
A novel role for Xist RNA
in the formation of a repressive
nuclear compartment into which
genes are recruited when silenced

Julie Chaumeil,1 Patricia Le Baccon,1 Anton Wutz,2 and Edith Heard1,3

1Mammalian Developmental Epigenetic Group, UMR 218, Curie Institute, 75248 Paris Cedex 05, France; 2Mammalian
X-chromosome Inactivation Group, Research Institute of Molecular Pathology, A-1030 Vienna, Austria

During early mammalian female development, one of the two X chromosomes becomes inactivated. Although
X-chromosome coating by Xist RNA is essential for the initiation of X inactivation, little is known about how
this signal is transformed into transcriptional silencing. Here we show that exclusion of RNA Polymerase II
and transcription factors from the Xist RNA-coated X chromosome represents the earliest event following
Xist RNA accumulation described so far in differentiating embryonic stem (ES) cells. Paradoxically, exclusion
of the transcription machinery occurs before gene silencing is complete. However, examination of the
three-dimensional organization of X-linked genes reveals that, when transcribed, they are always located at
the periphery of, or outside, the Xist RNA domain, in contact with the transcription machinery. Upon
silencing, genes shift to a more internal location, within the Xist RNA compartment devoid of transcription
factors. Surprisingly, the appearance of this compartment is not dependent on the A-repeats of the Xist
transcript, which are essential for gene silencing. However, the A-repeats are required for the relocation of
genes into the Xist RNA silent domain. We propose that Xist RNA has multiple functions:
A-repeat-independent creation of a transcriptionally silent nuclear compartment; and A-repeat-dependent
induction of gene repression, which is associated with their translocation into this silent domain.
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One of the most striking features of X inactivation is
that it implies the differential treatment of two homolo-
gous chromosomes within the same nucleus. However,
the nature of this differential treatment and the mecha-
nisms that initiate, propagate, and maintain it remain
poorly understood. Random X inactivation occurs in the
embryonic lineage of female mouse embryos (Lyon 1961)
and during the differentiation of female embryonic stem
(ES) cells, the latter providing a powerful model system
for dissection of the mechanisms underlying this pro-
cess.

X inactivation is controlled by a complex locus on the
X chromosome, known as the X-inactivation center
(Xic). Within the Xic locus, the Xist gene produces a long
untranslated RNA known to be essential for initiation
and propagation of inactivation (for review, see Avner
and Heard 2001; Plath et al. 2002). The accumulation of

the Xist transcript on the X chromosome chosen to be
inactivated (Xi) triggers the initiation of X inactivation,
while expression of the other allele is progressively re-
pressed. Xist RNA coating of the X chromosome induces
inactivation rapidly, within one or two cell cycles
(Penny et al. 1996; Marahrens et al. 1998; Wutz and Jae-
nisch 2000). Using inducible Xist cDNA transgenes in
male ES cells, Wutz and Jaenisch (2000) have defined the
critical time window during which Xist RNA is required
for inactivation. Based on these studies, at least two
phases have been defined in the inactivation process: an
initiation phase (the first 48–72 h), which is dependent
on Xist RNA coating, followed by an irreversible phase
(>72 h), which is independent of Xist RNA (Wutz and
Jaenisch 2000). Indeed, Xist RNA coating is not essential
for the maintenance of transcriptional repression in so-
matic cells; rather, multiple epigenetic marks act in syn-
ergy to ensure the stability of the inactive state (Czan-
kovszki et al. 2001). However, Xist RNA coating of the X
chromosome does seem to be required for the recruit-
ment of some kind of chromosomal memory, or epige-
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netic marking, during differentiation, although the exact
nature of this chromosomal memory remains unclear
(Kohlmaier et al. 2004). Some of the changes induced
following Xist RNA coating include a shift to asynchro-
nous replication timing (Takagi et al. 1982), incorpora-
tion of the histone variant macro H2A (Mermoud et al.
1999; Costanzi et al. 2000), DNA (CpG) methylation
(Norris et al. 1991), and a variety of histone modifica-
tions (Chaumeil et al. 2002; Chadwick and Willard 2003;
for review, see Heard 2004). Notably, changes in histone
H3 and H4 modifications include hypoacetylation of
H3K9 and of H4 at multiple lysines (Jeppesen and Turner
1993; Boggs et al. 1996; Keohane et al. 1996), as well as
hypomethylation of H3K4, dimethylation of H3K9
(Heard et al. 2001; Boggs et al. 2002; Mermoud et al.
2002; Peters et al. 2002), and trimethylation of H3K27
(Plath et al. 2003; Silva et al. 2003; Rougeulle et al. 2004).
The early timing of appearance of histone modifications
during the X-inactivation process suggests that they
could be involved in the initiation and/or early mainte-
nance of the inactive state.

