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Abstract: X-chromosome inactivation (XCI) is the mechanism by which mammals compensate
gene dosage differences between males and females. XClI is required for female development
and has implications for human disease. As a result, a single X chromosome is transcription-
ally active in both male and female cells. Functional hemizygosity of the X chromosomes greatly
predisposes to phenotypic consequences of mutations. In females, X chromosomes are randomly
chosen to become inactivated leading to a mosaic pattern of cells expressing genes from either
chromosome. This facilitates the masking of phenotypic consequences of heterozygous X-linked
mutations. Skewing of XCI in favor of one chromosome can result in increased severity of
disease symptoms, if the X chromosome with a gene mutation remains preferentially active.
In addition, phenotypic masking of X-linked mutations is not always observed. Rett syndrome
represents a paradigm of this statement. Dosage compensation can also mask some aspects of
sex chromosome aneuploidies. X-chromosome aneuploidies include Klinefelter, Turner, and
X-trisomy syndromes. In all these cases, a single active X chromosome is present. However, in
those cases with two or more X chromosomes, some genes from the inactivated X chromosome
escape from XCI becoming active. Therefore, dose imbalances of escape genes cause pathologies.
Defects in the structure and silencing of the inactive X chromosome are further observed in
human pluripotent stem cells and in certain tumors. Taken together, these findings suggest that
aspects of XCI are relevant for a large number of human diseases. Here we review basic and
clinical research on XCI with the aim of illustrating connections and highlighting opportunities
for future investigation.
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Recent basic XClI research: a brief sum up
X-chromosome inactivation (XCI) is the mechanism for dosage compensation in
mammals. Gene dosage imbalances arising from the different numbers of X chromosomes
between XX females and XY males are compensated by inactivation of one of the two
X chromosomes in females. This process is specific for mammals and the mechanism
is not naturally observed or easily recapitulated in other model species that are used
in basic research laboratories today. Originally, the hypothesis of XCI was proposed
by Mary Lyon in 1961, who was the first to recognize the silencing of one of the two
X chromosomes in female cells.' It is random chance that determines which of the two
X chromosomes is inactivated and which will remain active leading to a mosaic of cells
with opposite XCI patterns that can be observed in all female tissues.

For experimentally investigating the regulation and mechanism of XCI, a large num-
ber of studies have used mice as a simple mammalian model species. In mice, XCI is
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initiated during early development in two consecutive waves.
The first one, around the four-cell embryo stage, is considered
an imprinted X inactivation as the paternally inherited X (Xp)
is exclusively selected. This imprinted XCI is thereafter main-
tained in extraembryonic lineages but lost in the inner cell mass
of the blastocyst, where Xi will reactivate. A second wave then
leads to random inactivation of the paternally or maternally
inherited X in cells of the developing epiblast around embryonic
day 6.5. Once XClI is initiated, the Xi is maintained through
subsequent cell divisions resulting in a mosaic pattern in tis-
sues. Although imprinted XCI is not observed in humans (and
appears restricted to a minority of mammalian species?), other
aspects of XCI appear well conserved throughout mammals
suggesting that insights obtained from mouse models are useful
for extrapolation to other mammals, although with caution.

Molecularly, the process of XCI involves several steps:
counting the number of X chromosomes per nucleus, choice
of the future Xi,? initiation of chromosome-wide silencing,
and maintenance of Xi repression in a stable manner. XCI is
initiated by a specific control region, the X-inactivation center
(Xic) that is located on the mouse and human X chromosomes
at XD (46.12 cM) and Xq13.2, respectively (refer Augui et al*
and references therein). The Xic contains a long-noncoding
RNA gene, which produces the X-inactive specific transcript
(Xist) with remarkable properties. Xist RNA associates with the
X chromosome from where it is expressed and mediates gene
repression in a near—chromosome-wide manner. The mecha-
nism of Xist function is not entirely clear. Potential RNA-
binding proteins like YY'1° or ATRX® have been implicated
in XCI. Repression of the Xi further involves a depletion of
transcription initiation factors, RNA polymerase II and splicing
factors from the Xist-covered chromatin domain. Recruitment
of Polycomb repressive complexes (PcG) induces characteristic
histone modifications that generally correlate with transcrip-
tional silencing. Although much has been recently learned on
PcG recruitment’ from studying XCI, the precise function of
PcG complexes on the Xi remains to be established.

