other long non-coding RNAs (IncRNAs), it is
likely that XIST acts as a scaffold to recruit critical proteins
(Fig. 1). Three proteomic studies in mouse utilized antisense
probes to capture Xist and its interacting proteins, yielding well
over 100 candidate partners, of which 31 proteins were identi-
fied in one or more study (25-27) (reviewed in 28). Forward ge-
netic screens to identify proteins involved in XCI have
supported and expanded this list of candidates (reviewed in 29),
yet their assembly into pathways of silencing is still far from
complete. Among the most debated pathways are the polycomb
repressive complexes (PRC1/2). Growing evidence suggests that
hnRNPK binds the mouse repeat B region to enable PCGF3/5
PRC1 recruitment, which in turn recruits PRC2 (30,31). Binding
of the transcriptional repressor SPEN to the A repeat recruits
HDACS3 leading to deacetylation of histones, which is thought to
be important for PRC2 recruitment (27). The XIST RNA is embed-
ded in the nuclear matrix, and many of the identified interac-
tors are matrix proteins including heterogeneous nuclear
ribonucleoprotein U (HNRNPU) (Saf-A) (32) and CIZ1 (33).
HNRNPU has been shown to bind the Xist transcript near the C,
D repeats as well as exon 7, with a similar distribution across
the human transcript (15). The loss of HNRNPU disrupts Xist-
induced silencing and localization in cis to the Xi (27). CIZ1 binds
to the E repeat of Xist and is enriched on the Xi of humans and
mice. While Ciz1-null mice are viable, females develop lympho-
proliferative disease and cells show failure to localize Xist
(33,34). Interestingly, some naive T and B cells have been seen
to have dispersion of XIST/Xist (35). In these cells, relocalization
of Xist requires YY1 (36), a transcription factor with both RNA
and DNA binding domains previously reported to be critical for
Xist transcription and tethering (37). However, none of the
RNA-protein screens identified YY1 binding to the Xist tran-
script (25-27).

Association of the Xi with the nuclear periphery has long
been recognized, and was recently attributed to XIST interaction
with Lamin B Receptor (LBR). Repression of LBR prevents gene
silencing, perhaps because of failure of polymerase exclusion
(27). XIST has more N6-methyladenosine (m6A) modifications
than other RNAs, and the proteins involved in establishing this
mark (RBM15, WTAP and MTTL3) are thought to be recruited by
the A repeat of Xist (38). Knockdown of these factors or the m6A
reader YTHDC1 in mouse ESCs prevented gene silencing during
XCI (38). Other heterochromatin marks enriched on the Xi, such
as a variant of Histone H2A (MACROH2A) and SMCHD1 are
thought to be recruited later during XCI and to maintain the sta-
bility of silencing on the Xi. Overall, it appears that many of the
silencing pathways initiated by XIST, while inter-related also
are independent (reviewed in 29) (39,40).

Escapees: Exceptions to Silencing

Despite the many independent yet synergistic pathways to es-
tablish and maintain inactivation, the Xi is not completely si-
lent. XIST is expressed solely from the Xi, but many other genes
continue to be expressed from the Xi in addition to the Xa
(Fig. 2A). The pseudoautosomal region (PAR) at the short arm of
the X and Y (PAR1) undergoes recombination during male meio-
sis, thus earning its title by behaving like an autosome. The ma-
jority of PAR1 genes escape from XCI but show detectably lower
expression in females than males (41), suggesting that expres-
sion from the Xi is lower than the Xa, which is true for all
escapees—the threshold to call escape generally being at 10%
the level of the Xa. Calling escape from XCI has been based on:
expression differences between males and females; biallelic ex-
pression in single cells or females with non-random XCI; isola-
tion of the Xi in somatic cell hybrids; and assessment of
chromatin marks or DNA methylation in males and females
[see (42) and the extensive assessment of GTEX data (41)]. Our
aggregation of these data assigned a consensus inactivation sta-
tus to 639 genes (81% of X-linked protein-coding genes
expressed in somatic cells), of which 80 genes escape and 93
genes variably escape from XCI (42). In mice, considerably fewer
genes escape inactivation, with 17 constitutive escape genes,
and at least 20 variable escape genes (reviewed in 8). The differ-
ence in number of constitutive escape genes between species is
largely due to human escape regions (particularly on the X short
arm) containing blocks of up to 15 genes, instead of the 1-2
genes observed for mouse. The blocks of escape genes in
humans align (imperfectly) with TADs (8,43). These escape
genes are enriched in regions with shorter divergence times
from the Y, but also are enriched for regulatory proteins or com-
ponents of large protein complexes that may be more sensitive
to dosage. Indeed, there are 17 human genes that retain ances-
tral X/Y homology outside the PAR, and the extreme dosage-
sensitivity of these genes has been demonstrated by conserva-
tion of miRNA target sites (44).