Inducible Xist cDNAs carrying different deletions
have been used to define functional regions of this tran-
script (Wutz et al. 2002). A series of conserved repeats at
the 5� end of the transcript (known as the “A”-repeats)
have thus been shown to be critical for its gene silencing
function. Several regions of Xist are involved in its ca-
pacity to coat a chromosome in cis, as well as its ability
to recruit potential epigenetic marks such as macro H2A
and H3K27 trimethylation (Wutz et al. 2002; Plath et al.
2003; Kohlmaier et al. 2004). The latter is triggered by
the Ezh2/Eed (PRC2) Polycomb group complex, which is
recruited (directly or indirectly) by Xist RNA in an A-
repeat-independent fashion (Plath et al. 2003; Silva et al.
2003; Kohlmaier et al. 2004). Analysis of Eed and Ezh2
mutant embryos suggests that PRC2 and associated
H3K27 trimethylation are not required for initiation, but
rather for maintenance of the inactive state of the X
chromosome and that, furthermore, they are more criti-
cal for maintenance in extra-embryonic tissues than in
the embryo-proper (Wang et al. 2001; Mak et al. 2002).
The PRC1 Polycomb group complex is also recruited to
the inactive X chromosome during early development,
although its exact role in X inactivation remains to be
defined (de Napoles et al. 2004; Plath et al. 2004; Her-
nandez-Nunoz et al. 2005). Xist RNA coating again
seems to be the trigger for PRC1 recruitment, but as for
the PRC2 complex, this can occur in the absence of Xist
A-repeats and associated gene silencing. Thus, in addi-
tion to its silencing function, Xist RNA appears to be
able to recruit various marks that may be involved in the
early maintenance of the inactive state. However, the
molecular mechanisms that underlie Xist RNA’s capac-
ity to induce transcriptional silencing and the nature of
the changes induced on the X chromosome during devel-
opment that result in the chromosomal memory of the
inactivate state remain unclear.

Several hypotheses to explain Xist silencing function
have proposed that Xist RNA could recruit a specific
repressor to the X chromosome, although so far no such

protein has been reported. Alternatively Xist RNA could
have an architectural role by creating a repressive com-
partment or structure at the level of the X chromosome
(Clemson et al. 1996). Xist RNA is intriguingly restricted
in its nuclear localization to the vicinity of the chromo-
some territory from which it is expressed (Brown et al.
1992; Clemson et al. 1996). Cell biology studies have
revealed that this restriction does not appear to be de-
pendent on the DNA of the chromosome itself, as
the Xist RNA compartment remains unperturbed after
DNase treatment (Clemson et al. 1996). It has, there-
fore, been proposed that Xist RNA may show only an
indirect association with the X chromosome and a closer
association with the nuclear matrix. Potential support
for this has come from the finding that scaffold attach-
ment factor A (SAF-A) is enriched on the inactive X chro-
mosome in an RNA-dependent manner (Helbing and
Fackelmayer 2003). Xist RNA may thus form a stable
structure with nuclear matrix or scaffold factors, which
could be important for initiation and/or maintenance of
the inactive state (Helbing and Fackelmayer 2003; Fackel-
mayer 2005).

In this context, we set out to determine whether Xist
RNA might function at the level of nuclear organization.
It is becoming increasingly clear that the spatial organi-
zation of chromatin in the nucleus is tightly correlated
with the regulation of transcription. In particular, the
position of a gene with respect to its chromosome terri-
tory may be linked to its transcriptional status (for re-
views, see Cremer and Cremer 2001; Williams 2003).
Although some genes can be transcribed from the inte-
rior of a territory, most active genes are found to be lo-
cated outside the territory (Volpi et al. 2000; Mahy et al.
2002a,b; Chambeyron and Bickmore 2004b). Indeed,
gene-rich regions often loop out of their chromosome
territories when transcriptionally active (for review, see
Chambeyron and Bickmore 2004a). In the case of the X
chromosome, a recent study has shown that many X-
linked genes tend to be located close to the periphery of
the inactive X chromosome in human somatic cells, ir-
respective of their activity status (Clemson et al. 2006).
However, a potential link between gene location and
transcriptional status on human inactive X chromosome
was revealed in another study, using high-resolution
three-dimensional (3D) analysis of two X-linked genes
(one is subject to inactivation [ANT2] whereas the other
escapes inactivation [ANT3]) (Dietzel et al. 1999). The
ANT2 gene on the active X and ANT3 on both active and
inactive X chromosomes were found to be located close
to the periphery of the chromosomal territory, whereas
the silent ANT2 gene on the inactive X displayed a
more internal location. Such studies have so far only
been performed in somatic cells, where the X-inactiva-
tion process is complete and XIST RNA no longer plays
any major role in silencing, as epigenetic marks have
taken over.

In this study we investigated the relationship between
Xist RNA-mediated silencing and the 3D nuclear orga-
nization of the X chromosome in a developmental con-
text. We provide evidence for an intimate link between
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Xist RNA function during X inactivation and nuclear
compartmentalization. Immediately following Xist
RNA accumulation on the X chromosome, it forms
what appears to be a silent nuclear compartment that is
depleted for RNA Polymerase II (RNA Pol II) and tran-
scription factors and is associated with silencing of re-
petitive sequences on the X chromosome. We also make
the striking finding that formation of this early com-
partment occurs independently of the Xist A-repeats.
Gene repression occurs subsequently, requires Xist
A-repeat action, and is accompanied by a shift of genes
from outside to inside this silent nuclear compartment.
We thus demonstrate, for the first time, that the onset of
X inactivation is accompanied by a dynamic 3D reorga-
nization of the X chromosome and we reveal a new func-
tion for the Xist transcript in generating a repressive
nuclear compartment that is formed independently of its
A-repeats.