Xist is critical for the initiation of gene repression in the
early embryo and also in embryonic stem cells (ESCs).3 In
contrast, once cells have entered differentiation, gene silencing
on the Xi becomes largely independent of Xist and is stabilized
by other epigenetic mechanisms.!®!! Conversely, in differen-
tiated cells, Xist also becomes insufficient to induce gene
repression (reviewed in Lee'? and Wutz'?). Maintenance of
stable inactivation is generally thought to be Xist-independent
but loss of Xist does seem to lead to impairment of the Xi
silencing.'* A recent study showing that deletion of Xist
induces cancer with high penetrance in mice suggests that

Xist has an essential role in Xi maintenance.' It is therefore
conceivable that epigenetic factors might act in certain cells
to promote differences to other somatic tissue cells. This idea
could reconcile the different observations and could be useful
for understanding the origin of tumor-initiating cells and the
mechanism of X-chromosome reactivation.

To date, a large number of studies have elucidated aspects
of the molecular mechanism of XCI and advanced the under-
standing of this complex process. Insights into developmental
regulation have identified links between XCI with pluripotency
(reviewed in Payer and Lee's), and studies of Xi chromatin
organization have provided connections to three-dimensional

conformation of chromosomes in the cell nucleus.'®

Insights
into aspects of XCI have thereby shed light on a broad range
of phenomena and contributed greatly to advance our basic
understanding of gene regulation in mammals. Notably,
insights into the etiology of the natural process can also be
useful for understanding pathologies that arise in the clinics
due to aberrations in X-linked gene dosage and can be caused

by several unrelated mechanisms (Figure 1).

When dosage compensation
is compromised

X-linked gene dosage: escape
from X inactivation and sex

chromosome aneuploidies
Chromosomal aneuploidies are rarely compatible with embry-
onic development in mammals and in humans frequently

Basic Clinic

Initiation XCI Trisomy 21 (therapy)

Evolution of dosage compensation

Sex chromosomes
escape from XCI

aneuploidies

Regulation of randomness X-linked diseases

Developmental regulation iPSCs and regenerative medicine

Maintenance Xi ICF syndrome; FSHD; cancer

Figure | Overview: XCl can be understood as a multistep process.

Notes: The schema shows critical steps of the mechanism and highlights links
between basic and translational research in XCl. The chromatic scale from orange
to green represents sequential steps of XCl process starting from initiation XCI and
finishing with maintenance Xi.

Abbreviations: XCl, X-chromosome inactivation; Xi, inactive X-chromosome;
ICF, immunodeficiency, centromeric instability and facial anomalies; iPSCs, induced-
pluripotent stem cells; FSHD, facioscapulohumeral muscular dystrophy.
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cause death before birth or even before a pregnancy is
detected. Exceptions are trisomy 21, 18, and 13 that occur
in Down, Edwards, and Patau syndrome, respectively.
X-chromosome aneuploidies are generally less detrimental
than those of autosomes. The presence of extra sex chromo-
somes is largely compensated by XCI, which will inactivate
all but one single X chromosome irrespective of the number
of X chromosomes present in the diploid chromosome set.
However, disorders do arise as a consequence of anomalous
X-chromosome number.

Syndromes can arise due to the presence of extra cop-
ies of X chromosomes in males and females or a single
X chromosome in females. These include Klinefelter syn-
drome, trisomy X, and Turner syndrome.'”" Even when
the dosage of gene expression is generally limited to one
X chromosome in all instances, phenotypes in individuals
with sex chromosome polyploidy result from an overexpres-
sion of genes that normally escape X inactivation.?*?! There
are few genes known to escape XCI in mice and substantially
more in humans. Escape genes are characterized with at
least 10% of the expression level on the Xi compared to the
level on the active X chromosome (Xa). From an evolution-
ary view, escapees are thought to have been added to the X
chromosome in a relatively recent period so that they have
not yet adapted to efficient XCI. They can be classified in
two major groups: genes that lie within the pseudoauto-
somal regions of the X chromosome and have a homolog
on the Y chromosome and escape genes located outside the

