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ABSTRACT: Sex chromosomes differ significantly in their gene content (Adler et al., 1997),
which has led to the evolution of mechanisms of dosage compensation (LYON, 1962; Mary F.
Lyon, 1961). At least three different mechanisms have been described to adjust sex
chromosome gene expression dosage between males and females. The single male X-
chromosome is hyper transcribed in flies; both X-chromosomes are partially repressed in
worms, while in mammals one of the two X-chromosomes is silenced in each cell (Mary F.
Lyon, 1961). In mammals, dosage compensation for X-linked gene products between the sexes
is achieved by X-chromosome inactivation (XCI) in females (Mary F. Lyon, 1961). This process
leads to the highly regulated transcriptional silencing of one of the two X-chromosome during
early development, leading to the formation of the heterochromatic Barr body.
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INTRODUCTION

X- Chromosome inactivation (XCI) is the transcriptional silencing of one of the two X
chromosomes in female mammalians. Females are functional mosaics for two cell lines, one
with the maternal X and one with the paternal X as the active chromosome. This mosaicism
has important implications for the phenotypic expression of X-linked diseases (M. F. Lyon,
2002). Although XClI analysis is widely used, indications and limitations for the use in clinical
practice have received little attention.

Sex chromosomes differ significantly in their gene content (Adler et al., 1997), which has led
to the evolution of mechanisms of dosage compensation (LYON, 1962; Mary F. Lyon, 1961).
At least three different mechanisms have been described to adjust sex chromosome gene
expression dosage between males and females. The single male X-chromosome is hyper
transcribed in flies; both X-chromosomes are partially repressed in worms, while in mammals
one of the two X-chromosomes is silenced in each cell (Mary F. Lyon, 1961). It was 50 years
ago that cytological observations in mouse, rat, opossum and human (LYON, 1962; Ohno &
Hauschka, 1960) resulted in the Lyon hypothesis (1961), whereby dosage of X-chromosomal
gene products is equalized between male and female mammals, by inactivating one of the X-
chromosomes during early development in females (LYON, 1962; Mary F. Lyon, 1961). Fifty
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years on, we are still seeking the exact mechanisms that trigger the initial differential treatment
of the two X-chromosomes, as well as the spread and maintenance of the inactive state. The
aim of this review will be to describe the mechanisms of X-chromosome inactivation in
different animals.

In mammals, dosage compensation for X-linked gene products between the sexes is achieved
by X-chromosome inactivation (XCI) in females (Mary F. Lyon, 1961). This process leads to
the highly regulated transcriptional silencing of one of the two X-chromosome during early
development, leading to the formation of the heterochromatic Barr body. X inactivation is an
outstanding example of chromosome wide epigenetic regulation involving the developmental
silencing of approximately one thousand genes. XCI shares many of the features of others
epigenetic mechanisms such as a mosaic cellular phenotype; mitotic heritability but
developmental reversibility of X-chromosome inactivity; asynchronous DNA replication
timing compared to the rest of the genome; and finally a combination of several epigenetic
mechanisms including DNA promoter methylation, histones post-translational modifications,
and an unusual nuclear organization. These various features are believed to act synergistically
to maintain the X inactive state. Thus, the inactive X chromosome represents a remarkable
illustration of the numerous epigenetic mechanisms that can underlie the formation and
maintenance of facultative heterochromatin throughout the lifetime of mammals. Pathologists
have long noted that the heterochromatic structure of the Barr body was frequently absent in
breast cancer cells, particularly in the most aggressive tumors (BARR & MOORE, 1957; Perry,
1972). This observation was later found to be due to the frequent genetic loss of the Xi, with
reduplication of the Xa also occurring in some cases in cancer cells resulting in a double dose
of X-linked genes. However, another mechanism for Barr body loss in cancer that has been
proposed involves the decompaction of its heterochromatic structure, which may be
accompanied by X-linked gene reactivation.

LITERATURE REVIEW

X -chromosome inactivation and their history

Inactivation of one of the two X chromosomes occurs in early embryonic life, about the time
of implantation, and is random and permanent for all descendants of a cell. However, not all of
the more than one thousand genes on the X chromosome are inactivated. Genes that escape X
inactivation are spread throughout the X chromosome, although the majority are located on the
short arm, especially in the pseudoautosomal region. Escape from X inactivation may be
incomplete, and may vary between tissues and between individuals. Extensive investigation of
the expression of X-linked genes showed that 15% escaped X inactivation to some degree. For
an additional 10%, X inactivation varied between females. This variation in gene expression
between females may explain a portion of the phenotypic variation in females in X-linked
disorders (@rstavik, 2009).

