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In female mammals, one of the two X chromosomes is converted from the active euchromatic state into inactive heterochro-
matin during early embryonic development. This process, known as X-chromosome inactivation, results in the transcriptional
silencing of over a thousand genes and ensures dosage compensation between the sexes. Here, we discuss the possible mech-
anisms of action of the Xist transcript, a remarkable noncoding RNA that triggers the X-inactivation process and also seems
to participate in setting up the epigenetic marks that provide the cellular memory of the inactive state. So far, no functional
protein partners have been identified for Xist RNA, but different lines of evidence suggest that it may act at multiple levels,
including nuclear compartmentalization, chromatin modulation, and recruitment of Polycomb group proteins.

The inactive X chromosome, or “Barr body,” was first
identified over 50 years ago as a heteropycnotic structure,
only present in female somatic cells (Barr and Bertram
1949; Ohno and Hauschka 1960). Mary Lyon then pub-
lished her seminal paper in 1961 making the link between
this structure and the genetic inactivity of one of the two
X chromosomes in females (Lyon 1961). She further pro-
posed that this must be an early developmental event,
which is then inherited mitotically, in order to explain the
large patches of coat color mosaicism observed in female
mammals heterozygous for X-linked genes.

X inactivation represents a powerful model system for
studying mammalian epigenetics, as it involves differen-
tial regulation of two homologous chromosomes within
the same nucleus, in a mitotically heritable but develop-
mentally reversible manner. In placental mammals, X
inactivation is initiated by a master control locus, the X-
inactivation center (Xic), and the noncoding Xist tran-
script it produces. Xist RNA accumulates over the
chromosome from which it is produced and is responsible
for inducing cis-limited silencing of the >1000 genes on
the X chromosome (Penny et al. 1996; Marahrens et al.
1998; Wutz and Jaenisch 2000). Since Xist was discov-
ered in 1990, it has been the object of intense investiga-
tion; however, its regulation and its mechanism of action
as a functional RNA still remain largely mysterious.
Furthermore, the manner by which this silencing signal is
transformed into the stable, transcriptionally repressed
state that characterizes the inactive X chromosome is still
poorly understood. However, several epigenetic marks,
including histone modifications, Polycomb group pro-
teins, and DNA methylation, are clearly important for the
maintenance of the inactive state. Here, we summarize
recent findings suggesting that Xist RNA may have mul-
tiple functions in the X-inactivation process: in the
recruitment of chromatin modifiers such as Polycomb
group proteins and also at the level of nuclear compart-
mentalization.We describe data showing that Xist RNA
may participate in the formation of a silent nuclear com-
partment into which X-linked genes are recruited when
they become inactivated. Spatial segregation from nucle-
oplasmic transcription factors of the X chromosome to be

inactivated may thus represent a strategy, in addition to
chromatin marks, for allowing the differential treatment
of the two X chromosomes within the same nucleus.
These findings also provide new insights into the struc-
ture and sequence organization of the cytologically
defined Barr body. We also discuss another level at which
RNA may function during the X-inactivation process,
which is for the recruitment of Polycomb group proteins
to the inactive X chromosome. These proteins are
involved in the maintenance of the inactive state, although
the degree to which they are required for X chromosome
inactivity may vary between lineages. Both PRC2 and
PRC1 complexes appear to associate with the inactive X
chromosome. The mechanisms employed for targeting
these Polycomb complexes to the inactive X chromosome
are only just beginning to be unraveled and appear to
involve multiple strategies, including both histone modi-
fications and RNA components. The inactive X chromo-
some thus provides, more than ever before, a useful model
system for studying the interplay between nuclear organi-
zation, chromatin, RNA, and epigenetics.

DEVELOPMENTAL TIMING OF Xist ACTION

The early onset of Xist expression during development
is consistent with its role in initiating X inactivation (Kay
etal. 1993). In mice, there are two waves of X inactivation.
The first is subject to imprinting and the second is random.
During preimplantation development, the paternal Xist
allele is expressed from the 2-cell stage, around the time of
major zygotic genome activation. The maternal Xist allele
remains inactive throughout this period due to a repressive
imprint, the nature of which remains unknown, that is
established in the maternal germ line (Tada et al. 2000).
The early expression of the paternal Xisz gene results in the
inactivation of the paternal X chromosome from the 8-cell
stage onward (Mak et al. 2004; Okamoto et al. 2004,
2005). Xist is essential for imprinted X inactivation, as
demonstrated by the early lethality of mouse embryos with
a paternally inherited deletion of the gene (Marahrens et al.
1997). The inactivity of the paternal X chromosome that is
initiated in cleavage stages is maintained in extraembry-
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onic lineages such as the trophectoderm, but in the inner
cell mass of the blastocyst the paternal X is reactivated
(between 3.5 and 4.5 days postcoitum [dpc]). By this
stage, the repressive maternal Xist imprint is also lost. In
this way, when the second wave of X inactivation initiates
in the epiblast (around 5.5 dpc), either the paternal or
maternal X chromosome will up-regulate Xist, and this
triggers random X inactivation. Female embryonic stem
(ES) cells, which are derived from the inner cell mass of
blastocysts, represent a useful in vitro model system for X
inactivation. Upon differentiation, Xist is up-regulated and
accumulates on one of the two X chromosomes; this is fol-
lowed by gene silencing and the appearance of a number
of epigenetic marks (Fig. 1). Again, knockout studies have
shown that Xist is essential for this random X-inactivation
process (Penny et al. 1996).