Results

Early exclusion of RNA Pol II and transcription
factors from the Xist RNA-coated X chromosome
during female ES cell differentiation

The mechanisms underlying the establishment of global
transcriptional silencing of the X chromosome during
early development and, more specifically, the manner in
which Xist RNA accumulation is converted into a pow-
erful repressive signal remain unknown. In order to ex-
plore this issue, we set out to analyze the relation-
ship between Xist RNA accumulation and RNA Pol II.
Immunofluorescence for RNA Pol II was coupled with
Xist RNA FISH on differentiating female ES cells
(Fig. 1A,B). An antibody that recognizes the C-terminal
domain (CTD) of the largest subunit of RNA Pol II was
first tested (8WG16). Xist RNA accumulation kinetics
are described in Materials and Methods. Following 1 d of
differentiation, the majority (72%), but not all, Xist
RNA domains were already found to be associated with
a clear exclusion in RNA Pol II (Fig. 1B; n = 60) (“exclu-
sion” or “depletion” is equivalent to the fluorescence
intensity of the extranuclear or nucleolar background;
see blue signal in line scan in Fig. 1G). By day 3 of dif-
ferentiation, the proportion of cells with Xist RNA do-
mains showing an exclusion of RNA Pol II had increased
to almost 100%. No exclusion of RNA Pol II could be
seen across either of the two X chromosomes prior to
inactivation in undifferentiated or early differentiat-
ing ES cells, based on line scans drawn around the
Xist RNA primary transcript signals (see Supplementary
Fig. 1). A second antibody that recognizes the CTD
(CTD4H8) gave identical results. Phosphorylation of
Ser 2 and Ser 5 of the CTD of the largest subunit of
RNA Pol II characterizes the elongation and initiation
forms of this enzyme, respectively. Immuno-Xist RNA
FISH on differentiating female ES cells was performed
using H5 (elongation-specific) and H14 (initiation-
specific) anti-Pol II antibodies. Similar early kinetics of

exclusion from the Xist RNA domain were found using
these antibodies (Fig. 1A,B, H14 not shown). We also
investigated the profiles of two partners of RNA Pol II,
TAF10 and TBP (the latter is thought to be one of the
first proteins to be recruited during transcription). Both
proteins were excluded from the Xist RNA domain with
similar kinetics to RNA Pol II (Fig. 1A,B). In order to
control that exclusion of RNA Pol II and other factors
was not simply due to antibody accessibility issues, we
performed transient transfections with RNA Pol II fused
to GFP. We found it to be similarly excluded from the
Xist RNA-coated X chromosome in all cells (differenti-
ating ES cells and MEFs [mouse embryonic fibroblast])
examined. Other GFP fusion proteins (e.g., H2A-GFP or
H2B-GFP) showed no such exclusion (data not shown).
Thus, exclusion of the transcription machinery repre-
sents a very early event in the time course of X inacti-
vation.

Exclusion of the transcription machinery
is the earliest known event following Xist
RNA accumulation

The above results suggest that the exclusion of transcrip-
tion factors from the X chromosome might be an even
earlier event than the establishment of specific histone
modifications on the future inactive X chromosome. In
order to define the relative order of these events more
precisely, we performed dual immunofluorescence to de-
tect transcription factors and histone modifications si-
multaneously, and combined this with Xist RNA FISH
during female ES cell differentiation (Fig. 1C–F). Ex-
amples of RNA Pol II (H5 antibody) and histone H3 di-
methylated on Lys 4 (H3K4me2) (Fig. 1C,D) or histone
H3 trimethylated on Lys 27 (H3K27me3) (Fig. 1E,F)
stainings are shown, alongside line scans (Fig. 1E). Three
profiles were observed during early stages of differentia-
tion. In the first category (Fig. 1D,F, white bars), the Xist
RNA domain is neither depleted for RNA Pol II, nor is it
associated with the Xi-specific histone modifications. In
the second category (Fig. 1D,F, yellow bars), the Xist
RNA domain is already depleted for RNA Pol II but is
not yet associated with histone modifications. In the
third category (Fig. 1D,F, purple bars), the Xist RNA do-
main is both depleted in RNA Pol II and associated with
histone modifications (depletion of H3K4me2 and en-
richment of H3K27me3). Nuclei where the Xist RNA
domain is associated with Xi-specific histone modifica-
tions but is not depleted for RNA Pol II were never de-
tected (n � 50 at each differentiation stage). To deter-
mine the exact relative timing of these two events, we
examined ES cells differentiated for 1, 1.5, 2, and 3 d.
This showed that after 1 d of differentiation, 70%–80%
of Xist RNA domains are depleted for RNA Pol II,
whereas only 53% are additionally depleted of H3K4me2
and 46% are also enriched in H3K27me3 (n = 60). After 3
d of differentiation, these characteristic histone modifi-
cations are present on the Xi in almost 100% of cells
with Xist RNA domains. Other histone modifications,
including H3K9ac, H3K9me2, and H4ac, and other tran-
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scription factors such as TAF10, TBP, and RNA Pol II
(8WG16 antibody) gave similar results (Supplementary
Table 1). Taken together, these results demonstrate that
exclusion of transcription factors from the Xist RNA-

coated chromosome precedes the appearance of known
histone modifications characteristic of the Xi. The ex-
clusion of the transcription machinery is thus the earli-
est event following Xist accumulation described so far.