The story began in 1953 when the first mouse X-linked genes, tabby and
mottled, were discovered, and the heterozygous females showed variegation. In 1959,
chromosomally XO mice were shown to be viable fertile females, indicating that only a single
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X-chromosome was needed for normal female development in the mouse. At around the same
time, the sex chromatin body, discovered ten years earlier by Barr & Bertram, was shown by
Ohno to consist of one condensed X-chromosome. It was at this point that the discovery of
another X-linked gene giving variegated heterozygotes triggered the formulation of the
hypothesis that one X-chromosome was inactivated in the somatic cells of mammals (Mary F.
Lyon, 1961). A very similar idea was put forward by (Beutler et al., 1962) to account for the
presence of two types of red blood cells in human females heterozygous for X-linked deficiency
of glucose-6-phosphate dehydrogenase, and (Russell, 1961) suggested a similar, but rather less
complete, explanation for variegation in female mice carrying X autosome translocations.

After the discovery of the phenomenon, then there followed a rapid period of setting out the
details. Within a short time the hypothesis was modified to say not that one X-chromosome
was inactivated, but rather that a single X-chromosome remained active, in view of the number
of sex chromatin bodies seen in individuals with abnormal numbers of sex chromosomes (e.g.
XXX, XXY, and XXXX). A problem for the theory was that these individuals showed
phenotypic abnormalities, which were particularly severe in human XO females. To take
account of this, it was suggested early on that there could be a non-inactivated region on the
X-chromosome that corresponded with a homologous region on the Y and so would not require
dosage compensation (LYON, 1962). Another early development of the theory concerned germ
cells. Ohno found that both X-chromosomes appeared noncondensed and presumably,
therefore, active in female germ cells. A little later the single X-chromosome in male germ
cells was shown to be inactive. Thus, single X-chromosome activity was a feature of somatic
cells only (M. F. Lyon, 1970). Germ cells were postulated to need differing X-chromosome
dosage in the two sexes, with sterility resulting from germ cell death in sex chromosome
aneuploids.

An early concept concerning the mechanism of X-inactivation was that of an X-inactivation
center on the X-chromosome from which inactivation was postulated to spread (Russell, 1961).
This idea was suggested to take account of the effects seen in female mice with X-autosome
translocations. Inactivation appeared to spread from the X into attached autosomal material,
but only into one of the two segments of the translocation. Furthermore, the spread of
inactivation into autosomal material appeared limited in comparison with that in the X itself.
To understand the nature of the spreading signal it was appreciated that it would be necessary
to find the causal relations among the properties of the inactive X: its condensation, late
replication, and lack of transcription (Shevchenko et al., 2013).

Thus, ideas on X-inactivation, broadly in line with those accepted today, were already in place
in the 1960s, and it may be asked why progress was not more rapid. To answer this question,
one must remember how little was known of mammalian genetics, whether of human, mouse,
or any other species, at that stage. Suitable genetic variation for study was not available. A
milestone came with the formulation of what is now known as Ohno's Law. Ohno put forward
the idea that, because of the different dosage relationships of autosomal and X-linked genes,
translocations between the X and autosomes that occurred during evolution would be
detrimental and would be eliminated. Hence, genes X-linked in one mammalian species would
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be X-linked in all. This hypothesis opened up a way to find X-linked genes for study of X-
inactivation in any species and hence enabled advances in the field. Ohno's Law is now very
well established with no exceptions so far known among eutherian mammals. However, there
have been interesting findings recently concerning marsupials and monotremes. Genes on the
long arm (Xq) of the present-day human X-chromosome are again X-linked in these groups,
but genes on the human short arm (Xp) are autosomal both in marsupials and in the monotreme,
the platypus, suggesting that these genes have been recruited from autosomes to the X-
chromosome during the evolution of eutherian mammals. Genes on the human and mouse X-
chromosomes have been rearranged relative to each other in evolution and genes from Xp are
found in at least three separate segments of the mouse X-chromosome (M. F. Lyon, 1988).
Presumably, the arrangement on the human X is nearer to that on the primitive eutherian X-
chromosome.

Dosage compensation

X chromosome inactivation is believed to occur in order to achieve dosage equivalence
between mammalian females who have two X chromosomes and males, who have a single X
chromosome and the sex determining Y chromosome. In other organisms with sex
chromosomes there is a similar need for dosage compensation; however, the mechanism of
achieving equivalent sex chromosomal gene expression is remarkably varied. For example, in
Drosophila, genes on the single X in XY males are hyper-transcribed, while in Caenorhabditis,
genes on both X chromosomes in XX hermaphrodites are down-regulated. Despite the very
different outcomes, these processes all involve chromatin modifications and both the
Drosophila and mammalian processes involve a functional RNA.