Although the timing of Xist expression and X inactiva-
tion pointed to an early time window for its function, the
exact window in which it could act was defined in a series
of elegant studies using ES cells carrying an inducible
Xist cDNA transgene (Wutz and Jaenisch 2000). Xist
RNA-dependent silencing could only be triggered during
the first 48—72 hours of differentiation. This early time
window for Xist action suggests either that chromatin is
somehow rendered refractory to Xist RNA silencing as
differentiation progresses, or alternatively, that Xist RNA
requires the presence of a specific factor that is only pre-
sent during early development for its silencing activity.
During this early time window, the inactive X is fully
reversible upon arrest of Xist expression. However, fol-
lowing 72 hours of differentiation and Xist expression, X
inactivation can no longer be reversed if the inducible
Xist cDNA is turned off (Wutz and Jaenisch 2000). Thus,
some form of chromosomal memory must be established
on the inactive X during differentiation (Kohlmaier et al.
2004). Some of the changes that could be involved in this
chromosomal memory, and that are induced following
Xist RNA coating of the X chromosome in differentiating
female ES cells, include a shift to asynchronous replica-
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Figure 1. Kinetics of random XCI. The time of onset of differ-
ent events during the onset of random X inactivation is shown.

tion timing (Takagi et al. 1982), incorporation of the his-
tone variant macro H2A (Mermoud et al. 1999; Costanzi
et al. 2000), DNA (CpG) methylation (Norris et al. 1991),
and a variety of histone modifications (Chaumeil et al.
2002; for review, see Heard 2004). In particular, changes
in histone H3 and H4 modifications occur early on and
include the loss of active, euchromatic marks such as
H3K9 and H4 acetylation (Jeppesen and Turner 1993;
Boggs et al. 1996; Keohane et al. 1996), as well as H3K4
di- and tri-methylation. These changes can be observed
just one day after Xist RNA coating both in early mouse
embryos at the 4- to 8-cell stage (Okamoto et al. 2004)
and in differentiating ES cells at day 2. Marks generally
associated with gene repression, such as the di-methyla-
tion of H3K9 (Heard et al. 2001; Boggs et al. 2002;
Mermoud et al. 2002; Peters et al. 2002) and tri-methyla-
tion of H3K27 (Plath et al. 2003; Silva et al. 2003;
Rougeulle et al. 2004), appear on the inactive X at around
day 2 of ES cell differentiation. In early mouse embryos,
where the temporal resolution of events is more straight-
forward than in differentiating ES cells, the time of onset
of the repressive (H3K27me3 and H3K9me2) marks
occurs later (>16-cell stage) than the loss of euchromatic
histone marks on the paternal X chromosome. Polycomb
group proteins associate with the inactive X chromosome
during the same developmental time window as the acqui-
sition of repressive histone marks and are responsible for
some of the above histone modifications. For example,
Ezh2 (PRC2 complex) is responsible for H3K27me3, and
Ring la/b (PRC1 complex) is responsible for ubiquitina-
tion of H2AK119, as discussed below. The timing of
appearance of Polycomb group proteins, following Xist
RNA coating during early development (Mak et al. 2004;
Okamoto et al. 2004), or after induction of an Xist cDNA
(Plath et al. 2003; Kohlmeier et al. 2004), suggests that
they could be recruited to the chromosome by Xist RNA
itself, although this remains to be proven. However, rather
than being involved in the initiation of silencing, as dis-
cussed below, these complexes may form part of the chro-
mosomal memory of the inactive X chromosome. Thus,
contrary to the initial belief that Xist RNA would only be
involved in the initial silencing events of X inactivation,
it now appears that it may also have a role in recruiting
some of the early epigenetic marks that take over once
silencing has occurred.

FUNCTIONAL DOMAINS OF Xist RNA

The functional Xist transcript is spliced, polyadeny-
lated, and measures 17,000-19,000 nucleotides in length.
Despite such features, which usually characterize messen-
ger RNA, it is retained in the nucleus and is untranslated.
Although the overall structure of the Xist gene is well con-
served between eutherian mammals, its sequence is
remarkably poorly conserved, given its central function in
controlling X inactivation. However, this is consistent
with its presumed role at the RNA level and the fact that
conservation may be mainly in its secondary or tertiary
RNA structure, as opposed to its primary sequence.
Furthermore, the most highly conserved regions in this
transcript comprise a series of repeats (termed A—E, see
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Fig. 2A). The A repeats, located at the 5" end of the first
exon of Xist, are the most conserved of all. Indeed, these
repeats were shown to be capable of inducing repression of
X-linked genes in an in vitro assay (Allaman-Pillet et al.
2000). To define the functional regions of the Xist tran-
script in vivo, male ES cells containing inducible Xist
cDNAs with different deletions were tested for their
capacity to induce silencing and chromosome coating in
cis (Wutz et al. 2002). Because the inducible transgene
was located on the single X chromosome in a male cell, X
inactivation induced nullisomy. Cell death was thus used
as an assay for the capacity of different Xist deletions to
induce inactivation. In this way, the A repeats were shown
to be the only region apparently critical for Xist’s silencing
function. A number of different regions of Xist RNA were
shown to be involved in its capacity to coat a chromosome
in cis, as well as its ability to recruit potential epigenetic
marks described above, such as macroH2A and H3K27
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Figure 2. The Xist gene and it potential role in creating a silent
nuclear compartment. (4) A map of the murine Xist gene is
shown, indicating the conserved repeats (A—E). The sequence of
the most highly conserved A repeats, involved in the gene silenc-
ing function of Xist, is shown. (B) Example of RNA polymerase
II immunofluorescence combined with Xist RNA FISH in early
differentiating ES cells (fop two panels) and embryonic fibro-
blasts (lower panel). This shows overall exclusion of RNA pol 1T
at the level of the domain of nuclear Xist RNA accumulation as
described by Chaumeil et al. (2006). (C) Model for two types of
Xist RNA function during the onset of X inactivation, based on
Chaumeil et al. (2006).