Figure 1. Exclusion of the transcription machin-
ery from the Xist RNA domain during X inactiva-
tion of female ES cells undergoing differentiation.
(A) Representative immunofluorescence (IF) using
antibodies against several components of the tran-
scription machinery (RNA Pol II, TAF10, and TBP;
red) combined with Xist RNA FISH (green) on fe-
male ES cells after 2 d of differentiation. Three
antibodies (H5, 8WG16, and CTD4H8) recognizing
different phosphorylated forms of RNA Pol II were
used. Arrowheads indicate the location of the Xist
RNA domain. DNA is stained with DAPI (gray).
Bar, 5 µm. (B) Kinetics of exclusion of the tran-
scription machinery from the Xist RNA-coated X
chromosome during female ES cell differentiation
(day 1, n = 60; days 1.5 and 2, n = 100). (C,E) Dual
IF for RNA Pol II (H5 Ab; gray) and histone
H3K4me2 (C, red) or histone H3K27me3 (E, red)
was combined with Xist RNA FISH (green) in fe-
male ES cells undergoing differentiation (day 1, top

line; day 2, middle line; day 3, bottom line). The
Xist RNA domain is shown with an arrowhead.
DNA is stained with DAPI (gray). Bar, 5 µm. (D,F)
Relative kinetics of the exclusion of the transcrip-
tion machinery and the appearance of histone
modifications during X inactivation on female ES
cells undergoing differentiation (day 1, n = 60; days
1.5, 2, and 3, n = 100). (G) Representative example
of 3D analysis, 3D reconstruction, and a scan line
to demonstrate the relative exclusion of RNA Pol
II (blue) and enrichment of H3K27me3 (red) with
respect to the Xist RNA domain (green) in female
ES cells differentiated for 3 d.
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Exclusion of the transcription machinery from the Xist
RNA-coated X precedes gene silencing during the course
of X inactivation

This early exclusion of the transcription machinery,
within 1–2 d, would appear to be in contradiction with
previous studies, which showed that X-linked gene re-
pression only begins after 2 d of differentiation (Keohane
et al. 1996; Heard et al. 2001). In order to resolve this

paradox, we examined the kinetics of RNA Pol II exclu-
sion and X-linked gene activity simultaneously, using
immunofluorescence (RNA Pol II H5 antibody) com-
bined with dual RNA FISH (Xist and a gene-specific
probe for primary transcript detection) during the course
of X inactivation (Fig. 2C). In this assay, a transcription-
ally active gene is detectable as a punctate RNA signal at
its locus corresponding to its nascent transcript
(Lawrence and Singer 1985). The kinetics of transcrip-

Figure 2. Exclusion of the transcription ma-
chinery occurs earlier than the transcriptional re-
pression of three X-linked genes during X inacti-
vation. (A) Locations of the Lamp2, MeCP2,
G6pdx, Xist, Chic1, Pgk1, and Jarid1c genes on
the X chromosome. (B) Kinetics of repression of
Lamp2, MeCP2, G6pdx, Chic1, and Jarid1c dur-
ing X inactivation (n > 50 at every time point).
The percentage of cells with Xist RNA domains
(except at day 0) showing biallelic expression of
different X-linked genes is shown in ES cells dif-
ferentiated for 0, 2, or 4 d, as well as in MEFs
where X inactivation has been completed. (C)
Representative IF of RNA Pol II (H5 Ab; blue)
combined with Xist RNA FISH (green) and RNA
FISH showing the primary transcript of three X-
linked genes (MeCP2, Chic1, or Jarid1c; red) on
female ES cells at day 2 (left column) and day 4
(right column) of differentiation. Arrowheads
show primary transcripts on the inactive X chro-
mosome, whereas asterisks indicate primary
transcripts on the active X chromosome. DNA is
stained with DAPI (gray). Bar, 5 µm. Relative ki-
netics of RNA Pol II exclusion and gene repres-
sion during X inactivation on female ES cell un-
dergoing differentiation (day 1, n = 60; following
days, n = 100). (D) Representative IF for RNA Pol
II (H5 Ab; blue) combined with Cot-1 (red) and
Xist (green) RNA FISH on female ES cells at day
2 of differentiation. Arrowheads show the exclu-
sion of RNA Pol II and Cot-1 RNA on the Xist
RNA domain. DNA is stained with DAPI (gray).
Bar, 5 µm. Relative kinetics of RNA Pol II exclu-
sion and Cot-1 repression during X inactivation
on female ES cell undergoing differentiation (day
1, n = 60; days 2 and 3, n = 100). (E) Example of
3D analysis of RNA Pol II IF together with Chic1
and Xist RNA FISH in early differentiated ES
cells, using Metamorph software (top) and after
Amira reconstruction (bottom).
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tional silencing of several X-linked genes was analyzed
(Fig. 2A). Two of these, MeCP2 and G6pdx, are separated
by ∼300 kb and are located 30 Mb proximal to Xist;
Lamp2 is located 66 Mb proximal to Xist; Chic1 is lo-
cated just 70 kb 3� to Xist; Pgk1 and Jarid1c are located
3 and 47 Mb distal to Xist, respectively. Transcription on
the active X could be detected with high efficiency
(>70%) for some of these genes, whereas for others, such
as MeCP2, a primary transcript was detectable in only
10% of cells. The primary transcript of Pgk1 was barely
detectable and only in a low percent of cells, thus pre-
cluding analysis of its kinetics, although previous RT–
PCR studies have established that it is silenced around
day 2 of differentiation (Keohane et al. 1996; Panning et
al. 1997). All of the above genes have been found to be
subject to X inactivation during ES cell differentiation
(Fig. 2B; Keohane et al. 1996; Simmler et al. 1997; Heard
et al. 2001; Wutz et al. 2002). In addition to these genes,
we also examined Jarid1c, which has been reported to be
subject to X inactivation initially and then to escape
later on in development (Tsuchiya et al. 2004).

Biallelic expression of these genes could be detected in
both undifferentiated and day 1 differentiated ES cells
with equivalent frequencies (data not shown), despite
the fact that >70% of Xist RNA domains at day 1 already
show an exclusion of RNA Pol II (n = 60) (Fig. 2C). By day
2 of differentiation, MeCP2 is repressed on the Xist
RNA-coated X chromosome in 27%, Chic1 in 30%,
G6pdx and Lamp2 in 18%, and Jarid1c in 23% of cells
(n � 100) (Fig. 2B,C). The kinetics of gene silencing
found for all of the above genes confirm previous studies
and demonstrate that the transcription machinery is in-
deed excluded from the Xist RNA-coated X chromosome
prior to the initiation of gene silencing.