Since the need for dosage compensation arises from the divergence of the X and Y
chromosomes, it was anticipated that genes shared between the two chromosomes, particularly
those in the pairing regions of the X and Y (the pseudoautosomal regions - PAR), would not
be subject to X inactivation (LYON, 1962). This is indeed the case, and these genes are said to
escape inactivation. Surprisingly, there are also a large number of additional genes on the
human X chromosome that escape inactivation (Carrel et al., 1999; Carrel & Willard, 2005).

Genes that Escape X Inactivation

Females are normally mosaic for populations of cells with each X active, complicating the
determination of whether a gene is subject to inactivation. It was not until 1979 that definitive
evidence was provided that a gene, the human steroid sulphatase (STS) locus, could escape
inactivation. Individual clones of fibroblasts were isolated from female carriers for X-linked
icthyosis due to STS deficiency, who were also heterozygous for G6PD. Clones expressing
either allele of G6PD continued to express STS, demonstrating that even when the STS mutation
was on the active X, the inactive X must have been contributing STS (Mohandas et al., 1980).
To assess inactivation status of genes without the need for clonal populations and
polymorphisms or mutations to distinguish the two X chromosomes, many studies have utilized
somatic cell hybrids, which can be selected to retain either the active or inactive human X
chromosome (Willard et al., 1993). Using a panel of hybrids retaining the inactive X, Carrel et
al. have surveyed over 600 X-linked transcripts, and demonstrated that a surprising 15% are
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expressed from the inactive X (Carrel & Willard, 2005). These genes show a non-random
distribution, with the majority of ‘escapees’ found on the short arm of the X, which is an
evolutionarily more recent addition to the eutherian X being autosomal in marsupials and
monotremes (Watson et al., 1992). Surveying inactivation of three X linked genes across many
eutherians, Jegalian and Page hypothesized that it is the deterioration of the Y homologue that
drives inactivation of the X-linked copy (Jegalian & Page, 1998). Thus it may be that genes on
the short arm have lost their functional Y copy more recently and have not yet acquired
complete inactivation.

Differences between Humans and Mice

Lyon first hypothesized inactivation based on her studies of mice, and since then the mouse
has been a powerful model system for the study of X inactivation. Murine female embryonic
stem (ES) cells undergo inactivation upon in vitro differentiation. Manipulation of these cells
by transgene insertion and homologous gene targeting, combined with the ability to reconstitute
mice allowing in vivo studies, have made mouse ES cells a highly tractable model system for
the study of inactivation. However, there are several known differences between inactivation
in humans and mice, two of which are particularly relevant. First, it appears that more genes
escape inactivation in humans. Although not as many genes have been examined in mouse, the
idea that more human genes are expressed from the inactive X is consistent with the
development of Turner syndrome in human females lacking a sex chromosome in contrast to
the apparently normal phenotype of such mice. Second, imprinting of inactivation varies
amongst species. In marsupials the paternal X chromosome is preferentially inactivated in all
tissues (Cooper et al., 1971), while in mice preferential paternal inactivation is observed only
in the extraembryonic tissues (Takagi & Sasaki, 1975). In humans there have been reports of
non-random inactivation in extraembryonic tissues; however it is clear that in general this is
not a stringent imprint (e.g) (Looijenga et al., 1999).. The extraembryonic tissues are the first
tissues to undergo inactivation in mice, and the imprint is lost by the time the somatic tissues
undergo inactivation (Mak et al., 2004; Ikuhiro Okamoto et al., 2004). Thus the absence of
imprinting in humans may reflect a delay in timing of inactivation until imprint loss has already
occurred, however it might also reflect differences in the initial events of inactivation, which
are currently only well-studied in the mouse model.

PHENOMENOLOGY OF X-INACTIVATION IN MAMMALS

Monotremes use a mechanism different from X chromosome inactivation for dosage
compensation in the living representatives of the most ancient mammalian subclass Prototheria,
one platypus and four echidna species, are merged into the order of monotremes
(Monotremata). Unlike the rest of mammals, the monotremes have a complex sex-
determination system. The male platypus (Ornithorhychus anatinus) has five X and five Y
chromosomes; five X and four Y chromosomes have been detected in male echidna
(Tachuglossus aculeatus). The genes typical of the X chromosomes of marsupial and eutherian
mammals have autosomal localization. However, the genes typical of the sex chromosome Z
of birds (including the Dmrtl gene, which presumably plays the key role in sex determination
in birds) have been found on the X chromosomes of monotremes. The most extensive region
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homologous to the chicken Z chromosome has been detected on the platypus X5 chromosome;
less extensive regions of homology are localized on the X1, X 2, and X3 chromosomes (Fig. 1).

vy | w0 | e |

Tablel. The ratio between the gene expression levels in the X chromosomes in female and male
platypus cells and frequency of their monoallelic expression.