Understanding How Genes Escape X
Inactivation

We envision categorization of DNA elements contributing to
whether a gene escapes from XCI as waystations, escape ele-
ments and boundaries (see Fig. 2B). Waystations are hypotheti-
cal elements that boost the silencing signal along the X, and
Lyon proposed long interspersed nuclear elements (LINE) repeti-
tive elements could be the waystations (45). Our studies of
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Figure 2. Escape genes and putative elements involved. (A) Proportion of genes subject to, or escaping from, XCI. Both the escape and the subject category have a subca-
tegory of ‘mostly’ subject/escape which include those genes for which multiple studies tend to agree, but there is an exception. The variable category includes both
genes described within studies as variable (n=47), as well as those genes which consistently differ between studies (n=44). (B) Proposed elements involved in a gene’s
ability to escape from XCI as applied to the RPS4X escape region in humans. RPS4X and neighbouring gene CITED1 (a variable gene whose expression status had been
described as subject or escape) retain the ability to escape from XCI (CITED1 is brain-specific) when present on a BAC integrated into the mouse Hprt locus on the Xi.
Evidence and candidates for waystations, boundary and escape elements are described in boxes.

autosomal bacterial artificial chromosome (BAC) integrations
into Hprt had found most to be subject to XCI, suggesting silenc-
ing can spread across 200 kb of integrated DNA (46), hence we
suggest way stations are able to act across larger distances.
Multiple molecular assessments of unbalanced X; autosome
translocations (47) as well as mouse Xist transgenes (40) have
confirmed that spread of silencing is reduced relative to the ex-
tent of silencing seen on the X. In addition to a positive correla-
tion between silencing and presence of LINE elements, the
strongest correlation we observed with subject genes was with
pre-existing features of heterochromatin, most significantly for
EZH2 (47), suggesting waystations may be sequences associated
with recruitment of PRC2 (of which EZH2 is a component).
Despite rearrangement of the mouse X relative to the hu-
man, 7 of the 17 constitutive escape genes in mice also escape
in humans, suggesting evolutionarily conserved cis-acting
sequences permitting Xi-expression (8). Evidence for an intrin-
sic escape element was shown by expression from the Xi of the
Kdm5c gene in four random X-linked BAC integrations (48)
(reviewed in 49). We have now demonstrated escape from inac-
tivation for the human RPS4X gene in BACs integrated into the
X-linked Hprt gene (50). Thus, human elements can be recog-
nized in mouse even though the endogenous mouse Rps4x gene
is subject to XCI. Recent studies in mouse have suggested a role
for promoter-proximal elements in regulating escapees, partic-
ularly CTCF (10). CTCF is well-established as a boundary ele-
ment; however, additional features must designate which of the
close to 2000 CTCF sites on the X chromosome are serving as eu-
chromatic and heterochromatic boundaries (51). Expression

from the Xi is likely more complex than three elements, and a
full model will need to integrate local and chromosomal ultra-
structure. For example, deletion of the Dxz4 hinge region in
mouse ESCs impacted expression from the Xi (10).