In the case of Jarid1c, we were not able to detect >50%
of cells in which this gene was silenced throughout ES
cell differentiation and even in somatic cells (MEFs)
where inactivation is known to be complete (Fig. 2C,
right panel). Although this result is in agreement with
previous studies showing that Jarid1c is one of the few
genes escaping X inactivation in mice, in differentiating
ES cells we did not find that Jarid1c was initially sub-
mitted to inactivation and then subsequently escaped at
later stages (Tsuchiya et al. 2004). This could reflect dif-
ferences between embryos and differentiating ES cells.
As X inactivation during ES cell differentiation is not
totally synchronous, we may have missed transient full
inactivation followed by reactivation of Jarid1c.

As another assay for the onset of gene repression, we
used Cot-1 RNA FISH combined with the immunostain-
ing of RNA Pol II (Fig. 2D). The Cot-1 fraction of the
genome represents middle repetitive DNA which is pres-
ent in transcribed regions such as introns, 5� and 3�

UTRs, as well as in intergenic regions. When Cot-1 DNA
is used as a probe for RNA FISH, this allows visualiza-
tion of the overall transcriptional status of the genome
(Hall et al. 2002). After 1 d of differentiation, 63% of the
Xist RNA domains that were depleted of RNA Pol II also
showed a loss of Cot-1 RNA signal within the domain
(Fig. 2D; Supplementary Fig. 2), and by day 2 this pro-

portion had increased to almost 100%. Thus, depletion
of the Cot-1 RNA signal from the Xist RNA domain was
detected following the exclusion of RNA Pol II during
the time course of X inactivation. This result confirmed
that exclusion of the transcription machinery from the
Xist RNA-coated X chromosome occurs prior to gene
repression. Intriguingly, the onset of X-chromosome si-
lencing detected by Cot-1 RNA FISH appears to occur
slightly earlier, at day 1 (Fig. 2), than the silencing of any
of the genes analyzed, which only begins at day 2 (see
above).

Location of transcribed genes at the periphery
of or outside the Xist RNA domain

The above findings demonstrate that exclusion of the
transcription machinery from the Xist RNA-coated X
chromosome occurs while some X-linked genes are still
being transcribed and thus raises the paradox of the time-
lag between these two events. In the course of our analy-
sis, we noted that the primary transcripts of all of the
X-linked genes analyzed were detected at the periphery
of, or outside, the Xist RNA domain, in 100% of cases
(Fig. 2C). To assess this more carefully, we performed
3D microscopy and reconstruction using dedicated
softwares (Metamorph and Amira; see Materials and
Methods) (Fig. 2E). This confirmed that the primary tran-
scripts of genes still being transcribed on the X chromo-
some undergoing inactivation are still within nucleo-
plasm containing RNA Pol II and transcription factors.
This external location, although rarely >0.8 µm away
from the Xist RNA domain (see Materials and Methods),
explains how genes can remain expressed during early
stages of differentiation even though the transcription
machinery has already become excluded from the Xist
RNA domain.

Relocalization of X-linked genes within the Xist RNA
domain during X inactivation

Given that, prior to their silencing, genes are detected by
RNA FISH at the periphery or outside of the Xist RNA
domain, this raises the question of the location of the
genes after they become inactivated. In order to address
this, we performed DNA FISH to assess how positions of
X-linked genes might change with respect to the Xist
RNA domain following their inactivation. The locations
of the genes tested above were examined at different
stages of ES cell differentiation (Fig. 3). Cells were ana-
lyzed at day 2 of differentiation, when Xist RNA has
already accumulated in a substantial proportion of cells
(∼30%) but X inactivation has only just begun and X-
linked genes are still expressed biallelically in the ma-
jority of these cells; at day 4 of differentiation, when
inactivation is virtually complete and monoallelic ex-
pression is seen in the majority of cells containing a Xist
RNA domain for all of the X-linked genes examined (ex-
cept Jarid1c), and in MEFs as a control for a fully differ-
entiated and inactivated state. Following 3D microscopy
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analysis, Amira reconstruction, and measurements (see
Materials and Methods), profiles of gene location with
respect to the Xist RNA domain were classified into five
distinct categories (Fig. 3A; see Materials and Methods
for classification), and the proportions of cells showing
different profiles for each gene are presented in Figure 3B.

In the cases of the MeCP2, G6pd, Lamp2, and Pgk-1
genes, following 2 d of differentiation (genes still active
in >70% of cells, see above), they are located outside or at
the outer edge of (i.e., no overlap of green and red signals)
the Xist RNA domain in most cells (Fig. 3B) and are thus

in contact with the transcription machinery, as pre-
dicted by the RNA FISH analysis (Fig. 2C). However,
after 4 d of differentiation, when these genes have mostly
undergone X inactivation, they all show a shift in posi-
tion toward the interior of the Xist RNA domain (i.e., the
red signal appears yellow due to overlap with green).
This internalization is even more pronounced in MEFs
where X inactivation is fully established. The most dra-
matic change was found for the Pgk1 gene, which was
located outside or at the outer edge of the Xist RNA
domain in almost 50% of cells at day 2 and shifted to the