All the X and Y chromosomes of monotremes contain homologous pseudoautosomal regions
that enable conjugation between the X and Y chromosomes in meiosis. However, the extensive
regions of the platypus X1—Xs chromosomes (corresponding to ~12% of the genome) are non-
homologous and show no similarity to Y1—Ys. It is reasonable to expect that a mechanism of
dosage compensation for the genes localized in these regions exists. A quantitative analysis of
the transcription of the genes localized in the differentiated regions of different platypus X
chromosomes has demonstrated that some of them have identical transcription levels both in
female and male cells, while expression of the remaining genes is either compensated partially
or is not compensated at all (i.e., expression in female cells turns out to be twice as high as that
in male cells) (Table 1). Thus, dosage compensation in monotremes presumably functions only
for individual genes of the sex chromosome, resembling incomplete and variable dosage
compensation in birds. In cell nuclei of female platypus, transcription of the genes exhibiting
dosage compensation is revealed only for one of the homologous X chromosomes with a
frequency of 50-70%. Nevertheless, total mMRNA contains equal amounts of transcripts
corresponding to each homologue. These data provide grounds for assuming that dosage
compensation in monotremes occurs due to a decrease in the transcription level of one of the
alleles (selected in each cell in a random manner). Since each pair of X chromosomes in female
platypus has no visible distinctions in chromatin modifications at the cytological level, it is
assumed that the dosage compensation in monotremes affects individual genes rather than
chromosomes (Shevchenko et al., 2013).
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The pseudoautosomal region of the echidna X1 chromosome in some cell types is characterized
by late replication, which can be regarded as an indicator of inactive chromatin, although the
genes localized in this region are present both on X; and Y: and require no dosage
compensation. Taking into account its susceptibility to inactivation, this region was previously
regarded as an ancestral region when the mechanism of silencing of an entire chromosome
could have presumably been formed. However, since the genes contained in this region in
marsupial and eutherian mammals have autosomal localization and are not involved in
inactivation, this assumption has been refuted (Shevchenko et al., 2013). Thus, it is an obvious
fact that monotremes, unlike marsupial and eutherian mammals, use a mechanism that differs
from X chromosome inactivation for dosage compensation.

Imprinted, incomplete and tissue-specific X chromosome inactivation in marsupial mammals
Infraclass Metatheria (marsupials) comprises 270 species, 200 of which live in Australia; 69,
in South America; and 1, in North America. The evolutionary segregation between Australian
and American marsupials occurred 70 million years ago. The sex chromosomes in marsupial
and eutherian mammals have a common origin. The X chromosome in marsupials represents
2/3 of the X chromosome of eutherian mammals; the remaining third of the genes are localized
on the autosome (Fig. 1). Marsupials are the most ancient mammals; dosage compensation in
female marsupials occurs due to X chromosome inactivation; however, the inactivation
processes in marsupial and eutherian mammals differ significantly (Shevchenko et al., 2013).
Nonrandom imprinted inactivation is typical of all marsupial tissues; it involves suppression of
gene transcription and establishment of late replication in the S phase of the cell cycle,
exclusively on the X chromosome inherited from the father. The untranslated nuclear rnRNA
Rsx (RNA-on-the-silent X), which can propagate over the inactive X chromosome and
repress gene transcription, is presumably responsible for the inactivation process at the
chromosomal level. The imprinted inactivation of three genes of the X chromosome has been
studied in tissues of eight species (Table 2). It was found that the inactive status of the X
chromosome inherited from the father is unstable, and that genes are frequently reactivated. It
turns out that inactivation in marsupials does not affect all genes to the same extent (i.e., is
incomplete). Moreover, the same loci of the X chromosome can be inactivated
to different extents depending on a particular tissue. Thus, the phosphoglycerate kinase A
(Pgkl) gene in the Virginia (North American) opossum Didelphis virginiana is completely
inactivated in all tissues, whereas no stable repression of the paternal allele of the glucoso-6-
phosphate dehydrogenase (G6pd) gene is observed in most tissues. In the gray short-tailed
opossum Monodelphis domestica, unlike the Virginia opossum, the paternal G6pd allele is
stably inactivated, whereasPgkl exhibits incomplete inactivation in all tissues. Thus,
orthological genes can be inactivated to different extents in different marsupial species
(Shevchenko et al., 2013).
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Gene Species Method Inactivation in somatic tissues
G6pd Macropus robustus Isoenzyme analysis, SNuPE Complete
Macropus rufogriseus Isoenzyme analysis Complete
Didelphis virginiana Isoenzyme analysis Partial
Monodelphis domestica RT-PCR Complete
Gla Antechinus stuarttii Isoenzyme analysis Complete
Kangaroo hybrids « Complete
Pgk1 Macropus giganteus « Tissue-specific
Macropus parryi « «
Trichosurus vulpecula « «
Didelphis virginiana « «
Monodelphis domestica SNuPE Partial