Turner

oﬂ syndrome

Par]

pseudoautosomal regions. The first group will show similar
expression levels in both sexes, whereas genes from the
second group will be higher expressed in females than in
males.? Klinefelter patients (47, XXY) carry an additional
X chromosome in their genome. Therefore, the expression of
escape genes in the pseudoautosomal regions would poten-
tially reach a triple rather than a normal double dose, although
most of the supernumerary X-linked gene copies would
be inactivated by XCI.?* In trisomy X patients (47, XXX),
a triple dose of all escape genes can be expected. On the
contrary, deficiency in escape genes is thought to play a major
role in phenotypes observed in Turner patients (45, X), which
carry a single X chromosome and therefore have a dosage
reduction for all X-linked escape genes* (Figure 2).
Phenotypes of sex chromosome aneuploidies are gener-
ally milder in mouse models. Female mice carrying a single
X chromosome (39, X) are near-normal and fertile, albeit they
show reduced fertility when compared to normal female mice
(40, XX).? The reduced severity of X monosomy is consistent
with the fact that fewer escape genes exist on the mouse Xi
compared to the human Xi. Escapees account for 15% and
3% of X-linked genes in human and mouse, respectively.? In
addition, Klinefelter and X-trisomy mouse models produce
pathologies that are corresponding to the human syndromes
but have a moderate phenotype.?”-*® Not only the number but
also the distribution of escape genes differs between species.
In mice, individual escape genes are embedded in regions
of silenced chromatin and are distributed over the entire

Klinefelter

syndrome X-trisomy Cancer
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Figure 2 X-linked gene dosage.

Xa: Active X-chromosome
[ Xi: Inactive X-chromosome

. Escape genes

Notes: Six genotypes are depicted in this figure: a healthy XY male; a healthy XX female with one X chromosome inactive (Xi) and one X chromosome active (Xa);
a Turner syndrome female having only one X chromosome and lacking the chromosome pair; a Klinefelter syndrome male patient with a pair of X chromosomes and one
Y chromosome; X-trisomy patient displaying two Xi and one Xa; a possible tumoral genotype from a female where both X chromosomes are active. To the left of each
genotype, a blue graph represents the corresponding gene expression profile. Thus, Ix, 2x, and 3x represent the active gene copy number for the corresponding genes. The
table below sums the possible ratio of gene copy number between autosomal (A) and sexual chromosomes (X) that can be found in each described genotype. The most
common ratio is in bold characters and the minor ratio is written under brackets.

Abbreviation: PAR, pseudoautosomal region.
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length of the X chromosome. In contrast, escape genes tend
to cluster in humans. Of all escape genes, 80% reside on
the short arm of the X chromosome, predominantly in the
distal region that is furthest away from the centromere and
the long arm that carries the Xic? (Figure 3 and Table 1).
This suggests that the position of genes on the chromosome
could contribute to their susceptibility to be silenced. In
addition, the spatial organization of chromatin has been
suggested as a critical factor for the escape from X inac-
tivation. Three-dimensional conformation assays suggest
that escape genes localize preferentially in exterior posi-
tions of the Xi chromosome territory,? which could reflect
looping of specific chromatin domains from the condensed
Xi heterochromatin compartment. Long-range associations
between escape genes have been observed, but associations
between escape genes and genes subject to XCI could not be
detected,*® suggesting that different domains could coexist on
the Xi. Recently, it has also been shown that Xist accumulates

over the X chromosome by tracing the three-dimensional
chromatin structure and subsequently inducing histone modi-
fications and gene repression.'® Together, these findings sug-
gest that the spatial organization of chromosomal DNA could
be an important aspect for understanding chromosome-wide
gene repression of the Xi. The position of the Xic relative to
the centromere on the X chromosome might also influence
the ability of spreading inactivation and underlie differences
in escape genes between mouse and human. On the mouse
X chromosome, the centromere is located at one extremity.
Therefore, the centromere does not affect spreading of Xist
along the long arm. On the human X chromosome, the cen-
tromere assumes a medial position and separates the short
arm from the long arm, which carries the Xic region.?® In
this case, the centromere might reduce the ability of Xist to
spread and silence efficiently. This view is consistent with
the fact that 80% of escape genes are found on the short arm
of the X chromosome.

Escapees: human vs mouse

PAR 1

Distal
region

80%

©

Centromere

Xist I——

20%

PAR 2

T
c
3
o
=

mmm Escape gene

Figure 3 Escape genes: differences between human and mouse.