Figure 3. Location of three X-linked genes with
respect to the Xist RNA domain during X inac-
tivation. (A) 3D analysis of Xist RNA FISH
(green) combined with DNA FISH to detect the
location of X-linked genes (Lamp2, MeCP2,
G6pdx, Pgk1, Chic1, Jarid1c, and the Xic locus;
red) on female ES cells undergoing differentiation
(days 2 and 4) and MEFs. Different profiles of X-
linked gene location outside, at the outer edge, at
the edge, at the inner edge, or inside the Xist
RNA domain are shown following Amira recon-
struction. (B) Distribution of the different loca-
tions of X-linked genes with respect to the Xist
RNA domain before, during, and after X inacti-
vation in differentiated ES cells at days 2 and 4,
and in MEFs (n > 30). Genes showing a statistical
difference in position distributions are indicated
with red asterisks.
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inside or inner edge in >70% of day 4 differentiated cells
or MEFs. For MeCP2, Pgk1, G6pdx, and Lamp2, gene
locations relative to the Xist RNA domain were also
found to differ significantly (p < 0.05) between days 2 and
4 of differentiation and MEFs, using a �2 test (see Mate-
rials and Methods).

In the case of Chic1, although a shift to a more internal
location within the Xist RNA domain was observed, the
change was not found to be statistically significant. In-
deed, this gene was always found to be located rather
close to the edge of the Xist RNA domain, and the shift
in location was only from outer to inner edge, never to
the inside (Fig. 3B). The position of the Chic1 gene is
probably restricted to this peripheral location because of
its tight linkage to the Xist gene and the fact that Xist
has to remain transcriptionally active on the otherwise
silent X chromosome following X inactivation. To verify
that this is the case, we analyzed the position of the Xic
region with respect to the Xist RNA domain, using a
460-kb-length probe (including Xist and Chic1) (Fig. 3B).
The Xic locus was found to be located at or close to the
periphery of the Xist RNA domain in the majority of
cells and showed no significant shift in position through
differentiation (2 d; 4 d in MEFs). Thus at least part of the
region remains in contact with the transcription ma-
chinery. This specific location of the Xic region strad-
dling the periphery of the Xist RNA domain thus reflects
the fact that, on the one hand, it carries the Xist gene
which remains active and located outside of the domain,
while on the other hand it also contains other genes,
such as Chic1, that are subject to inactivation and lo-
cated at the inner edge of the Xist RNA domain.

Finally, the Jarid1c gene, which escapes inactivation
in a proportion of cells, showed a rather unique distribu-
tion of positions relative to the Xist RNA domain com-

pared with all of the other loci examined. This was the
only gene to show an external location in a strikingly
high proportion of cells (>70% outside or outer edge) at
day 4 of differentiation. In MEFs, where Jarid1c is active
(on the otherwise inactive X chromosome, see Fig. 2C) in
∼50% of cells, it is located on the outside or the outer
edge of the Xist RNA domain (Fig. 3B). Moreover, even in
those MEFs where it is silent, it remains situated at the
periphery of the Xist RNA domain and never shows a
fully internal location, contrary to all other X-linked
genes examined, except the Xic (Fig. 3B). This external/
peripheral location of the Jarid1c gene correlates well
with, and might even explain, its tendency to escape
from X inactivation (Tsuchiya et al. 2004).

Constant Xist RNA coating surface
of the X-chromosome territory during the course
of X inactivation

The relocation of genes into the Xist RNA domain dur-
ing X inactivation could be explained by several hypoth-
eses: an increase in the extent of the X chromosome
coated by Xist RNA, an increase in the compaction of
chromatin of the X chromosome within the Xist RNA
domain, or a spatial reorganization of genes. In order to
test the first two possibilities, we measured the relative
volumes of the Xist RNA domain and the X-chromo-
some territory, before and after inactivation. We com-
bined Xist RNA FISH with DNA FISH using an X-chro-
mosome paint probe in female ES cells at days 2 and 4 of
differentiation, as well as in MEFs (Fig. 4). After 3D
analysis and reconstruction, volumes were measured us-
ing Amira software. At all stages, Xist RNA covers ∼70%
of the X-chromosome territory. Thus, we find no evi-
dence for an increase in the degree of X-chromosome

Figure 4. Comparative analysis of the relative vol-
umes of Xist RNA domain and X-chromosome territory
during X inactivation. Xist RNA FISH (red) combined
with an X-chromosome paint DNA FISH (green) on fe-
male ES cells undergoing differentiation (days 2 and 4)
and MEFs. 3D analysis using Amira software recon-
struction (n = 30). DNA is stained with DAPI (gray or
blue). Bar, 5 µm. Relative volumes were calculated us-
ing Amira software and are shown on the right of each
panel.
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coating by the Xist transcript. Furthermore, although we
cannot exclude that some local compaction of chromatin
occurs during differentiation that would be undetectable
at the level of DNA FISH, we find no evidence for any
global compaction of X-linked chromatin within the Xist
RNA domain during differentiation.

Gene relocation into the X-chromosome territory
is dependent on the silencing A-repeat domain
of the Xist transcript

The above results suggested that relocation of X-linked
genes into the Xist compartment might be linked to
their silencing. In order to test this hypothesis and to
determine whether the silencing activity of Xist RNA is
linked to its capacity to exclude the transcription ma-
chinery and/or to cause internalization of genes, we ana-
lyzed a male ES cell line (30–24–46) in which the endog-
enous Xist gene carries a deletion of its A-repeats
(Xist�A) and is under the control of an inducible tetra-
cycline-responsive promoter (Wutz et al. 2002). The
Xist�A RNA mutant cannot induce gene silencing but
can induce correct coating in cis, and histone modifica-
tions such as H3K27me3, as well as macroH2A, are cor-
rectly recruited (Wutz et al. 2002; Kohlmaier et al. 2004).
This thus provides a useful means of distinguishing be-
tween changes due to Xist RNA silencing and those due
to chromatin modulation.