Table2. Status of gene expression in the X chromosomes in different marsupial species

It should be mentioned that X chromosome inactivation is not the only mechanism of dosage
compensation in marsupials. In the members of the bandicoot family (Paramelidae), the Y
chromosome in males and one of the two X chromosomes in females are eliminated
at different ontogenic stages in somatic cells. The elimination of sex chromosomes in different
tissues can be observed either in all cells or in some of them. The investigation of the expression
of the alleles of the X-linked Pgkl gene in the southern brown bandicoot Isoodon obesulus
shows that only the X chromosome inherited from the father is eliminated in females. In the
cells where sex chromosomes have not been eliminated, the X chromosome of paternal origin
in females and the Y chromosome in males are late-replicating. The mechanism of elimination
of sex chromosome is unknown; however, the preferential elimination of the X chromosome
inherited from the father and asynchronous replication of the X chromosomes in females attest
to the fact that this process emerged in marsupials as a trend in the evolution of the X
chromosome inactivation process (Shevchenko et al., 2013).

Eutherian mammals

Infraclass eutheria (placental mammals), which is subdivided into the four superorders
Afrotheria, Xenarthra, euarchontoglires and Laurasiatheria, the most numerous, diverse, and
common mammalian infraclass. The X chromosome in eutherian mammals consists of
the genes constituting the X chromosome in marsupials by 2/3 and contains an added region,
which has autosomal localization in marsupials (Fig. 1). As opposed to marsupial mammals,
the X chromosomes of paternal and maternal origins are inactivated with equal probabilities in
the cells of adult female eutherians; hence, on average half of the cells express the genes of the
paternal X chromosome, while the remaining half express the genes of the maternal X
chromosome. Unlike imprinted inactivation, random inactivation embraces most genes on the
chromosome and is stably maintained through cell generations. It should be mentioned that the
genes in the added region of the X chromosome in eutherian mammals, which were localized
on the autosome in marsupials and did not participate in the inactivation process, are inactivated
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with a lower efficiency and are capable of avoiding inactivation. The random inactivation in
eutherians comprises several stages: counting the number of X chromosomes per diploid
genome, choice of an X chromosome for inactivation, initiation of activation, and propagation
of the inactive status and its maintenance through cell generations. It is possible that the stage
involving the choice of the X chromosomes (during which the mutually exclusive choices of
the future active and inactive X chromosomes (like in a mouse) occurs) is typical not of all
eutherian species. thus, inactivation in early ontogenesis of the rabbit occurs stochastically,
resulting in the formation of different cells, where 1) neither one of the X chromosomes is
inactivated, 2) both X chromosomes are inactivated, or 3) one X chromosome out of two is
randomly inactivated. Due to the disrupted gene dosage, the former two cell types subsequently
die, while the remaining cells with normal inactivation form the organs and tissues of the
organism (Shevchenko et al., 2013).

In certain taxa of eutherian mammals (e.g., in rodents and artiodactyles), in addition to the
random inactivation there also exists imprinted, incomplete and unstable inactivation of the X
chromosome inherited from the father (however, this occurs exclusively at the pre-implantation
stages of embryogenesis and remains in cells resulting in extra embryonic organs (placenta and
vitelline sac) (Shevchenko et al., 2013).

Both the random and imprinted inactivation in eutherians are controlled by the inactivation
center (XIc) and the Xist gene, which have not been detected in monotremes and marsupials.
During the random inactivation, the Xist gene ensures initiation of inactivation and propagation
of the inactive status, while the other elements of the inactivation center function at the stage
of the counting of X chromosomes and choice of the chromosome to undergo inactivation
(Shevchenko et al., 2013).
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Figl. The origin and evolution of the mammalian X chromosome. A) Genes of the mammalian
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part of the mammalian X (shown in blue) and comprises 2/3 of the genes of the eutherian X
chromosome. The eutherian X chromosome contains an added region (shown in red), which
has autosomal localization in marsupials [7]. B) Monotremes have five X chromosomes, which
show nothing in common with eutherian X but contain sequences homologous to the Z
chromosome of birds [9]. The divergence time of the taxa (Mya) is shown on the branches of
the phylogenetic tree