tri-methylation (Wutz et al. 2002; Plath et al. 2003;
Kohlmaier et al. 2004). The fact that a Xist transcript,
mutated for the A repeats and incapable of inducing gene
silencing, can still recruit Polycomb group complexes and
associated H3K27me3 and H2AK119 ubiquitination,
demonstrates that these chromatin changes are not suffi-
cient for the silencing function of Xist.

The molecular mechanisms that underlie Xist RNA’s
capacity to induce transcriptional silencing remain
unclear. One possibility is that Xist RNA acts to change
chromatin in order to induce the silent state. As men-
tioned above, Polycomb group proteins are unlikely to be
involved in this initiation step. The rapid loss of active
histone modifications (H3 and H4 acetylation as well as
H3K4 and H3K36 methylation) following Xist RNA
coating (Chaumeil et al. 2002, 2006) suggests that Xist
RNA may have a function in recruiting histone deacety-
lase and/or demethylase complexes. On the other hand,
Xist RNA might recruit chromatin remodeling enzymes
that result in the active ejection and replacement of
“actively” marked histones by unmodified histones
(which then become modified by Polycomb group com-
plexes) or even histones with certain inactive marks. A
role for histone variants (for example the H3.1, H3.2, and
H3.3 forms of histone H3) in the initiation of silencing
could also be possible, but so far remains unknown.
Whether Xist RNA has a direct role in the loss of active
histone marks, and whether this loss is a cause or conse-
quence of gene silencing, are clearly areas that merit
future investigation. Alternative models for Xist RNA’s
silencing function include the recruitment of a repressor
protein or complex, although so far no such complex has
been identified. Attempts to purify Xist A-repeat-specific
partners identified hnRNPC (Brown and Baldry 1996),
one of the most ubiquitous hnRNPs, although no link with
X inactivation has yet been reported. Xist RNA may also
recruit factors that induce other repressive histone marks
such as H3K9me2 and H4K20mel, which might be
involved in initiation and/or maintenance of X inactiva-
tion. However, the modifying enzymes involved and their
link with Xist RNA remain to be found. Finally, a long-
standing hypothesis is that Xist RNA could participate in
the formation of a silent nuclear compartment within
which the X chromosome is silenced. Recent findings
suggesting that Xist RNA may indeed function in this way
are described in the next section.

Xist RNA IN NUCLEAR
COMPARTMENTALIZATION

A possible architectural role for Xist RNA in creating a
repressive nuclear compartment or structure around the X
chromosome was proposed some years ago (Clemson et
al. 1996). Xist RNA is intriguingly restricted in its nuclear
localization to the vicinity of the chromosome territory
from which it is expressed (Brown et al. 1992; Clemson et
al. 1996). This restriction does not appear to be dependent
on the DNA of the chromosome itself, as the appearance
of the Xist RNA domain remains unperturbed after
DNase treatment (Clemson et al. 1996). It has therefore
been proposed that Xist RNA may show only an indirect
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association with the X chromosome and a closer associa-
tion with the nuclear matrix. Potential support for this has
come from the finding that scaffold attachment factor A
(SAF-A) is enriched on the inactive X chromosome in an
RNA-dependent manner (Helbing and Fackelmayer
2003). Xist RNA might thus form a stable structure with
nuclear matrix or scaffold factors, which could be impor-
tant for initiation and/or maintenance of the inactive state
(Fackelmayer 2005).