Centromere p

Random
distribution

PAR

Mouse

Notes: Several differences can be found comparing escape genes from X-chromosome inactivation (XCI) in human and mouse. They reflect anatomical diversity of
the correspondent X chromosomes as well as a variable efficiency of XCI mechanism in each species. ‘p’ and ‘q’ denote the short and long arm of the chromosome,

respectively.
Abbreviations: PAR, pseudoautosomal region; Xist, X-inactive specific transcript.
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Table | Escape gene features in human and mouse species

Human Mouse
Number 518 393
Percentage 15% 3%
Distribution Clustered Random
Location 80% p-arm =100% g-arm
20% g-arm
Variation Cell type and tissue Cell type and tissue

Evolution origin

e Old 15% ND
e New 12% ND
e XCR 5% 2%
o XAR 27% 8%
Shared by both species ND ND

Abbreviations: ND, not determined; XCR, X-conserved region; XAR, X-added
region.

In addition to the physical distribution of the genes, many
studies point to a connection between the spatial location
and protective regulatory elements for escape genes to resist
XCIL.33 For example, one of these regulatory elements,
which is recognized by CCCTC-binding factor, might
contribute to keep escape genes together and potentially
facilitate expression through CCCTC-binding factor—RNA
interactions.** On the contrary, retrotransposons such as
long interspersed nuclear elements are associated with the
spreading of silencing.’>3 There is evidence that correlates
fewer long interspersed nuclear element repeat elements with
failed gene silencing.’”>° The promoters of escape genes
maintain histone modifications associated with transcrip-
tional activity, in contrast to the majority of genes on the
Xi that are silenced.*® Other genomic repeat elements and
sequence motifs including long terminal repeats or AT-rich
motifs appear also depleted at escape genes.*' Several
studies have investigated the mechanism by which genes
escape from XCI. Escape of individual genes observed in
mice during imprinted XCI could rely on local regulatory
elements that lie in close proximity of the genes. However,
mechanisms of escape may vary from gene to gene and will
likely need to be understood on a gene-by-gene basis.**
The many factors influencing the escape of genes from XCI
might also contribute to the variability of expression that
specifically escape genes display between tissues and further
also between individuals.*® Differences in escape from XCI
between individuals could contribute to phenotypic variabil-
ity in subtle ways and be potentially related to the evolution
of sex differences of specific phenotypes.

Clinical studies have established that escape genes are
important to brain development and function*’ and X aneu-
ploidy can be associated with certain disruptions in cognitive

and emotional development.*® In addition, Klinefelter
syndrome patients have higher risks of developing autoim-
mune diseases, diabetes, leg ulcers, osteopenia and osteo-
porosis, tumors of the breast and germ cells, systemic lupus
erythematosus, rheumatoid arthritis, and Sjégren syndrome.?
Furthermore, gene expression from the Xi may also change
over time during development into adulthood, and the Xi can
be prone to partial reactivation during aging.** Mutations of
specific escape genes have been observed to contribute to a
range of diseases including cancer. For example, the escape
gene KDMO6A is involved in medulloblastoma, prostate
cancer, renal carcinoma development, and Kabuki syndrome,
whereas KDMS5C is important for neural development.®
Both, oncogenes and tumor suppressor genes are among
the genes that escape XCI (reviewed in Spatz et al’!). This
suggests that understanding the mechanism and function of
escape from XCI better could be relevant for a wide range
of human diseases.

Regulation of randomness and X-linked

diseases: mutations and skewing
The two X chromosomes in females normally have equal
chances of becoming inactivated (Xi). Hence, the ratio of
cells with the paternal X chromosome (Xp) inactivated to
the cells having the maternal X (Xm) inactivated can be
expected to be around 50%. Mosaicism caused by cells ran-
domly inactivating Xm or Xp has been suggested to explain
how some females can perceive more colors in comparison
to males for expression of the two X-linked retinal photo
pigment alleles.>> However, Xi choice can be skewed> and
the XCl ratios can deviate from random and also vary among
tissues of the same individual.> This fact generally protects
the individual from developing a disease but in some cases
preferential selection of the mutation renders symptoms
with different degrees of severity and penetrance (Figure 4).
Skewing has been classified in primary nonrandom pattern
of XCI, which is established at the time when XCI is initi-
ated, and secondary nonrandom XCI, which can arise as a
consequence of cell selection for or against the expression
of one of the two X chromosomes.** The mechanisms that
lead to skewing are likely diverse and remain to be resolved
on a case by case basis.

In mouse, there is evidence that a genetic locus, the
X controlling element (Xce), influences the choice of the
future Xi.% The Xce is defined as the cis element with four
alternative alleles: Xcea, Xceb, Xcec, and Xced, with dif-
ferent tendency to remain active (Xcea > Xceb > Xcec >
Xced). Xce is thought to lie in a region close to the Xic. If
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B Wild-type allele
B Mutated allele
M Non affected
Affected
W Heterozygous

|
[ |
a) Random b) Skewed
Xie Xim Xie Xim
50:50 20:80

i 6%

\_/\

Affected Severity of
symptoms

Carrier:
non affected

Figure 4 X-linked disorders: skewing.