X-chromosome inactivation in methatherian species

The metatherian and eutherian lineages segregated 148 million years ago, following the
emergence of Sry. Marsupial XCl is characterized by the inactivation of the paternally inherited
X-chromosome in embryonic and extra-embryonic tissues (Dupont & Gribnau, 2013).
Methatherian XCl is established, similarly to the series of events in eutherians, via a vast array
of chromatin modifications. However, XCI seems to be less stable and more tissue-specific in
marsupialsin comparison to placental. A genome wide comparison of the region surrounding
Xist has indicated that Xist evolved after the divergence of the eutherian and metatherian
lineages (Duret et al., 2006). Recent work has indicated that another Xi associated non-coding
RNA, transcribed from the X-linked Rsx gene, and has evolved in metatherian metatherians.
Similar to Xist, Rsx is a large RNA (>17 kb) that coats the Xi, and can initiate silencing when
ectopically expressed from autosomes in eutherian cells. Consequently, it is thought that
dosage compensation evolved independently in metatherians and eutherians, to oppose up
regulation of X-linked genes for which the Y-homologous genes (gametologs) were lost from
the Y chromosome. This also implies that massive degeneration of the Y chromosome only
started after the split of the eutherian and metatherian lineages.

Early embryogenesis differs vastly between placental and marsupial species. In contrast to
eutherians, marsupial blastocysts are initially unilaminar and do not display discernible
differences between cells. Interestingly, the pluripotency gene REX1 is absent in marsupials,
and originated in eutherians through retrotransposition. If Rsx and Xist mediated iXCI was the
ancient form of XCI in metatherians and eutherians, respectively, the later acquisition of REX1
in eutherians may have directed ICM development, and may have provided a mechanistic
opportunity for X chromosome reactivation and subsequent rXCI in eutherian species.

Imprinted X-chromosome inactivation (XCI)

XClI in mice is dependent on the well-controlled and interrelated expression of two non-coding
RNAs, Xist (Borsani et al., 1991; Brockdorff et al., 1991) and its antisense transcript Tsix.
Whereas Xist is transcribed from the X chromosome that undergoes XCI, Tsix is transiently
expressed from the transcriptionally active X chromosome before, and during initiation of XCI.
Xist accumulation on the X chromosome is followed by recruitment of remodeling complexes
which have been implicated in transcriptional silencing of the X chromosome. Gene expression
from the X chromosomes is bi-allelic immediately following zygotic genome activation
(Namekawa et al., 2010; Patrat et al., 2009). Soon afterwards, Xist accumulates exclusively on
the Xp, followed by a progressive initiation of XCI from the 4-cell stage onwards (Patrat et al.,
2009). This iXCl results in the exclusive inactivation of the Xp. IXCI is maintained in lineages
arising from the primitive endoderm (PE) and the trophectoderm (TE), but will be modified in
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lineages emerging from the epiblast (Nesterova et al., 2001; 1. Okamoto et al., 2000; Takagi &
Sasaki, 1975). Xist transcripts on the Xp are lost in nascent epiblast cells of blastocysts, but
subsequently reemerge on day E5.5 to E6.5 in a non-imprinted manner, either on Xp or Xm
(Mak et al., 2004; Ikuhiro Okamoto et al., 2004). Whereas Xist and Tsix deletion studies have
advocated that a maternal imprint prevents Xist transcription from the Xm during the early
cleavage stages (Marahrens et al., 1997; Sado et al., 2001), nuclear transfer experiments
provided evidence that the maternal imprint on the X chromosomes from oocytes is acquired
during follicular growth (Tada et al., 2000). Hypothetically, a maternal imprint could be located
either on Tsix maintaining its transcription or on Xist preventing its expression. The failure to
detect Tsix before the blastocyst stage, however, has fueled the argument that the maternal
imprint has a direct impact on Xist transcription rather than on Tsix transcription (Sado et al.,
2001). The nature of the imprint is unknown. OCT4 and SOX2 have been proposed to act as
allele specific repressors of Xist during early development following their binding to the Xist
intron 1 region of the Xm. The binding of OCT4 and SOX2 to DNA occurs in a co-operative
manner, which therefore necessitates the simultaneous presence of both transcription factors
(D C Ambrosetti et al., 1997; Davide Carlo Ambrosetti et al., 2000). SOX2, however, is absent
in blastomere nuclei before the morula stage (C.D. unpublished observation) and the
functionality of the OCT4-SOX2 hetero-dimer is repressed by CDX2 at a later stage (Niwa et
al., 2005). Therefore, it is unlikely that OCT4 and SOX2 act as allele specific repressors of Xist
during early cleavage stages. A crucial factor for rXClI is the ubiquitin ligase RNF12 (Barakat
et al., 2011), which targets the Xist-repressor REX1 for degradation. RNF12 is highly
expressed in the cleavage stage embryo and is also crucial for iXCI, where it may induce Xist
expression from the Xp or degrade a Xistrepressor, possibly REX1. It seems therefore that
iXCl is maintained by a strong maternal imprint preventing Xist expression from the Xm,
acting in combination with factors that directly or indirectly induce Xist expression from the
Xp.