Our laboratory recently set out to determine whether
Xist RNA might function at the level of nuclear organiza-
tion, using differentiating ES cells to assess changes in
nuclear organization relative to chromatin changes and
gene silencing. We showed that Xist RNA chromosome
coating leads to the rapid exclusion of RNA polymerase
1T and associated transcription factors (Fig. 2B). This rep-
resents the earliest event following Xist RNA accumula-
tion described so far and precedes the loss of active
histone marks such as H3K9 acetylation and H3K4 di-
methylation (Chaumeil et al. 2006). Only subsequently do
genes cease to be transcribed, as detected at the primary
transcript level by RNA FISH, which allows the exact
timing of transcriptional silencing to be assessed at the
single-cell level. Similar findings were found in early
mouse embryos: RNA pol II was found to be excluded
from the Xist RNA-coated paternal X chromosome from
the 4- to 8-cell stage in mouse embryos (Okamoto et al.
2004). We also found that the RNA pol II-excluded com-
partment within the Xist RNA accumulation is transcrip-
tionally silent, as detected by RNA FISH using Cot-1
DNA as a probe, which detects middle repetitive ele-
ments. Although it has been reported that Cot-1 RNA
detected in this way corresponds to transcribed repetitive
elements present in introns, or 5 and 3" UTRs of genes,
we have so far not found any genic loci that lie within this
Cot-1 hole at early differentiation stages (Chaumeil et al.
2006; J. Chow and E. Heard, unpubl.). Thus, the rapid
RNA pol IT exclusion and Cot-1 silencing induced by Xist
RNA only seem to affect a repeat-rich fraction at the core
of the X-chromosome territory. The exact nature of the
sequences present within the silent Xist RNA compart-
ment is currently under investigation.

On the other hand, X-linked genes, which are still
active at early stages of differentiation (days 1-2), were
always found to be located outside, or at the periphery of
this Xist RNA domain and within the nucleoplasmic RNA
pol II, as might be expected given their transcriptional
activity. However, upon transcriptional silencing (by day
4), most genes were found to show a significant shift in
position, to a location within the Xist RNA domain. The
only loci that continued to show a more external location
even at late differentiation stages were the Xist gene,
which remains active on the otherwise inactive X, and
Jaridlc, which escapes from X inactivation in approxi-
mately 50% of differentiated cells. The external location
of these genes therefore appears to be linked to their tran-
scriptional activity. We also made the very surprising
observation that Xist RNA can trigger the exclusion of
RNA pol II within the Xist RNA domain, even in the
absence of the A-repeat silencing region of the Xist tran-
script. This was an unexpected finding, because the

silencing function of Xist RNA was previously believed
to be solely dependent on its A-repeat region (Wutz et al.
2002). Indeed, the A-repeat-deleted Xist transcript was
found to be deficient in its capacity to trigger X inactiva-
tion at the level of all the X-linked genes examined. In this
case, genes remain external to the Xist RNA domain and
continue to be transcribed throughout differentiation. The
formation of a Xist RNA compartment, depleted of tran-
scription factors, is therefore not in itself sufficient to
induce relocation and silencing of X-linked genes.
However, the Cot-1 RNA fraction of the X chromosome
that lies within the Xist RNA domain was found to be
silenced in an Xist A-repeat-independent fashion. This
implies that Xist RNA may exert different types of silenc-
ing function—one aimed at repeats and the other at genes.
This study provided the first evidence for a new and
early step in the X-inactivation process. It also suggests a
novel role for Xist RNA in the formation of a silent nuclear
compartment which initially comprised the more repetitive
part of the X chromosome (Fig. 2C). This new function for
Xist RNA is independent of its A repeats and results in the
rapid exclusion of the transcription machinery from the X
chromosome chosen to be inactivated. Gene repression
occurs subsequently, requires Xist A-repeat action, and is
accompanied by a shift from outside to inside this silent
nuclear compartment. This shift is not simply a conse-
quence of increased Xist RNA coating or increased X-
chromosome compaction, as we found that Xist RNA
always coats approximately 70% of the volume of the X
chromosome at all stages of differentiation examined.
Rather, the onset of X inactivation is accompanied by a
dynamic 3D reorganization of X-linked genes. Given that
the movement of genes toward the interior of the transcrip-
tionally inert Xist RNA domain does not precede gene
silencing, but rather accompanies or follows it, one expla-
nation is that the transcriptional repression induced by the
Xist A repeat containing RNA results in the capacity of
genes to become internalized. In some cases, actively tran-
scribed genes have been shown to be located in putative
“transcription factories” (see Osborne et al. 2004). When
Xist A-repeat-induced silencing occurs, a gene may
become unleashed from such a transcription compartment
and thus become more internally located by default. An
alternative but not mutually exclusive explanation for gene
relocation could be that the Xist transcript, and the ribonu-
cleoprotein structure it forms, participate in “reeling” genes
into the silent domain, either through local chromatin con-
densation or through active translocation. The fact that
genes do not undergo internalization in the Xist A-repeat
mutant, despite the recruitment of Polycomb group pro-
teins, suggests that these proteins are not sufficient to
induce relocation, although they may still be necessary.

REDEFINING THE BARR BODY

Our studies have provided a novel perspective on the
molecular content of the cytologically defined, hetero-
pycnotic Barr body. Although the appearance of a DAPI-
dense structure at the level of the Xist RNA-coated X
chromosome occurs early on in differentiation, our work
suggests that this may in fact correspond to the silent,
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repetitive core of the X-chromosome territory that is con-
fined within the Xist RNA domain, rather than to genes.
All of the X-linked genes we have examined to date tend
to be located on the more peripheral portion of the X-
chromosome territory (as determined by DNA FISH
using a mouse X-chromosome paint), whatever their
activity status, and the relocation of X-linked genes from
outside to inside the Xist RNA compartment during X
inactivation actually only entails a shift in position in the
order of 0.1-0.8 um. This is also the case for the human
X chromosome, which has been shown to consist of a
repetitive inner core, with genes located on its outer rim
(Clemson et al. 2006). It is therefore very likely that the
heteropycnotic structure originally identified by Barr in
1949 (Barr and Bertram 1949) in fact corresponds mainly
to the repetitive core of the inactive X. Furthermore, our
analysis of the Xist A-repeat mutants suggests that this
heteropycnotic structure may form even in the absence of
gene silencing. The implication of this is that studies over
the decades which have assessed the presence of an inac-
tive X chromosome only at the level of presence or
absence of a Barr body need to be reconsidered, as tran-
scriptional activity of genes and the formation of a Barr
body may be separable events.