Notes: Heterozygous females carrying a wild-type and a mutated allele can be
phenotypically different. (a) When the choice of Xi is random: two phenotypes can
be found under this condition. (1) Healthy carrier: The wild-type allele completely
compensates the effect of the mutated allele. (2) Affected female: The wild-type
allele does not completely compensate the function of the mutated allele. (b) When
the choice of Xi is skewed. (1) Mutated allele might be predominantly chosen due to
a proliferative advantage rendering affected heterozygous females (eg, hemophilia A).
(2) Different grades of symptoms will result from the percentage of the mutated
allele in the patient (eg, Rett syndrome). X-linked disorders should be referred as
diseases with different degrees of penetrance and severity rather than as classically
defined (dominant and recessive).

Abbreviations: Xi, inactive X-chromosome; X, inactive X-chromosome paternally
inherited; Xi™, inactive X-chromosome maternally inherited.

two X chromosomes with different Xce alleles are present,
a primary nonrandom pattern of XCI will be observed.
Recently, the Xce region has been reduced to a genomic
interval of 176 kb that resides approximately 500 kb proximal
(toward the X centromere) of the Xist gene.”” Other X chro-
mosomal loci might also influence Xi choice and contribute
to the Xce effect.’® Although the molecular mode of action of
the Xce has not yet been identified, it is hypothesized that it
serves as a binding site for trans-acting factors that exert an

influence on other loci within the Xic including the Xist and
Tsix genes. Tsix is a long-noncoding RNA that is transcribed
in antisense orientation to Xist and acts as a repressor of Xist
on the same X chromosome.*® Tsix is specific for the mouse
Xic and does not appear to be functionally conserved in
humans suggesting it could be related to the strong skewing
characteristic of intercrosses between specific mouse strains
carrying different Xce alleles. In humans, several etiologies
for skewing have been considered including cis-regulatory
elements within the Xic, stochasticity, and cell selection for
X-linked gene mutations. However, there is no conclusive
evidence for the presence of an Xce in humans (reviewed in
Bolduc et al® and references therein).

Skewing also influences the severity of disease symptoms
when heterozygous mutations of X-linked genes are present.
In the vast majority of the cases of random XCI, the mutated
allele of an X-linked gene will reside on the inactive X chro-
mosome in 50% of the cells. Therefore, half of the cells are
essentially wild-type, which often will ameliorate disease
phenotypes. Skewing in favor of expressing the mutated gene
can cause a proportional increase in phenotypic severity that
in the extreme case can approach the level of that observed
in males where X-linked mutations are hemizygous. Rare
cases of female hemophilia A®' and sideroblastic anemia have
been described,*? in which the X chromosome carrying the
intact factor VII and erythroid-specific 5S-aminolevulinic acid
synthase (ALAS2) gene is preferentially inactivated leaving
a majority of cells expressing only the mutated allele.

The presence of 50% cells expressing the wild-type allele
does not prevent the development of disease in all cases.
A notable case is Rett syndrome (RTT). RTT is the second
most common cause of X-linked mental retardation with an
estimated prevalence of 1 in 10,000—15,000 girls (reviewed in
Chahrour and Zoghbi®). In 1999, mutations in the X-linked
gene methyl-CpG-binding protein 2 (MeCP2) were identi-
fied as disease-causing mutations in RTT patients.** Female
RTT patients carry MeCP2 heterozygous mutations, which
leads to expression of the wild-type protein in only about
half of their cells. Considering that MeCP2 mutations in
males are in a hemizygous state and cause lethality, one
can appreciate that also in this case random XCI alleviates
much of the phenotypic consequences in females. However,
in this case cells lacking MeCP2 cause a neurological phe-
notype. Dysregulation of MeCP2 expression is also corre-
lated with other neurological diseases including Alzheimer
and Huntington disease (refer Ausio et al® and references
therein). Although most cases of RTT develop from the loss
of MeCP2 function, gain in MeCP2 dosage can also result
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in similar neurological disorders. Therefore, MeCP2 dosage
appears critical for proper brain function, which is crucial
for considering potential therapies. One approach that has
been considered is the reactivation of the repressed but intact
MeCP2 copy from the Xi. This idea was suggested in a study
that could show a reversal of several symptoms after restoring
MeCP2 function in a RTT mouse model, which was based
on a conditional mutation of the mouse MeCP2 gene.*® Xi
reactivation has been achieved in a small percentage of treated
cells by a combination of inhibitors against DNA methyla-
tion and histone deacetylation. Xi reactivation appears to be
incomplete and gene specific in most cases. Investigating the
mechanism for maintenance of XCI hold promise to advance
the possibilities for reactivating genes form the Xi. Recently,
a screen has identified several genes that are involved in
maintaining silencing on X known as trans-acting XCI fac-
tors. Interference with these factors either by RNA interfer-
ence or in certain cases by chemical inhibitors can induce
an upregulation of MeCP2 from Xi. In particular, inhibition
of PDPK1 or PI3K function led to reactivation of MeCP2 in
postmitotic mouse cortical neurons.®”’ These findings suggest
that restoration of MeCP2 expression from the Xi in neurons
of RTT patients might be a potential therapeutic opportunity.
However, more research is needed before clinical application
can be considered.

