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Abstract

During development, female mammals silence one of their two X chromosomes to compensate for
the presence of a single X in males. This process, termed X chromosome inactivation (XClI), is a
quintessential epigenetic phenomenon and involves a complex interplay between non-coding
RNAs and protein factors. Progress in this area of study has consequently resulted in new
approaches to study epigenetics and regulatory RNA function. Here we will discuss recent
developments in the field that have advanced our understanding of XCI and its regulatory
mechanisms.
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INTRODUCTION

X chromosome inactivation (XCI) evolved in mammals to balance X-linked gene expression
levels between males (XY) and females (XX) [1-4]. During development females undergo
two forms of XClI: Imprinted and Random. Imprinted X inactivation is encountered during
early embryogenesis, where the paternal X chromosome (Xp) is preferentially silenced.
While this state is maintained in extra-embryonic tissues throughout development, all
imprinted epigenetic marks on Xp are erased in cells of epiblast lineage, which will form the
future embryo-proper, to initiate another round of XCI where either Xp or Xm are silenced
randomly (random XCI) [5].

Mouse embryonic stem (mES) cells are derived from the epiblast of early embryos in which
both X chromosomes are active. mES cells offer a tractable system to study random XCI
because they recapitulate this process upon differentiation /n vitroand can be genetically
manipulated. In the undifferentiated state, each cell contains two active X chromosomes
(Xa). Upon differentiation each cell first counts the number of X chromosomes within the
cell and then randomly chooses to inactivate one X chromosome. After a choice is made,
Xist RNA is upregulated on the future inactive X (Xi) and a gradual chromosome wide
silencing process is initiated. Once established, this silent state is transmitted through each
round of cell division in a stable and heritable manner.

In the past few years, substantial progress has been made in understanding the regulation of
XCI. Novel roles for long non-coding RNAs as well as their interplay with various protein
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factors have been identified [6], revealing detailed mechanisms involved in this process
(Fig.1). Links have been uncovered connecting XCI to the pluripotency network. In this
review, we will discuss recent advances in the field with an emphasis on regulatory RNAs
and protein factors involved in X chromosome silencing.

New insights into INcRNA regulation of XCI

Xist

Xist is a 17kb RNA that is transcribed exclusively from Xi and coats it in ¢/s[7-10]. It is
comprised of several repetitive units, Repeats A-F. Repeat A is located at the 5* end of Xist
and is the region conferring silencing ability to this RNA [11]. The motif within Xist RNA is
now known to recruit Polycomb Repressive Complex 2 (PRC2) to the Xi [12]. PRC2 in turn
catalyzes histone H3 Lysine 27 trimethylation (H3K27me3), a mark associated with
repressed chromatin. Subsequent events involved in the maintenance of Xi include
incorporation of the histone variant MacroH2A and DNA methylation [1]. As Xist is a key
molecule that triggers chromosome-wide silencing, much effort has been devoted to
understanding how Xistis regulated. In addition to transcription factors and cis-elements
within the Xistlocus, many regulatory factors are InNcRNAs or loci encoding them. Like
transcription factors, RNA regulators of Xistcome in two flavors: activators and repressors
(Table 1A). In the next subsections, we discuss recent developments in this arena.

RepA, a Repeat A RNA—Previous transgenic studies showed that the Repeat A region of
Xistis required for silencing in ES cells, as deleting Repeat A on a transgene precluded Xist
from silencing genes /n cis [11]. When a similar deletion was introduced into mice, the X-
chromosome bearing the deletion could no longer be silenced. Interestingly, this deletion
prevented X7sttranscription [13,14] and is consistent with prior work showing that the
Repeat A region produces a shorter transcript independently of Xist. Called RepA for
“Repeat A RNA”, this 1.6 kb RNA directly binds PRC2 through the 28-nt Repeat A motif
and is believed to target the H3K27me3 modification to the X7stpromoter to (paradoxically)
facilitate Xisttranscription [12].