We first analyzed the profile of RNA Pol II and Cot-1
RNA on the Xist RNA-coated chromosome in these cells
following induction of differentiation and expression of
Xist�A for 2 d. Although it is not known if the Xist�A
RNA associates with exactly the same chromosomal re-
gions as wild-type Xist RNA, the accumulation of
Xist�A RNA in interphase nuclei was indistinguishable
from wild-type XX ES cells (Fig. 5D). We were, however,
very surprised to find that RNA Pol II becomes excluded
from the Xist�A RNA-coated chromosome early on after
induction of Xist�A expression and that this is accom-
panied by silencing of repeat-containing transcription
detected by Cot-1 RNA FISH (Fig. 5A). Indeed, at day 1,
>90% of cells with a Xist�A RNA-coated X chromosome
showed exclusion of RNA Pol II and 70% showed repres-
sion of transcripts detected by Cot-1 DNA within the
Xist�A RNA domain. The nuclear patterns of RNA Pol II
and Cot-1 RNA depletion at the Xist�A RNA domain
were indistinguishable from those found in wild-type fe-
male ES cells (see line scan in Fig. 5D). The more rapid
kinetics of RNA Pol II exclusion and Cot-1 repression
found in Xist�A cells following 1 d of induction, com-
pared with female ES cells differentiated for the same
time, is due to the rapid expression of high levels of
Xist�A RNA owing to the strong inducible promoter
(similar kinetics were found with other inducible Xist
transgene lines) (data not shown). Indeed other changes,
including histone modifications, appear more rapidly in
such inducible Xist lines (�A or wild type) (Kohlmaier et
al. 2004; data not shown). Our findings show that the
absence of the A-repeats does not appear to impair Xist
RNA’s capacity to form a silent nuclear compartment

and to induce silencing of at least some X-linked tran-
scription (the Cot-1 fraction), even though X-linked
genes are not subject to silencing by Xist�A RNA in this
cell line (Wutz et al. 2002).

We went on to analyze X-linked gene expression and
localization with respect to the Xist�A RNA-coated X
chromosome, in this cell line. Cells were analyzed at
days 1 and 5 of differentiation and Xist�A induction (Fig.
5). Even after 5 d of Xist�A induction and differentiation,
MeCP2, G6pdx, and Lamp2 all remained active (Fig. 5B),
as previously shown for Pgk1 (Wutz et al. 2002). We next
examined the positions of X-linked genes in this cell
line. In the case of Pgk1, this locus remained outside the
Xist�A RNA domain in ∼75% of nuclei after both 1 and
5 d of induction (with no statistically significant change
in distribution), in striking contrast to wild-type female
cells where it becomes very internally located in the ma-
jority (85%) of nuclei even at day 4 of differentiation.
Similar results were found for the Mecp2, G6pdx, and
Lamp2 genes (Fig. 5C).

In summary, we can conclude that the A-repeats of the
Xist transcript are indeed necessary for silencing of X-
linked genes (Wutz et al. 2002). We have further demon-
strated that the Xist A-repeats, or their silencing func-
tion, are required for the relocation of X-linked genes
into the Xist RNA compartment during X inactivation.
Finally, we have also made the surprising and novel find-
ing that the silent compartment associated with the Xist
RNA domain is formed independently of the Xist A-re-
peats. This raises the possibility of further silencing roles
mediated by different regions of the Xist transcript.

Discussion

Xist RNA forms a silent nuclear compartment

In this study we have examined the events underlying
the onset of X inactivation in the context of the 3D or-
ganization of the X chromosome. We have shown that
Xist RNA chromosome coating leads to the rapid exclu-
sion of RNA Pol II and associated transcription factors
and that this represents the earliest event following Xist
RNA accumulation described so far. Only subsequently
do genes cease to be transcribed, as detected at the pri-
mary transcript level by RNA FISH. The Xist gene is
essential for silencing of chromatin in cis and this re-
pressive function was thought to be solely dependent on
the A-repeat region of the Xist transcript (Wutz et al.
2002). However, we have made the surprising finding
that Xist RNA is able to trigger the exclusion of RNA Pol
II and the repression of repeat sequence transcription
within the Xist RNA domain, even in the absence of the
A-repeat silencing region of Xist. Nevertheless, this tran-
script is deficient in its capacity to trigger X inactivation
at the level of all the X-linked genes so far examined. Our
study thus provides evidence for a new and early step in
the X-inactivation process and for a novel role for the
Xist transcript. This new function is independent of the
A-repeats and results in the formation of a silent nuclear
compartment with exclusion of the transcription ma-
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chinery from the X chromosome chosen to be inacti-
vated.