However, ultrastructural analyses of the inactive X
chromosome, using electron microscopy, will be required
to obtain a more detailed vision of its structure and the
distribution of repeats versus genes. Furthermore,
whether the repetitive core of the X chromosome contains
any genes whatsoever remains to be found. It would be
predicted that such genes, were they to exist, might be
subject to very rapid silencing in an Xist A-repeat-inde-
pendent fashion. Genes that remain located at the periph-
ery of or outside the silent Xist RNA compartment
throughout differentiation, such as the Jaridlc gene, may
provide potential insights into the process of escape from
X inactivation. The external location of the Jaridlc gene
may reflect a resistance of this locus to be internalized,
despite the silencing action of the Xist A repeats. This
would be consistent with the recent finding that JaridIc is
flanked by CTCF boundary elements, which could render
it more resistant to relocation compared to other genes
(Filippova et al. 2005). Intriguingly, however, escape
genes on the human inactive X chromosome do not
appear to be more externally located, relative to the Xist
RNA domain, than those genes that are subject to X inac-
tivation (Clemson et al. 2006).

The regions of Xist RNA, other than the A repeats, that
are capable of creating a silent nuclear compartment and
heteropycnotic structure remain to be defined through the
analysis of further Xist mutants. It is also not yet known
whether the silent nuclear compartment created by Xist
RNA represents a physical or biochemical entity.
Although SAF-A interacts with the inactive X chromo-
some in somatic cells, this has not yet been demonstrated
in differentiating ES cells, nor has any evidence for a
direct interaction between Xist RNA and SAF-A been
reported. Accessibility assays might address the extent to
which Xist RNA and its protein partners might create a
physical barrier to transcription factors. It is, however,
unlikely that the exclusion of the transcription machinery

by Xist RNA is a result of the recruitment of Polycomb
group complexes to the X, even though this is also an Xist
A-repeat-independent function. Polycomb group com-
plexes may, however, play a role in stabilizing the repres-
sive environment created by Xist RNA, and it will be
interesting to investigate the extent to which the silent
nuclear compartment defined by Xist RNA is maintained
in Polycomb group mutants.

POLYCOMB GROUP PROTEINS
IN X INACTIVATION

Background to the Function and
Constitution of PcG Complexes

Polycomb group (PcG) genes were first identified in
Drosophila in the 1940s (for review, see Ringrose and
Paro 2004). Mutations in PcG genes lead to perturbations
in the maintenance of repression of homeotic genes,
which are important for body segmentation. Misregu-
lation of Hox genes induces severe developmental defects
in flies, and this relationship between PcG genes and Hox
genes is well conserved from Drosophila through to
mammals. In mammals, however, PcG genes appear to be
involved in numerous other processes, including stem-
cell renewal and differentiation, hematopoesis, cellular
senescence, and X-chromosome inactivation. Indeed,
although the PcG proteins are highly conserved through-
out evolution, the homologs for each of the PcG genes in
Drosophila are found to be expanded and to exist as gene
families in mammals, which presumably confers their
divergent roles (for review, see Gil et al. 2005). Both
genetic and biochemical experiments have shown that
most PcG proteins work in complexes that can be divided
into two main classes, although these are fairly dynamic
and can differ in their exact compositions (Otte and
Kwaks 2003; Levine et al. 2004). One of these is termed
Polycomb repressive complex 1 (PRC1) and the other is
known as PRC2 (also called ESC-E(Z) complex or EED-
EZH2 complex) (Fig. 3).

PRCI1 was the first complex to be purified from
Drosophila embryos (Shao et al. 1999; Saurin et al. 2001)
and HeLa cells (Levine et al. 2002), and it represents a
huge 1- to 2-MD protein complex with its core compo-
nents being Pc, Ph, Psc, Scm, and Ring (see Fig. 3). These
PRCI1 proteins have multiple functions affecting chro-
matin structure (Levine et al. 2004), including a ubiquitin
ligase activity for histone H2A K119 (Wang et al. 2004),
mediated by Ringlb as the ubiquitin E3 ligase (de
Napoles et al. 2004; Wang et al. 2004).