RS14—Previous studies have suggested that the Xic is partitioned into two distinct active
chromatin hubs: one mediating long range interactions between the X7st promoter and the
proximal region of the Jox gene (an X/st activator, discussed below) and the second
encompassing Xite and the promoter region of 7six, the repressor of Xist[15]. A well-
conserved region, termed RS14 that lies within the end of the X/st gene, separates these two
domains. Computational analyses uncovered binding sites for the chromatin insulator
protein CTCF within RS14. Deletion of RS14 (RS14A) in mES cells exhibited a female
specific defect in XCI. RS14A cells on differentiation failed to efficiently upregulate Xist
RNA while maintaining a higher than normal level of Tsix. These results suggest that RS14
via its CTCF binding sites may function as an insulator element, in the absence of which
Tsix transcription persists and spreads into the Xist gene and represses the complementary
gene to prevent XCI [16].

Negative Regulation of Xist

Tsix—The IncRNA Tsix was the first described negative regulator of Xist [17]. 7sixis
transcribed in the antisense orientation to Xistand represses X7sttranscription in ¢/s.
Another non-coding locus, Xite, functions as a c/s-acting activator of 7six[18]. Deletion of
Tsix results in skewing the choice of which X chromosome to inactivate, since in the
absence of 7sixon one chromosome, Xistis upregulated and commences the process of XCI
[19].
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Previous studies showed that Tsix inhibits X7stexpression on the future Xa in several
different ways. First, 7six expression blocks loading of the RepA-PRC2 complex onto the 5’
end of Xist, in an act that correlates with suppression of Xistinduction [12]. 7six
transcription also establishes repressive chromatin at the 5’ end of Xist, in part by
stimulating DNMT3a activity on the Xistpromoter to lock in its off state [20,21]. Recent
studies further added to this by showing that 7six transcription must proceed through the 5’
end of Xistfor repression to occur, as indeed preventing 7six transcription (by introducing
polyA cassettes) through the Xist promoter obstructed the establishment of a repressive
environment at the promoter [22]. These changes are crucial for efficient silencing of X7st
on the future Xa.

Tsix may also be involved in suppressing Xist expression by recruiting the RNAI
machinery. The involvement of the RNAI pathway in XCI has long been speculated, given
that 7six makes a complementary transcript along the entire length of Xist. Ogawa and
colleagues showed that Xist and Tsix form a long duplex RNA that is processed into small
RNAs of 22-42 nt [23]. Appearance of small RNAs is dependent on Dicer and is correlated
with suppression of Xistexpression. Given the intimate connection between the process of
differentiation and XClI, further studies are needed to determine whether Dicer has a direct
role during XClI, as dcr24 ES cells are incapable of differentiation [24,25]. While conflicted
about the exact role of Dicer in XCI, several independent studies agree that Xist levels
increase significantly in undifferentiated dcr/4 cells. This may be explained by DNA
hypomethylation at the X7stpromoter in male cells, as the levels of the DNA
methyltransferase, DNMT3a, are reduced upon Dicer deficiency [25]. However,
accumulation of Xist was also observed in female cells where promoter regions of both Xs
are normally hypomethylated, implying that the RNAi machinery is required to keep Xist
levels low in the pre-XClI state [23,24].

Pluripotency factors—In pre-XCI cells, X7stexpression has been proposed to be directly
repressed by pluripotency factors such as OCT4, SOX2 and NANOG, which bind to the first
intron of Xist[26,27]. Pluripotency factors also control Xist levels by activating 7six, which
binds OCT4 and REX1 at the 5” end of 7sixand binds other crucial factors such as CTCF
and c-MYC through juxtaposed motifs [28]. At the same time, OCT4 and SOX2 bind Xite,
one of 7six’s enhancers [26]. It is therefore proposed that the timing of XCI is controlled by
the inherent, developmentally specific action of the pluripotency factors. A latest study
shows that, while upregulation of Xistby deletions in intron 1 or 7six promoter (ACpG)
was only modest, a combination of both mutations further enhanced Xist levels [29]. Taken
together, the published evidence indicates that 7six transcription and the inhibitory effects of
pluripotency factors at intron 1 cooperate to maintain the X7st gene in a repressed state in
undifferentiated ES cells. Given that these mutations do not result in complete derepression
of Xist, there are clearly other repressive mechanisms and/or Xist activator(s). Evidence for
Xistactivators has indeed recently come to light.