Mendelian Sexually Dimorphic Traits

A defining characteristic of X-linked recessive disease inheri-
tance is the overwhelming male bias, as males are hemizygous
for the X. For genes that are subject to XCI, heterozygous
females will be mosaics of two populations: one with the muta-
tion on the Xa; one with the wild type allele on the Xa (see
Fig. 3). Thus, expression in a female will be dependent on the
proportion of cells carrying the mutation on the Xa, as well as
the cell autonomous nature of the product. Skewed XCI can oc-
cur in carriers due to selection against the cells expressing the
trait, due to stochastic events, or from selection against other
alleles on the X. As with autosomal genes, homozygous X-
linked recessive females will also be affected; however, in addi-
tion to a carrier mother, a homozygous female would also need
to have an affected (hemizygous) father. Similar to most domi-
nant disorders in humans, X-linked dominant disorders are
usually co-dominant with male lethality (see Fig. 3). De novo
mutations on the paternal X will always be found in daughters
not sons (who receive their father’s Y), which can also contrib-
ute to a female excess for dominant disorders. With differing
epigenetic marks and lack of pairing for the X for much of its
length in male meiosis, sex-biased mutation rates are not un-
common. Intellectual disability (ID) is 30% more common in
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Figure 3. Impact of an inactive X on disease. For recessive alleles of genes subject to XCI, males will be affected at the population frequency ‘p’. Females will be homozy-
gous at a much lower frequency (p? so if a trait is seen in 1 in a 1000 males, then it will be seen in 1 in a million females). However, the large heterozygous female popu-
lation will be mosaic for the trait, with skewing influencing the extent of which each allele is expressed (shaded horizontal arrow). Carriers will only express the trait if
a threshold of required product is not met, and an example of a disease threshold is shown as a dotted orange line. For dominant disorders the same frequencies apply;
however, generally hemizygous or homozygous individuals do not survive and the disease manifests in carrier females. As escape genes are not fully expressed
from the Xi, they will show similar impact of skewing on mosaicism, with a shift towards higher overall expression levels. Again, disease presentation will depend on
the threshold of gene product required. Shown below is a comparison of expression levels between males and females for escape genes that retain or lack a Y

homologue.

males, and there are over 100 X-linked ID genes identified (52).
The number of X-linked genes with mutations continues to
increase with sequencing of rare-disease families.

Complex Traits: X Contributions to Sex
Differences

Many complex disorders (including cancer) show sexually di-
morphic disease rates that are often attributed to differences in
sex hormones; however, understanding of the role of the sex
chromosomes themselves is growing. A role for the Xi in traits

including adiposity, metabolic disease, cardiovascular injury
and behaviour has been revealed by mouse breeding schemes
that generate XX males and XY females (53). The phenotypic
impact of an Xi is likely to be even more pronounced in humans
due to the larger number of escapees. Separation of chromo-
somal effects from hormonal influences is challenging in
humans; however, X aneuploidies can offer some insights. A
critical role for the second sex chromosome is apparent with
over 99% of 45, X conceptuses lost in utero; whereas a supernu-
merary chromosome increases risk of intellectual impairment
and psychological disorders. Through comparisons of risk for
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individuals with sex chromosome aneuploidies it has been
shown that for autism the X may be protective (reviewed in 54);
while for lupus gain of an X is a risk factor (55).

The contribution of genes that escape XCI to sexually dimor-
phic disease is varied. In some cancers, escapees may protect
against the impact of de novo mutations, resulting in a male bias
(56). In contrast, the heterochromatic nature of the Xi may pre-
dispose to mutations, which could have an impact for genes
that escape XCI (e.g. somatic DDX3X mutations in female can-
cer) (57). Furthermore, loss of XCI can be observed in cancers in
females (such as breast cancer) resulting in reactivation of
X-linked genes (58). The X is often excluded from genome-wide
association studies but improved bioinformatic tools that can
account for the possibility of escape from inactivation, or skew-
ing of XCI, will hopefully remedy this trend (59) and allow for
better identification of X-linked disease associations.

X Inactivation: Opportunities for Therapeutics
and Diagnostics

The Xi is classically described as facultative heterochromatin,
and the study of XCI offers an outstanding paradigm to under-
stand epigenetic gene regulation. The studies described herein
are beginning to address how silencing pathways are integrated
via the IncRNA XIST. Recent studies have targeted some of
these silencing pathways to explore the potential to reactivate
silenced X-linked genes in females with dominant X-linked dis-
orders, particularly Rett syndrome (60). Additionally, XIST itself
has been used as a silencing molecule for proof-of-principle for
chromosome therapy (61). Reactivation of the Xi (associated
with silencing of XIST) can be a marker for re-establishment of
pluripotency for human stem cells (22); but care needs to be
taken as erosion can appear similar to reactivation (62). The im-
pact of an Xi in females versus a Y in males is far-reaching.
There are hormonal differences, ongoing expression of the esca-
pees, and even less explored are the impacts of substantially
different amounts of DNA, expression of XIST and differential
utilization of epigenetic modifications. Since Lyon first hypothe-
sized XCI we have learned much about the biology and now the
impact of the not so inactive Xi.
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