The process of X- inactivation

The X Inactivation Center (XIC)

In diploid mammals all X chromosomes in excess of one are inactivated, suggesting an initial
marking of a single active X. Early studies of X chromosome rearrangements identified a
region required in cis for inactivation of the chromosome, and demonstrated that inactivation
can spread from this region into translocated autosomal material (Russell, 1963). Studies of
human X chromosome rearrangements refined the XIC to an approximately one Mb region of
X013 (Lepplg et al., 1993), while mouse transgene studies have identified a 450 kb region that
can recapitulate the features of the Xic (Lee et al., 1996) (standard nomenclature dictates that
the lower case naming is for the mouse locus, while the upper case name is the designation for
the human). The Xic region (see Figure 2) contains seven protein-encoding genes, none of
which have been shown to be involved in the X-inactivation process. All the genes identified
in this region in mouse are conserved in human, except Ppnx and Tsix (which has become a
pseudogene in human). The region encodes a number of non-coding RNAs (see Figure 2) and
also has a high density of pseudogenes (22 in 714 kb), which may in part be related to the
transcriptionally active nature of this genomic region in the testis, as three (Tsix, Ppnx, and
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Cnbp?2) of eleven genes in the region are specifically expressed in the testis (Chureau et al.,
2002). The most striking of the genes in the region is the X-Inactive Specific Transcript gene
(Xist/XIST), which is required for inactivation. The region includes elements that are required
for the marking of an active X chromosome and the stable expression and localization of XIST
from the inactive X chromosome.

100 bp
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z |
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Figure2. Transcription maps of the Xic/XIC regions in mouse and human (Chureau et al.,
2002). There are 11 genes in the mouse Xic region: Xpct, Xist, Tsx, Tsix, Chicl (formerly, Brx),
Cdx4, Napll2 (formerly, Bpx), Cnbp2, Ftx, Jpx, and Ppnx. Protein coding genes are represented
by yellow boxes. Four of the 11 genes, Xist, Tsix, Ftx, and Jpx, are untranslated RNA genes
and represented by red boxes. Region B, a non-coding expressed domain, is represented by a
striped box. All the genes identified in mouse are conserved in human, except Ppnx and Tsix.
In human, however, Tsx has become a pseudogene. The human region is approximately three
times larger than the mouse. Despite this major change in size, the order and orientation of
genes is conserved in human and mouse, except for Xpct, which is at the same location but in
the inverse orientation. A histone H3 lysine 9 dimethylation hotspot and H4 hyperacetylation
are represented by blue and green boxes below the transcription map of the Xic region in mouse.
Pillet et al. showed that the region -1157 to +917 has no in vitro sex-specific promoter activity
(Pillet et al., 1995). A minimal constitutional promoter was assigned to a region from -81 to
+1. Deletion of the segment -441 to -231 is associated with an increase in CAT activity and
may represent a silencer element. The choice/imprinting center contains tandem CTCF binding
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sites. Chao et al. proposed that Tsix and CTCF together establish a regulatable epigenetic
switch for X-inactivation (Chao et al., 2002). Ogawa and Lee showed that Xite, located 10 kb
from the Tsix transcription start, harbours two clusters of DNase hypersensitive sites (Ogawa
& Lee, 2003).

The X-chromosome inactive specific transcript (XIST) Gene

Xist/XIST is a large (>15 kb) alternatively processed, poly-adenylated, untranslated RNA that
is the only gene known to be transcribed from the inactive but not from the active X
chromosome in somatic cells. The gene lacks any conserved open reading frame, and
presumably functions as RNA. In interphase nuclei, the colocalization of the Xist/XIST RNA
with the inactive X territory as part of the heterochromatic Barr body is suggestive of an
involvement in X inactivation. A direct requirement for Xist in X inactivation was
demonstrated by ‘knock out’ of Xist in female ES cells which abolished X inactivation potential
in cis. Furthermore, transgenes of Xist, integrated as multi-copy arrays, are able to induce
inactivation of autosomes, identifying Xist as the principle component of the Xic (Rougeulle &
Avner, 2003). Prior to inactivation, Xist expression is detected as a small pinpoint of expression
from both X chromosomes, until the transcripts accumulate and localize on the future inactive
X, mediated at least in part by stabilization of the transcript (Panning et al., 1997; Steven A.
Sheardown et al., 1997). While localization and stability are developmentally concurrent, they
have been experimentally separated, with stable transcripts failing to localize (Chow et al.,
2003; Clemson et al., 1998; Hansen et al., 1998; Wutz et al., 2002). The puzzle of how one of
two apparently equivalent X chromosomes can be chosen to express Xist, and thus be
inactivated, remains to be solved. It is clear, however, that components of the Xic are involved,
and it has been suggested that the levels of Xist RNA may influence which X undergoes
inactivation (Nesterova et al., 2003).