Positive Regulation of Xist

Jpx—O0ne positive regulator of X7stis the noncoding Jpx locus. Tian and colleagues
showed that heterozygous deletion of Jpxresulted in massive cell death due to inability to
upregulate X7stand initiate XCI in female cells [30]. The recapitulation of the Jpx knockout
by RNAI knockdown of Jpx RNA demonstrates that Jpx acts as an RNA, rather than through
associated chromatin or DNA elements. Unlike other IncCRNAs of the Xic, however, Jpx
functions in fransto activate Xist, as Xist upregulation can be restored in Jox*'~ cells by an
autosomally expressed Jpx transgene. Further analysis suggested that Jpx and Tsix have
antagonistic roles, with the two RNAs working in parallel pathways to transactivate Xist.
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Abrogating Tsix RNA in Jox™'~ cells at least partially restores Xistupregulation. The
mechanism of Jpx-mediated activation remains to be determined.

Rnfl12—Another positive regulator to come to light is Rnf12, an X-linked gene encoding an
E3 ubiquitin ligase [31]. Rnf12is located 500 kb upstream of X7stand does not reside within
a region traditionally considered the Xic. However, RNF12 protein has been shown to
increase in levels at the onset of XCI [31-33] and, in an ES model, overexpression of Rnf12
is sufficient to induce ectopic Xist cloud formation in a fraction of male and female nuclei
[31,32]. In studies performed in ES models, £nf12"/~ mutants show a slight delay in
initiation of XCI and Rnf127~ mutants largely fail to initiate XCI supporting the idea that
RNF12 is a positive regulator of X7st[31,32]. A study in a mouse model, however, has
resulted in somewhat different results. Here, it was reported that random XCI and X7st
expression occur properly in both Rnf12''~ and Rnf127'~ mouse embryos and ES cells,
thereby arguing against /Rnf12as a necessary activator of Xist. Nonetheless, the Rnf12
deficiency instead caused a problem in imprinted XCI in placental tissues, as evidenced by
failure to express Xist RNA from the paternal X-chromosome. Female embryos lacking a
normal maternal copy of Rnfi12die after implantation [34]. Further work is required to
understand the exact contribution of Anf12to both random and imprinted XCI.

Pairing: Breaking X-chromosome Symmetry

Prior to Xist upregulation during differentiation, the two X chromosomes in a cell migrate
toward each other and pair transiently [35,36]. Previous studies have shown that pairing is
essential for the onset of XCI, since X inactivation fails to occur in cells where pairing
between the X’s is disrupted by the introduction of an autosomal transgene. The minimal
region sufficient for pairing was narrowed down to 1-2 kb surrounding the 7six and Xite
sequences. Furthermore, the formation of X-X pairs was shown to require active
transcription and paired X’s have a short half-life of only 30-60 min [37].

The predominant view in the field is that the pairing is a means of counting the number of X
chromosomes and for choosing X-chromosomes for inactivation in a mutually exclusive
way. Accordingly, factors that affect pairing also affect the number of X chromosomes that
are inactivated. Studies have shown that depletion of factors such as OCT4 and CTCF that
are implicated in pairing also result in presence of cells with aberrant number of active or
inactive X chromosomes (2 Xi’s or 2 Xa’s) [26,37]. The requirement of CTCF for pairing
correlates well with the notion that CTCF is able to mediate long-range chromatin
interactions and thereby influence homologous chromosome pairing. Donohoe and
colleagues showed that CTCF interacts with the pluripotency factor OCT4 /in vivo.
Depletion of OCT4 resulted in reduced incidence of X-X pairs in the cell [26]. However,
since OCT4 and CTCF are known to function as transcription factors, the pairing defect
observed could be not only a result of their decreased binding to the 7six-Xite region, but
also their indirect effect on 7sixtranscription. It will be interesting to analyze whether Tsix
is involved in the pairing process.

Recently, Masui and colleagues were able to directly observe the process of X-X pairing at
Tsix-Xite sequences in female ES cells using live cell imaging [38]. They confirmed that X
chromosome pairing was indeed a transient event that lasted approximately 45 minutes and
occurred prior to Xist RNA upregulation on one allele. They also sought to determine
whether 7six down-regulation occurred before or after the X chromosomes had paired.
While Tsix levels were reduced after pairing, the levels fluctuated, suggesting that perhaps
the transient asymmetry between Tsix levels on the two X chromosomes was a signal that
allowed the cell to up-regulate Xist. Another region within the Xic named Xpr (X pairing

Curr Opin Genet Dev. Author manuscript; available in PMC 2013 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jeon et al. Page 5

region) was hypothesized to regulate X chromosome pairing, but the hypothesis remains to
be tested with a knockout [39,40].