The second PcG protein complex, PRC2, was purified
from both Drosophila embryos (Ng et al. 2000; Tie et al.
2001, 2003; Czermin et al. 2002; Miiller et al. 2002) and
mammalian cells (Cao et al. 2002; Kuzmichev et al. 2002)
as an approximately 600-kD complex and shown to con-
tain Esc (Eed in mammals), Su(z)12 (Suz12 in mammals),
and E(z) (Ezh2 in mammals) as core components (Fig. 3).
The E(z)/Ezh2 protein contains a SET (Su-(var)3-9, E(z),
Trithorax) domain and, consistent with other SET-domain
proteins, it has a histone methyltransferase (HMTase)
activity. In vitro studies have shown that E(z) acts to
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Figure 3. Schematic representation of Polycomb group complex
proteins that associate with the Xist RNA-coated X chromo-
some. Possible relationships between PRC1/2 and chromatin
changes on the inactive X chromosome are shown. Blue arrows
indicate enzymatic activity for the reaction depicted by a black
arrow in the rectangle. Broken lines indicate potential binding
affinity. (a) Xist RNA leads to PRC2 complex recruitment
through unknown mechanisms (Schoeftner et al. 2006); () the
PRC2 protein, Ezh2, catalyzes tri-methylation of histone H3 at
lysine 27 (Kuzmichev et al. 2002). Both Eed and Suzl12 are
required to form a stable PRC2 complex and for the HMTase
activity of Ezh2. (c¢) Ringlb protein is recruited by Xist RNA in
a PRC2-independent manner (Schoeftner et al. 2006). (d) One of
the murine Polycomb homologs, Cbx7, is retained on the inac-
tive X chromosome in an RNA-dependent manner (Bernstein et
al. 2006) and through binding to H3K27me3 for which it has a
high affinity. (¢) mPc proteins have affinity for H3K27me3
(Bernstein et al. 2006). (f) Ringla and Ringlb proteins catalyze
mono-ubiquitylation of histone H2A at lysine 119 (de Napoles et
al. 2004). Certain PRC1-associated proteins, such as Scm, have
not so far been detected at the level of the inactive X chromo-
some, although their presence has not been formally excluded.

methylate histone H3 at K9/K27 (Cao et al. 2002;
Czermin et al. 2002; Kuzmichev et al. 2002; Miiller et al.
2002) and histone Hlat K26 (Kuzmichev et al. 2004). In
vivo studies, involving Suz/2 and Eed mutant embryos,
confirm that Ezh2 is indeed responsible for H3K27 di-
and tri-methylation (Pasini et al. 2004; Kalantry et al.
2006). In mammals, PRC2 consists of at least Ezh2, Eed,
Suz12, and RbAp48 (Cao et al. 2002; Kuzmichev et al.
2002). In addition, the Eed gene can produce several iso-
forms of the Eed protein that are used for different sub-
strates and in different cellular situations (Kuzmichev et
al. 2004, 2005). The core components of PRC2 appear to
be crucial for the stability of the complex as well as its
chromatin-associated activities. Ezh2 alone does not have
HMTase activity and can only act in the presence of both
Eed and Suz12 (Cao and Zhang 2004; Pasini et al. 2004).
In fact, in the absence of Suz12, the Ezh2 protein appears
to be highly unstable (Pasini et al. 2004).

The fundamental roles of the PRC2 complex in mam-
mals are illustrated by the embryonic lethality that
mutants for most of these proteins induce. For example,
mouse mutants in Eed (Faust et al. 1995; Wang et al.
2001), Ezh2 (O’Carroll et al. 2001), and Suz12 (Pasini et
al. 2004) have all been reported to show early develop-
mental lethality, around 7.5 dpc.

Evidence for a Role for PcG Complexes
in X Inactivation

Several lines of evidence suggest that PcG proteins are
implicated in X inactivation. Circumstantial evidence
comes from immunofluorescence studies. First, several
components of PRC1 and PRC2 complexes have been
shown to accumulate on the inactive X chromosome dur-
ing early development and ES cell differentiation, follow-
ing Xist RNA coating of the X chromosome (Mak et al.
2002; de Napoles et al. 2004; Plath et al. 2004). Second,
two of the histone modifications associated with PcG
function, H3K27me3 and H2AK 119 mono-ubiquitylation
(H2Aubl), become enriched on the inactive X during a
similar time window (Mak et al. 2002; Silva et al. 2003;
de Napoles et al. 2004; Plath et al. 2004). Genetic evi-
dence for an involvement of PcG proteins in X inactiva-
tion first came from the analysis of Eed”~ mutant mice
(Wang et al. 2001). Female mutant mice carrying a GFP
transgene on their paternally inherited X chromosome,
which should be silent in extraembryonic tissues due to
imprinted paternal X inactivation, showed a proportion of
GFP-positive cells after 5.5 dpc. This result suggests that
Eed mutant mice can initiate imprinted X inactivation, but
cannot maintain it efficiently. No apparent effect was
observed on the random X-inactivation process in the
embryo-proper of Eed”~ mutants (Wang et al. 2001;
Kalantry and Magnuson 2006), although a minor effect
had been reported in one study (Silva et al. 2003). More
recently, a conditional Eed knockout was generated in ES
cells containing an inducible Xist cDNA, and the absence
of Eed (and the resulting lack of Ezh2-mediated H3K27
methylation) was found to have no impact on either the
initiation or the maintenance of Xist RNA-mediated
silencing (Schoeftner et al. 2006). These findings are con-
sistent with the data described above, showing that PRC2
is not involved in the initiation of X inactivation, as ES
cells expressing the Xist transcript mutated for its A
repeats are incapable of gene silencing, despite the
recruitment of PRC2 and H3K27me3 to the X chromo-
some (Plath et al. 2003; Kohlmaier et al. 2004).