Developmental regulation of XCI:
induced-pluripotent stem cells and

regenerative medicine

Chromosome-wide Xi reactivation occurs normally in early
mouse embryo development and also accompanies the repro-
gramming of somatic cells to a pluripotent state. Nuclear
transfer cloning, cell fusion with pluripotent cells, and gen-
eration of induced-pluripotent stem cells (iPSCs) have all
been used to demonstrate the reactivation of a somatic Xi in
mouse cells. A recent report defines many sequential steps of
reprogramming somatic mouse cells to induce pluripotency
and links them to development.®® Reactivation in these cases
is chromosome wide and complete. Human iPSCs are cur-
rently considered for modeling diseases and screening for
drugs. In addition, they hold great promise for applications in
regenerative medicine.® Whereas Xi reactivation is observed
during the reprogramming of mouse cells, reactivation is
variable in human cell reprogramming. Also human ESCs
show considerable variability regarding their XCI status
(reviewed in Lessing et al”). The difference between mouse
and human cells seems to reflect embryonic development
of both species. In human, embryos X inactivation is not

initiated until implantation and appears to involve a period
of Xist expression from both X chromosomes that does,
however, not lead to chromosomal inactivation.? Recently,
new culture conditions for human iPSCs have been intro-
duced that facilitate a similar morphology and resemble
mouse iPSCs to an even greater extent.”' 7 In these cultures,
Xi reactivation in human iPSCs has been demonstrated.”
The new type of naive human iPSCs provides significant
technical advantages that could be important for regenera-
tive medicine, but formally it remains to be shown if these
cells represent authentic cell types of the human embryo or
resemble a culture-induced cell fate.” Differences between
the mechanism of XCI in human and mouse embryos have
been noted. In mice, the antisense regulator Tsix has a
prominent role for preventing Xist upregulation from the
Xa.” However, Tsix function is not conserved in human
cells. The human X chromosome encodes another long-
noncoding RNA, XACT that appears to prevent inactiva-
tion of the chromosome and thereby counteract initiation
of XCI. XACT is remarkable as it accumulates over the Xa
in a manner that appears similar to Xist but XACT medi-
ates activation rather than silencing.”® XACT is, thus far,
only described in human cells and its function remains to
be characterized. Species differences in the mechanism of
XCI underscore limitations of model organisms and raise
the necessity of working in human cells or embryos, which
can add considerable difficulty to experimental exploration
but is most relevant to the clinical situation.

Female human ESCs can be assigned into three classes
based on their XCI status.” Class I cells possess two active
X chromosomes (XaXa) and are able to undergo XCI and
upregulate Xist when induced to differentiate suggesting
similarity to mouse ESCs; Class I cells have already initiated
XClI and contain one Xi; Class III cell lines appear to contain
an Xi that is partially repressed and do not express Xist. The
latter state is interpreted as to reflect an erosion of XCI and
might point to an epigenetic instability of the Xi. Loss of Xist
expression in human cells is linked to an altered transcrip-
tional profile, somatic mutations, copy number variations,
and immunogenicity.”” Hall et al report that most cell lines
in a panel of National Institutes of Health—approved female
human ESCs showed anomalies in XClI initiation upon differ-
entiation, suggesting that XCI aberration could be a prevalent
feature of current female human ESCs cultures.” Notably,
these abnormalities can also include upregulation of cancer-
associated genes.””® It is not clear at the moment if XCI-
related changes will limit the use of some human pluripotent
cells for regenerative medicine. In general, human iPSCs
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have teratocarcinogenic potential and can form tumors when
injected into immunocompromised mice.®! Additional risk
in iPSCs might come from the introduced reprogramming
factors. For the safe use of stem cell-based treatments, sev-
eral suggestions have been made.® It would be interesting to
also explore criteria based on XCI for assessing the quality
of female human iPSCs and human ESCs.