From Xic to chromosome-wide silencing

Spreading of Xist RNA

During XCI, Xist RNA to initially surrounds the territory around its own gene and then
spreads gradually along the entire Xi in ¢/s. Further proof of this process was obtained by a
study that employed live cell imaging using a tetracycline inducible Xist RNA fused to MS2
binding sites (Xist-MS2) [41]. The MS2 RNA binding protein recognizes MS2 sites with
very high affinity. In this study the transgene containing Xist-MS2 was targeted to an
autosomal locus in male ES cells [41]. It was observed that Xist RNA spreading along a
chromosome was indeed a gradual process. Using fluorescence recovery after
photobleaching (FRAP), the authors showed that Xist binding to chromatin was a dynamic
process that required transcription. Surprisingly and in contradiction to previous reports, cell
cycle analysis of Xist-MS2 binding to chromatin showed that Xist-MS2 was dislodged from
the chromosome during mitosis [42]. It will be worthwhile to analyze whether dissociation
from mitotic chromosomes is observed with Xist-MS2 on the X chromosome also.

YY1 (Ying Yang 1)

A long-standing question in the field has been how Xist RNA localizes and spreads in ¢is.
What prevents Xist from diffusing throughout the nucleus? Through a series of experiments,
a recent study by Jeon and Lee showed that Xist RNA can actually diffuse within the
nucleus [43]. For instance, in a female somatic cell line, transgenic Xist expressed
autosomally can migrate between the autosome and the Xi, suggesting that Xist has the
potential to act in frans. What normally prevents Xist RNA molecules from diffusing is
tethering by the transcription factor, YY1. Three tandem Y'Y 1-binding sites located within
Xist's exon 1 were shown to be essential for tethering Xist to chromatin. Because spreading
and localization to the rest of the X-chromosome were abrogated when these sites were
deleted, it was proposed that this region serves as the Xist nucleation center. YY1 binding is
observed preferentially on Xi (not Xa), explaining how diffusible Xist can be secured on Xi
alone. Interestingly, YY1 was found to bind Xist via Repeat C, different from the YY1 motif
used for DNA binding. This is consistent with previous studies, where Xist RNA
localization to Xi was interrupted by blocking Repeat C and its surrounding region [44,45].
Targeting Repeat C with locked nucleic acids (LNAs) resulted in rapid loss of Xist RNA
from Xi [45]. While the exact manner of action of Repeat C on Xist RNA localization is not
known, it is tempting to speculate that it is through specific binding of YY1.

HNRNP-U (Heterogeneous nuclear ribonucleoprotein U)

HNRNP-U, also known as Scaffold attachment factor A (SAF-A), has been long known to
localize on Xi, but its role in XCI has remained elusive until recently [46,47]. Depletion of
hnRNP-U results in loss of Xist foci and gene silencing in ES cells [48]. HnRNP-U harbors
separate RNA (RGG) and DNA-binding domains (SAF), both of which are required for Xist
localization [46-48]. It is noteworthy that like YY1, hnRNP-U binds Xist close to Repeat C,
further reinforcing the concept of this region being a functional localization domain.
HNRNP-U was originally identified as a nuclear matrix component that binds SIMARs
(Scaffold associated region/Matrix attached region), A+T-rich DNA elements involved in
structural organization of chromatin [49]. Given that Xist coating is independent of unique
X-linked sequences, SIMARS are very attractive cis-acting candidates for Xist localization.
Study of S/MAR site distribution along the X chromosome could provide valuable clues
regarding the silencing by and localization of Xist.
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SATB1 (Special A+T-rich binding protein 1)

LINE-1

Another S/IMAR-associated protein SATB1 was identified a key determinant of Xist-
mediated gene silencing [50]. SATB1 expression in ES cells during differentiation
corresponds to the 48-hour time window [51], within which Xist can initiate silencing, and
overexpression of SATBL is sufficient for extending this time span. SATB1 does not
colocalize with but resides adjacent to Xist. However, overexpression of Xist can transiently
recruit SATB1 to its foci implying their physical interaction. Reciprocally, SATB1-
dependent Xist delocalization and redistribution was observed in thymocytes. Therefore, one
might speculate that SATB1 organizes chromatin to make it accessible to Xist as well as
other silencing factors.