Taken together, these genetic studies suggest that
PRC2 is unlikely to play an important role in the initiation
of X inactivation and, furthermore, that it is not critical for
maintenance of random X inactivation in embryonic tis-
sues. Presumably, the participation of multiple epigenetic
marks in random X inactivation, including H3K9me2 and
H4K20mel and other unknown factors, may render the
requirement for PRC2 less critical. However, PRC2 does
seem to play an important role in the maintenance of
imprinted X inactivation in extraembryonic tissues.
Further insight into this has come from a recent study
showing that the defect in maintenance of the inactive
state is only found in differentiated Eed™~ trophoblast
cells (Kalantry et al. 2006). Intriguingly, in undifferenti-
ated Eed ™’ trophoblast stem cells, many characteristics of
the inactive X, such as Xist RNA coating, PRC1 and
PRC2 proteins, and associated histone modifications, are
no longer detectable, despite its transcriptional inactivity
(Kalantry et al. 2006). The authors conclude that PcG
complexes are not necessary to maintain transcriptional
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silencing of the inactive X chromosome in undifferenti-
ated stem cells. Instead, PcG proteins could be involved
in the cellular memory that prevents transcriptional acti-
vation of the inactive X during differentiation.

The exact mechanism underlying PRC2’s role in main-
taining inactivity of the X chromosome is unknown.
Drawing on parallels with other systems, it is known that
a subset of PRC2 complexes contain HDAC activity in
human cells (van der Vlag and Otte 1999) and in
Drosophila (Tie et al. 2001, 2003). Deacetylation of his-
tones might therefore also participate in PRC2’s action
on the X chromosome. Consistent with this, the accumu-
lation of PRC2 on the Xi occurs within a similar time
window to H4 hypoacetylation, although H3K9
hypoacetylation seems to be a slightly earlier event
(Heard et al. 2001; Chaumeil et al. 2002; Okamoto et al.
2004). Alternatively, the H3K27me3 mark and/or other
marks induced by PRC2 complexes (e.g., HIK26 methy-
lation; Kuzmichev et al. 2004) may have a direct effect
on chromatin accessibility or packaging. Yet another
possibility, supported by substantial genetic and bio-
chemical studies in different species, is that PRC2 leads
to the recruitment of the PRC1 complex and that this per-
forms the maintenance function. In vitro studies have
shown that PRC1 may act at several levels to maintain
silencing. These include inhibition of nucleosome
remodeling mediated by SWI/SNF (Shao et al. 1999;
Lavigne et al. 2004), induction of chromatin compaction
(Francis et al. 2004; Lavigne et al. 2004), inhibition of
transcription initiation (Dellino et al. 2004), and ubiqui-
tinated H2A-mediated gene silencing (Wang et al. 2004).

Although PRCI1 complex proteins and associated H2A
ubiquitination appear to associate with the inactive X
chromosome during both imprinted and random X inacti-
vation (de Napoles et al. 2004; Fang et al. 2004; Plath et
al. 2004), so far their exact role(s) in X inactivation
remains unclear. Schoeftner et al. (2006) have recently
shown that PRC1 recruitment by Xist RNA to the X chro-
mosome is independent of gene silencing, similarly to
PRC2. Mutant homozygous mice have been reported for
some components of PRC1 such as RinglA (del Mar
Lorente et al. 2000), RinglB (Voncken et al. 2003),
Cbx2/M33 (Cor¢ et al. 1997; Katoh-Fukui et al. 1998),
Bmil (van der Lugt et al. 1994), Mel18 (Akasaka et al.
1996), Phcl (Takihara et al. 1997), and Phc2 (Isono et al.
2005), which were shown to accumulate on the Xi in cer-
tain cell types. These mutants, except for Ring1B, which
shows early embryonic lethality, show homeotic abnor-
malities consistent with the misregulation of Hox genes,
although effects in the maintenance of X inactivation
were not assessed. However, XX ES cells mutated for
Ringla and Ringlb have been created, and although H2A
ubiquitination in the inactive X is clearly disrupted, they
do not show any obvious alteration in X-inactivation sta-
tus (de Napoles et al. 2004). The probable redundancy
between different PRC proteins and other epigenetic
marks on the X chromosome may render determination of
the functional importance of PRC1 proteins in X inacti-
vation a difficult task. Further genetic studies will be
required, involving multiple knockouts and careful analy-
ses in different embryonic and extraembryonic lineages.

Recruitment of PRC2 and PRC1 Complexes
to the Inactive X Chromosome

In Drosophila, the PRC2 complex is targeted to spe-
cific regions for repression via Polycomb response ele-
ments (PREs) (Bantignies and Cavalli 2006). In
mammals, DNA sequences equivalent to PREs are still
being sought. In the case of X inactivation, the recruit-
ment of PRC2 appears to be a direct consequence of Xist
RNA coating, which, as mentioned earlier, might suggest
that Xist itself targets PRC2 to the X chromosome.
However, it cannot be excluded that PRC2 is recruited as
an immediate consequence of some chromosomal change
induced by Xist RNA.