Since a pioneering study by Rudolf Jaenisch’s group has
illustrated the therapeutic use of iPSCs in a mouse model of
sickle cell anemia,® patient-specific human iPSCs have been
generated for several diseases, including RTT (reviewed in
Bellin et al**). In July 2013, a first clinical iPSCs trial for dry
age-related macular degeneration has been launched in Japan
with the first enrolled female patient. The iPSCs in this trial
were assessed to be genetically stable and safe by a number
of assays. It could be useful to include the XCI status as an
additional criterion for characterization and safety.

Problems with Xi maintenance

in cancer
XClI is a prerequisite for female mammal development, and
in mice, the presence of two active X chromosomes causes
early embryonic lethality.? Yet, somatic cells can tolerate a
limited increase in dosage of X-linked genes, which further
can provide a selective advantage that contributes to tumor
progression (reviewed in Spatz et al’'). A number of observa-
tions point to a correlation between cancer and aberrations
of the Xi.%¢ However, the molecular mechanism behind this
link is largely unknown. It is accepted that cancer cells can
be chromosomally instable. Kawakami et al®” observed the
loss of the inactive X and potential subsequent gain of active
X chromosomes in female-derived cancer cells (Figure 2).
Loss of the Xi could be related to an asynchronous replica-
tion at a late time in S-phase of the cell cycle, which could
make it more prone to subsequent missegregation.® In addi-
tion, late replication has also been suggested to make the Xi
susceptible to mutations consistent with the observation of
hyper-mutated Xi in tumor cells.¥

How gene repression on the Xi is maintained in differ-
entiated cells has been investigated by a number of studies.
Particularly, DNA methylation and hypomethylation of
histone H4 have been correlated with gene repression.
Structural maintenance of chromosomes flexible hinge
domain-containing protein 1 (SmcHD1) was identified in
a screen for epigenetic modifiers in mice and subsequently
shown to be required for repression and DNA methylation of
X-linked genes on the Xi.” SmcHDI is enriched on the Xi
and could play a critical role in establishing DNA methylation

over gene promoters. DNA methylation appears critical for
maintaining repression but less important for the initiation
of XCI in earlier embryonic stages. Mutations in SmcHD1
cause facioscapulohumeral muscular dystrophy type 2 in
humans but a link to XCI has not been investigated in these
cases to date.” Furthermore, mice carrying mutations in the
maintenance DNA methyltransferase gene Dnmtl display
a reactivation of gene expression from Xi in embryonic
development.”? This suggests that DNA methylation could
contribute to gene repression on Xi. This view is also con-
sistent with the observation that in immunodeficiency, cen-
tromeric instability and facial anomalies (ICF) syndrome,
a rare autosomal recessive syndrome caused by mutations
in the DNA methyltransferase DNMT3B, repression on the
Xi is destabilized. Hypomethylation on Xi of female ICF
patients has been reported. ICF syndrome is also associated
with loss of Polycomb protein binding and loss of histone
H3 lysine 27 trimethylation.” Taken together, data from ICF
patients could indicate a role for DNMT3B in Xi maintenance
and stability.

An elevation of X-linked genes has been described in a
broad range of female and rare male tumors including male
breast cancer, which accounts for less than 1% of all breast
cancers.” Klinefelter syndrome is associated with a 20-fold
higher risk of developing breast cancer than the risk in nor-
mal males.”” Multiple X chromosomes can be observed in a
small number of female breast cancer (reported as XXX or
XXXX?), testicular germ cell tumors,’” and acute lympho-
blastic leukemia in children.’® An increased X chromosome
relative to autosome (X:A) gene dosage has further been
correlated with the progression from chronic phase to blast
crisis in chronic neutrophilic leukemia.” It is clear that
more research is needed to further confirm the significance
of these observations but together the evidence suggest that
in a subset of tumors elevation of X-linked gene expression
could be a driver of disease progression. Further support for
this idea comes also from the relative increase in X-linked
gene dosage in strong hypoploidy in rare human tumors,'®
where only a single set of autosomes is present, and therefore,
autosomal expression levels equalize with the X chromosome
(X:A =1).!%" Although near-haploid tumors are infrequent,
they still could represent a significant intermediate or transient
stage in tumor development. Haploid cells can undergo sub-
sequent amplification in genome copy number and become
hyperdiploid, whereby they retain largely homozygosity
for genetic markers.’” After genome amplification, haploid
phases become difficult to detect, and thus, their occurrence
could be underestimated at present. Interestingly loss of a
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fragment of the active X chromosome is also observed in a
wide variety of cancers.!”1% This could best be explained
by the loss of tumor suppressor genes localized therein and
would be associated with the progression in the severity of
the tumor phenotype.