The mammalian genome contains a wealth of repetitive elements such as long interspersed
nuclear elements (LINES) and short interspersed nuclear elements (SINES). It was
hypothesized by Mary Lyon that the propagation of the inactive state during XCI might be
influenced by the presence of these elements, since they are more abundant on the X
chromosome as compared to autosomes [52]. Recently, Chow and colleagues described
specific transcription and localization of a subset of LINE elements during XCI and that the
formation of a heterochromatic environment was necessary for the transcription of these
elements [53]. They showed that when Xistwas introduced into an autosome, the genes that
efficiently underwent inactivation were generally those with a full-length LINE element in
the vicinity, further supporting the correlation of LINEs and spreading of inactivation. They
suggest that the local density of LINEs may impact on the ability of genes in this region to
be drawn into the Xist silent compartment. However, the authors also observed LINE
transcription near genes that are prone to escape XClI, implying that LINESs also correlate
with gene activity on the Xi. It is hypothesized that transcription of LINES during XClI
serves several purposes, first to draw genes into a repressive compartment established by
Xist, second to aid in the successful inactivation of genes present at escape prone regions by
making them more susceptible to Xist mediated silencing, and third to potentially aid in
escape from XCI. Further work is required to establish a functional link between LINEs and
XCI.

Pcl2 (Polycomblike 2)

Although the PRC2 catalyzed histone modification, H3K27me3 has been a longknown
marker of Xi and its distribution along the entire chromosome during XCI has been
examined at a single gene level [54], the mechanism of PRC2 targeting to specific loci on Xi
is still unknown. Recently, Casanova and colleagues characterized PCL2 [55], one of three
mammalian homologues of Drosgphila Polycomblike (PCL) protein that is known to interact
with PRC2 and facilitate its activity. Similar to core PRC2 components, PCL2 is highly
expressed during early embryogenesis and enriched on Xi at the onset of XCI. Biochemical
analyses revealed that PCL2 forms a complex with PRC2. Moreover, knockdown of PCL2
impairs PRC2 recruitment to Xi and Polycomb target loci, implicating its role in PRC2
recruitment. However, it remains unclear how PCL2 facilitates PRC2 recruitment. Given
that PRC2 loading on Xi is also Xist-dependent, it is conceivable that Pcl2 acts by
stabilizing PRC2 after it is recruited to Xi via Xist-EZH2 interactions [12], rather than
initiating recruitment. Further characterization of other polycomblike homologues and their
interplay with non-coding RNAs during the process of XCI will aid in understanding their
respective roles.
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MacroH2A, ASH2L and ATRX

Despite their involvement in XCI, the functional significance of some Xi-coating proteins
remains unclear. Histone variant macroH2A is one such Xi marker, though its role in gene
silencing has long been appreciated. Female macroH2A knockout mice are viable and
fertile, and XCI can proceed normally in macroH2A-deficient ES cells, indicating that it is
dispensable for Xi silencing [56,57]. Pasque and colleagues recently identified macroH2A as
a key factor that makes genes on Xi resistant to reprogramming in the Xenopus oocyte
nuclear transfer system [58]. Hence, while not crucial for XCI, MacroH2A may still be
responsible for maintaining long-term stability of Xi states.

Besides macroH2A, two more proteins have been reported to mark Xi during late XCl
[47,59]. ATRX (a-thalassemia/mental retardation X-linked protein) is known to regulate
chromatin structure and function at constitutive heterochromatin domains. Oddly, ASH2L, a
component of the trithorax group complex (TrxG) that functions in maintaining gene
expression, also showed localization to the Xi, but its role remains elusive. Future studies
are anticipated to elucidate exact roles of both proteins in XCI.

Orc2 and HP1la

Another recent study identified 32 protein candidates involved in XCI maintenance through
a genome-wide RNAI screen [60]. Among those, origin recognition complex 2 (ORC2) is
known to function in pericentric heterochromatin-organization together with HP1 a. [61].
Both proteins are found at the pericentric region on Xi and depletion of either resulted in
reactivation of a subset of genes on the Xi. However, it is not yet clear whether the role of
ORC2-HP1 a is Xi-specific because (1) their localization at pericentric regions is true of all
chromosomes; and (2) X-linked genes whose expression was affected by ORC2-HP1 a are
located relatively close to the pericentric region. Further experiments with Xa and autosomal
controls would be helpful to draw conclusions.