In the case of the PRC1 complex, its targeting to chro-
matin is thought to be at least partly dependent on the
presence of PRC2-induced H3K27me3 in Drosophila.
The Polycomb (Pc) protein, which is a core component of
PRCI1, has been shown to bind to H3K27me3 with strong
affinity (Fischle et al. 2003; Min et al. 2003), and this has
thus been proposed as a mechanism through which the
PRC2 complex could lead to the recruitment of PRCI.
The domain of the Pc protein that appears to bind to the
H3K27me3 mark is a conserved amino acid motif known
as the chromodomain. In mammals there are five Pc
homologs: Cbx2/M33/Mpcl, Cbx4/Mpc2, Cbx6, Cbx7,
and Cbx8/Mpc3. All of these, except Cbx4, have been
shown to have a high affinity for H3K27me3 (Bernstein
et al. 2006). We recently set out to address whether Pc
proteins associate with the inactive X chromosome and to
gain insight into the mechanism of their recruitment.
Using female mouse ES cells, we were able to detect the
presence of several of these Cbx proteins on the inactive
X chromosome (Bernstein et al. 2006). When fused to
GFP, all Cbx proteins, except Cbx4, showed preferential
accumulation on the H3K27 tri-Me enriched inactive X
chromosome, following transient transfection in day 3—6
differentiating female ES cells. The accumulation was
most striking for Cbx7 (Fig. 4). Using mutated forms of
the Cbx7 protein, in which critical amino acids were
changed within its chromodomain, we demonstrated that
the association of Cbx7 with the inactive X is likely to be
dependent on interactions between its chromodomain and
H3K27me3. However, this interaction alone may not be
sufficient for Cbx7 binding to the inactive X chromo-
some, as we showed that RNase treatment disrupts the X-
chromosomal association of Cbx7 (Bernstein et al. 2006).
This suggests that the Cbx7 protein is helped in its asso-
ciation with the X chromosome by an RNA entity, the
nature of which remains to be defined. This could be rem-
iniscent of previous in vitro findings showing that the
chromodomain is capable of binding RNA molecules
(Akhtar et al. 2000). Furthermore, several recent studies
have implicated intergenic, noncoding RNA in Polycomb
targeting or function (for review, see Ringrose et al.
2004). Obviously, Xist RNA is a tantalizing candidate for
the RNA partner of Cbx7, but any association between
Xist RNA and a Polycomb group protein remains to be
demonstrated. Alternatively, the RNA involved could be
of a totally different nature, similar to the RNA compo-
nent associated with constitutive heterochromatin, that
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Figure 4. Preferential accumulation of Cbx7—GFP protein on the
inactive X chromosome following transient transfection in
female ES cells differentiated for more than 3 days. (a) Cbx7-
EGEF. (b) Immunofluorescence for histone H3K27me2/3. (¢)
Merged image. (d) DAPL

participates in HP1 binding to chromocenters in mouse
cells (Maison et al. 2002). Our study suggests that the
murine Pc homolog, Cbx7, in the PRC1 complex may
require both H3K27me3 and an RNA entity in order to be
targeted to the X chromosome. Schoeftner et al. (2006)
showed that Eed (and presumably the H3K27me3 mark)
is also required for the recruitment of the canonical PRC1
proteins Mphl and Mph2 by Xist RNA. However, they
found that Eed is not required for recruitment of Ring 1b
and that this protein is recruited by Xist RNA and medi-
ates ubiquitination of histone H2A in Eed” ES cells,
which lack histone H3K27me3. The implications of these
findings are that PRC1 proteins may exist in more than
one complex and may be recruited by independent mech-
anisms during X inactivation.

Taken together, these studies reveal the complexity of
interactions and recruitment strategies that probably
underlie targeting of the PRC1 complexes to the inactive
X chromosome. The PRC2-induced H3K27me3 modifi-
cation and one or more RNA entities, possibly including
Xist itself, may be involved. Clearly, our understanding of
the different protein and RNA partners involved in PcG
targeting to the inactive X chromosome will require bio-
chemical analyses in the future.

CONCLUSION

The X-inactivation process thus involves multiple
actors, both RNA and protein. So far, Xist RNA has
taken center stage. However, its partners have remained
elusive and its mechanisms of action are likely to be
complex. It appears to be multifunctional RNA acting at
different levels during X inactivation, including its
recently defined role in nuclear compartmentalization.
The creation of a silent nuclear compartment by Xist
RNA, independently of its gene silencing action, adds a

new dimension to its function and opens up new con-
cepts in X inactivation. Repeat elements on the X chro-
mosome may be treated differently from genes, and their
mechanisms of silencing, although both Xist-dependent,
may differ. It is, of course, tempting to speculate that
RNA interference may play a role in the silencing of
repeats and/or genes, as has been shown in other organ-
isms, but this possibility remains to be explored for X
inactivation. The Polycomb group proteins also appear
to be intimately linked to another level of Xist RNA
function, although there is increasing evidence that mul-
tiple strategies may underlie their recruitment to the X
chromosome. Furthermore, unraveling their exact role
in maintaining the inactive state through genetic studies
is likely to be complicated by the fact that numerous
other epigenetic marks, many of which are still
unknown, undoubtedly participate in this process. The
future will require combined efforts using genetic, bio-
chemical, and developmental approaches to identify
these marks and define their roles.
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