Xist Gene Regulation

The Xist/XIST promoter regions in mouse and human (see Figure 2) are constitutively active,
containing binding sites for ubiquitous transcription factors and lacking sex-specific activity
(Hendrich et al., 1997; Pillet et al., 1995; S. A. Sheardown et al., 1997). Thus, additional
elements must be responsible for the silencing of XIST in males and expression from a single
X in females. DNA methylation has been implicated in the regulation of Xist/XIST in
differentiated cells since the promoter region of the transcriptionally active allele on the
inactive X chromosome is unmethylated, whereas that of the transcriptionally inactive allele
on the active X chromosome is methylated (Hendrich et al., 1993; Norris et al., 1994). Loss of
XIST/Xist methylation results in expression of the gene in somatic (Beard et al., 1995; Hansen
et al., 1998; Tinker & Brown, 1998), but not embryonic cells (Beard et al., 1995), suggesting
that methylation is a late event in the control of XIST expression. Elements both 5* and 3 of
the Xist gene appear to regulate the function of Xist early in development, and are thus
important components of the Xic.

Factors Interacting with Xist RNA

Expression of Xist is the initiating step in X inactivation, but it remains to be determined how
the RNA localizes to the chromosome from which it is transcribed, and how localized Xist
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initiates the cascade of heterochromatinzing events that lead to a stably silent inactive X
chromosome. Analysis of partial deletions of the Xist RNA have shown separable domains,
with the capacity to associate with the inactive X chromosome involving three spatially distinct
and apparently redundant regions of the Xist RNA, while deletion of the conserved 5’ repeat
eliminates the ability to silence without disrupting the ability to localize (Wutz et al., 2002).
These repeats show sequence conservation in all species in which Xist has been analyzed and
are predicted to form an RNA hairpin (Hendrich et al., 1993; Wutz et al., 2002). Only RNAs
that are capable of coating the chromosome are able to silence (Wutz et al., 2002). While no
specific interactions with the various domains of the Xist RNA, and proteins have been
identified that associate with the inactive X, and thus might interact with XIST/Xist. These
include the variant histone macroH2A, the Eed/Ezh2 polycomb complex that modifies
histones, and BRCA1, which has been reported to be necessary for XIST localization (Ganesan
et al.,, 2002). Many mammalian homologues of the PRC1 protein complex that maintains
homeotic gene silencing in Drosophila have also been shown to associate with the inactive X
in human and/or mouse somatic cells (Plath et al., 2004).

CONCLUSION

The inactive X chromosome provides a remarkable example of chromosome-wide gene
repression that reveals the diversity of processes that can contribute to the formation of
facultative heterochromatin. XCI also highlights the complex issue of gene dosage. The
repeated inactivation and reactivation of the X chromosome during development illustrates the
importance of a fine regulation of all the mechanisms involved. Recent studies have revealed
that a combination of chromatin factors, chromosome conformation and nuclear
compartmentalization together ensure maintenance of the inactive state. The mechanism that
triggers gene silencing in the first place, via Xist RNA remains tantalizingly obscure. Once
XCI is established, silencing appears to be rather stable in terminally differentiated cells,
although XCl is less complete in humans than in mice and some genes can escape this silencing
process, either for a purpose or accidentally.

Thus, it can be said that the process of X chromosome inactivation in marsupial and eutherian
mammals has common epigenetic and, possibly, molecular mechanisms. The key feature of the
inactivation process in mammals, the coordinated gene repression at the level of the X
chromosome, is presumably a result of the propagation of the nuclear noncoding RNA along
it. However, the Rsx gene of nuclear noncoding RNA was replaced in eutherians during
evolution by Xist, which is better, as compared to its ancestor, at attracting modifications,
providing stable gene inactivation, to the X chromosome. The inactivation center with elements
capable of counting and choosing the future active and inactive chromosomes was formed
around the Xist gene, which made random repression of one of the two X chromosome possible.
Furthermore, the formation of the more complete and stable inactivation in eutherians was
promoted by the involvement of the mechanisms of DNA methylation in the maintenance of
the inactive status and enrichment of the X chromosome in LInel sequences, which increase
the efficiency of propagation of the inactive state.
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