Other forms of dosage compensation in mammals

X chromosome imprinting: Inactivation of Xp

Dosage compensation in the mammal involves a complex cycle of inactivation and
reactivation that starts in the parental germline and continues through early embryogenesis.
In the pre-implantation mouse embryo, the imprinted form of XClI is observed where the
paternal X chromosome (Xp) is exclusively silenced. But how is Xp always favored for
inactivation? While most aspects of Xp inactivation is relatively well understood as it shares
common gene-silencing mechanisms with random XCI, this fundamental question about
imprinted XCI remained unanswered and has fostered many debates in the field. Preferential
paternal XCI can result from the pre-inactivated Xp during spermatogenesis (pre-
inactivation hypothesis), and/or from the maternal imprint on the Xic region precluding the
maternal X chromosome (Xm) from silencing (de novo model) [5]. Recent studies agree that
X-linked genes are initially active on both Xp and Xm at the 2-cell stage and become
gradually silenced on Xp during preimplantation development [62—-64]. However, repetitive
elements such as LINEs and SINEs are already inactive on Xp at the 2-cell stage in an Xist-
independent manner, suggesting a contribution for repetitive elements in the paternal
germline towards imprinted XCI process [63]. Thus, imprinted XCI is a multistep process
that first involves silencing of repetitive elements by the two-cell stage and progressively
involves silencing of genic elements in the 8- to 16-cell stages.

Reactivation of Xp during embryogenesis

Imprinted inactivation of Xp is reversed at the blastocyst stage. This reactivation process
allows both Xp and Xm get an equal chance to be subjected to random XClI in the future
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embryo-proper. X-reactivation can be visualized in epiblast cells by loss of Xist and
H3K27me3 on Xp around the time of implantation [65,66]. While the pluripotency factors
OCT4 and SOX2 are ubiquitously expressed in both morulae and early blastocysts, NANOG
is exclusively expressed in epiblast cells and is thought to be essential for determining the
pluripotency of cells [67]. Given roles of pluripotency factors in X7stregulation, the key step
for X-reactivation would be loss of Xistexpression. Indeed, a new study has shown that the
overexpression of 7six - the negative regulator of Xist- is sufficient for reactivating Xp-
linked GFP expression in extraembryonic tissues [68], raising the possibility that Tsix is a
regulator of X-reactivation /n vivo, though this idea still needs to be tested formally.
Recently, the idea that reactivation depends on suppression of X7sthas been challenged by
Williams and colleagues who observed that some genes are reactivated even before loss of
Xist/H3K27Me3 foci on Xp using the fluorescence in situ hybridization method (FISH)
[69]. Ectopic extinction of Xist foci by NANOG expression did not affect the reactivation
rate of these genes, which implies that Xist downregulation can be uncoupled from genic
reactivation. However, both chromosome-wide and RNA-sequencing (at the individual gene
level) analyses would be necessary to confirm that X-reactivation could occur without
extinguishing Xist expression.

Regulation of Xa: dosage compensation between autosomes and the X

XCI evolved as a means to equalize gene dosage between male and female mammals.
However, this process results in the imbalance of gene expression between the X
chromosome and autosomes. In order to circumvent this, female mammals are hypothesized
to upregulate their active X chromosome 2 fold.[70]. Although early studies using
microarrays demonstrated that Xa is expressed at a higher level compared to an autosome in
mammals [71-73], this hypothesis was recently challenged by Xiong and colleagues. With
the availability of the RNA sequencing technology (RNA-seq), which provides more
sensitive and quantitative data than microarrays, they analyzed expression patterns of all X-
linked genes and found no dosage compensation of Xa [74]. Given that the X is enriched for
tissue-specific genes, the population of X-linked genes that are transcriptionally silent is
significantly higher than that of autosomal genes [74-76]. Therefore, dosage compensation
by upregulation of Xa would be applied to only genes that are actively expressed.
Correspondingly, when analyzing RNA-seq data as well as previous microarray data only
with actively expressed genes, four independent groups arrived at the same conclusion that
the Xa is indeed upregulated in mammals [75—-78]. Xa was enriched with active transcription
marks such as RNA polymerase Il (RNA Pol I1) and histone H3 Lysine 4 trimethylation
(H3K4me3), compared to autosomes, in both mES and somatic cells [75,76]. Together,
these results suggest that dosage compensation between autosomes and sex chromosomes
does occur in mammals via Xa upregulation.