Xist expression and a morphologically distinct Xi are also
absent in some cases of BRCA1-deficient breast cancer.'®
Albeit initial reports have connected BRCAL1 to the mecha-
nism of Xist localization and silencing, more recent studies
suggest that BRCA1 status does not always correlate with
Xist expression or localization.!”1% The association between
loss of Xist and cancer is further strengthened by a recent
study in mice showing that deletion of Xist in blood cells
can cause leukemia.'*

In addition, Xist function has been inferred from ectopic
XCl initiation in transformed human cells when expressing
Xist from transgenes.!®1° Also in a mouse T-cell lymphoma
model, forced expression of Xist by an inducible system
caused cell death and regression of tumors.'! Xist is also
expressed in human testicular germ cell tumors with mul-
tiple inactive X chromosomes, and evidence for initiation of
X inactivation in tumor cells has been reported.’”!">!!3 The
epigenetic or cellular context that facilitates the initiation of
XCI could further be important for cancer progression. The
special AT-rich binding protein (SATB1) is thought to play
an important role as a silencing factor for Xist in a mouse
lymphoma model. SATB1 has also been shown to reprogram
breast tumor cells to a metastatic phenotype and could collab-
orate with loss of ATM or p16 in cellular transformation.!'*!13
Several studies now link SATB1 expression to an aggressive
and metastatic phenotype in breast, rectal, liver, prostate,
gastric cancer, and melanoma. Consequently, interference
with the DNA-binding ability of SATB1 by pharmacological
inhibition has been considered as a potential therapeutic strat-
egy (reviewed in Kohwi-Shigematsu et al''®). Taken together,
these observations suggest that the context for Xist-mediated
silencing as well as aberrations of X-linked gene doses can
contribute to tumorigenesis by different mechanisms. Basic
research may suggest opportunities for diagnostic and thera-
peutic strategies. Several studies already report on correla-
tions between different aspects of XCI and the progression
of tumor development and response to therapy.!!2117-120

Final remarks

It is widely assumed that sex chromosomes have evolved
from an ancestral pair of autosomes on which a muta-
tion introduced a sex-determining role.'?! The XY sex
chromosome system is estimated to have appeared about

210-180 million years ago, which would place its emergence
shortly before the split of metatherians (marsupials) and
eutherians (placental mammals).!?*!2* In placental mam-
mals, it is the Y chromosome that specifies male fate through
the presence of the SRY gene. The progressive dimorphism
between the sex chromosomes X and Y might have induced
the evolution of the dosage compensation mechanism (XCI)
to compensate for the relative dosage difference of X-gene
expression between XX and XY. The dosage compensa-
tion system presents considerable molecular differences
between mammalian species and might be considered as
still evolving in humans. Interestingly, it appears that XCI
in mouse is much more complete that in humans with only
a few X-linked genes escaping from silencing.?® Ongoing
sequence diversification and in turn dosage adjustments
second to gene loss and emergence of dosage compensa-
tion could potentially contribute to disease predisposition.
As the molecular details of the mechanism of XCI become
better understood, insights offer opportunities for the clin-
ics for diagnosis and potentially treatment of a subset of
diseases. The mechanism of XCI has also been exploited
to generate tools for therapy. A recent study is noteworthy
for its demonstration of eliminating expression from one
chromosome 21 in human iPSCs derived from a Down
syndrome patient using transgenic Xist expression.'** This
chromosome therapy could be considered for correcting for
the phenotypic consequences of trisomy 21 in culture before
cell grafts for application in regenerative approaches are
explored. It appears that basic and clinical research could
mutually benefit from exchange to unravel the different
aspects of the mammalian dosage compensation mechanism
in a collaborative manner.
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