CONCLUSIONS

Work in the past two years have significantly advanced our understanding of XClI
mechanisms, revealing multiple new regulators of both RNA and protein nature.
Collectively, we have seen that Xisttranscription is strictly regulated by pluripotency factors
and ncRNAs that are in turn developmentally regulated. We have also found that the c/s-
specific localization and action of Xist is subject to regulation by a plethora of protein
factors. Fittingly, at the 50t anniversary celebration for the discovery of XClI last year
(Oxford, UK; July 2011), the breadth and depth of what has been learned were clear to all
participants. Much remains unknown, however, and new knowledge raises new questions.
Comprehensive yet thorough studies are awaited for exact roles of various ncRNAs and
protein factors in XCI regulation, the mechanism of Xist spreading across Xi, as well as
details for the action of Xist on gene silencing at the individual gene level. With the recent
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evidence of dosage compensation in mammals via Xa upregulation, its molecular
mechanisms also need to be addressed. Fortunately, recent developments in technology have
enabled identification of DNA sequences bound by non-coding RNA (i.e. the roX RNAs in
the fly dosage compensation system) [79,80]. These experimental advances together with
high throughput sequencing techniques will surely become valuable tools to understand
diverse interplays among Xist, chromatin and other ncRNA or protein regulators during
XCI. Having witnessed the identification of different regulatory roles of noncoding RNAs
and proteins in gene regulation by using XCI as a model system, we expect that future
studies in this field will be instrumental in furthering our understanding of epigenetic gene
regulatory networks in the cell.
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Figure 1. Random X chromosome inactivation in mouse embryonic stem cellsupon
differentiation

Step 1 — In undifferentiated ES cells, OCT4 and other pluripotency factors repress
expression of Xistand the Xistactivator Rnfl12. Pluripotency factors also directly activate
Tsix expression. 7sixis expressed from both X chromosomes and prevents activation of
Xistin cis.

Step 2 — At the onset of differentiation, X chromosomes pair via interaction between OCT4
and CTCEF resulting in uneven distribution of transcription/pluripotency factors on the two
Xs. This leads to simultaneous activation of Xist from the future Xi at the same time
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repressing 7six from the same allele. Tsix recruits the DNA methyltransferase DNMT3a
which methylates Xist promoter thereby silencing it on the future Xa.

Step 3 — RepA RNA is expressed from the future Xi and recruits the PRC2 complex. Jox
and Rnfi12are upregulated from both the Xi and Xa. A combination of all three events leads
to activation of Xistexpression. Xist in turn recruits PRC2 to the Xi.

Step 4 -Y'Y1 tethers Xist to the Xi and mediates spreading in cisalong the entire Xi.

Step 5 — Xist tethered onto Xi spreads via hnRNP U and S/MAR sites. Eventually, Xist
coats the entire Xi and recruits various silencing factors to maintain Xi in a repressed state.
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Factor s affecting Xist Expression and L ocalization
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A - Factors known to affect transcription of Xist RNA. Boxes shaded in pink represent negative regulators of

Xist expression and boxes in green indicate positive regulators of Xist.

B - Factors known to affect localization of Xist RNA.

A
Factors Regulators of Xist Expression References
Tsix Antisense c/sacting repressor of Xisttranscription [17]
Xite Enhancer of 7six transcription [18]
R\é;feég’%‘n OCT4, SOX2, NANOG [24,25]
Pluripotency | Mia TS 1 0cT4, S0X2, REXL, ¢-MYC [24,26]
;’égrfs’;féﬁ NANOG, OCT4, SOX2 [31]
Jpx IncRNA activator of Xist. Can function in #rans [28]
RNF12 Trans acting activator of Xistexpression [29,30,32]
RepA RNA transcribed within X7stExon 1 [3]
Harbors Repeat A and activates X7st transcription
B
Factors Regulators of Xist L ocalization References
YY1 Tethers Xist to the X7cand controls spread of Xist in ¢is [42]
HNRNP U/ | Interacts with Xist and required for localization to the Xi [46]
SAF-A
SATB1 Xist deposition/ Required for Xist mediated silencing [48]
Repeat C Required for Xist localization (YY1 binding region) [42,43]
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