Previous studies have suggested that Xist RNA may
associate with components of the nuclear scaffold or ma-
trix, such as SAF-A, in order to form a stable architec-
tural structure (Clemson et al. 1996; Helbing and Fack-
elmayer 2003) which could be, as shown here, respon-
sible for the early exclusion of the transcription
machinery and, thus, for the early transcriptional repres-
sion of sequences at the interior of the X-chromosome
territory. It will be interesting now to assess to what
extent the Xist RNA domain might represent a true
physical compartment, using accessibility assays such as
the injection of dextran beads of different sizes (Versch-
ure et al. 2003). Other candidates that might participate
in the formation of a repressive compartment at the level
of the inactive X chromosome are the Polycomb group

proteins. Polycomb group complexes are known to be
involved in silencing and in the creation of repressive
environments (Bantignies et al. 2003), thus the recruit-
ment of PRC2 and PRC1 complexes by Xist RNA might
play a similar role. However, the exclusion of the tran-
scription machinery from the Xist RNA domain occurs
well prior to the enrichment of H3K27 trimethylation
triggered by PRC2 (Plath et al. 2003; Silva et al. 2003).
This is consistent with our previous study in embryos
(Okamoto et al. 2004). Even if recruitment of PRC2 and
PRC1 is not directly involved in creating such a silent
compartment, they may nevertheless play a role in sta-
bilizing a repressive environment which facilitates
the maintenance of silencing. Indeed, PRC2 recruit-
ment is also Xist A-repeat-independent and H3K27me3
is not critical for gene silencing, but rather participates
in the maintenance of the inactive state (Wang et al.

Figure 5. Role of Xist RNA A-repeats using an induc-
ible Xist gene. (A) RNA Pol II immunostaining (blue)
combined with Cot-1 RNA FISH (red) and Xist RNA
FISH (green) in 30–24–46 male ES cells after 2 d of dif-
ferentiation and Doxicyclin-induction of Xist�A RNA
transcription. DNA is stained with DAPI (gray). Bar,
5 µm. A line scan shows the relative intensities of the
three signals across the nucleus. The large and the
small peaks of Xist RNA likely correspond to the bulk
of the X chromosome and the transcribed Xist locus
itself, respectively. (B) Dual RNA FISH for MeCP2 RNA
(red) and Xist RNA (green) following 1 d of differentia-
tion and Xist�A expression. DNA is stained with DAPI
(gray). Bar, 5 µm. (C) Representative 3D analysis of
MeCP2 DNA FISH (red) combined with a Xist RNA
FISH (green) using Metamorph software and Amira re-
construction, after 5 d of differentiation and Xist�A ex-
pression. DNA is stained with DAPI (gray). Bar, 5 µm.
(D) Distribution of the different profiles of MeCP2,
G6pdx, Lamp2, and Pgk1 locations with respect to the
Xist RNA domain (based on the categories described in
Fig. 3) after 1 or 5 d of differentiation and Xist�A ex-
pression (n = 30). No statistical differences in position
distributions between days 1 and 5 are found.
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2001; Plath et al. 2003; Silva et al. 2003; Kohlmaier et al.
2004).

Genes become relocated into the Xist RNA domain
during X inactivation

Several studies have shown that gene-rich regions tend
to be located at the periphery of chromosome territories
while repetitive regions tend to be located more inter-
nally (Mahy et al. 2002b). Indeed, this also seems to be
the case for the human X chromosome (Clemson et al.
2006). Consistent with this, we find that the silent com-
partment formed after Xist RNA accumulation initially
contains more repeat-rich regions, as detected by Cot-1.
X-linked genes, on the other hand, tend to be located
outside or at the periphery of this Xist RNA domain
when still active. It should be noted that all of the X-
linked genes we have examined so far tend to be fairly
peripherally located on the X-chromosome territory,
whatever their activity status, as in the study by Clem-
son et al. (2006). Indeed, the shift from the outside to-
ward the inside of the Xist RNA domain that we describe
during X inactivation, although statistically significant,
is only in the order of 0.1–0.8 µm (data not shown). It will
be interesting to identify genes that are more internally
located on the X-chromosome territory, in order to as-
sess their kinetics of inactivation. We predict that such
genes, if they exist, might be subject to silencing in a
Xist A-repeat-independent fashion.

Our work also provides new insights into the function
of the Xist A-repeats, as we show that the shift of genes
to a more internal location within the RNA Pol II-de-
pleted Xist RNA domain is linked to Xist A-repeat-me-
diated gene silencing, as it does not occur in the Xist�A
mutant. We have demonstrated that this shift in position
of genes does not appear to be due to an increase in the
size of the Xist RNA domain, nor to a global condensa-
tion of the X chromosome. Rather, genes become relo-
cated into the RNA Pol II-depleted Xist RNA compart-
ment when they become silenced, thus demonstrating
that there is an intimate link between gene silencing and
location within a chromosomal territory during X inac-
tivation. Several studies have previously reported dy-
namic changes in the location of genes with respect to
their chromosome territory, with looping out of genes
being correlated with the activation of expression (Volpi
et al. 2000; Chambeyron and Bickmore 2004a,b). Our
study provides the first evidence in a developmental con-
text for dynamic changes in gene position that are asso-
ciated with the X-inactivation process.

The gene relocation that accompanies X inactivation
is dependent on the A-repeat silencing function of the
Xist transcript. How could this occur? 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, a likely
explanation is that the transcriptional repression in-
duced by the Xist A-repeat containing RNA results in
the capacity of genes to become internalized. Indeed, ac-
tively transcribed genes may be located or even seques-

tered in putative “transcription factories” (see Osborne
et al. 2004). When Xist A-repeat-induced silencing oc-
curs, a gene may become unleashed from such a tran-
scription compartment and thus become more internally
located by default. An alternative but not mutually ex-
clusive explanation for gene relocation could be that the
Xist transcript and the ribonucleoprotein structure it
forms participate in “reeling” genes into the silent do-
main, either through local chromatin condensation or
through active translocation. As PRC2-associated
H3K27 trimethylation, in the absence of silencing (in the
Xist�A mutant), does not induce internalization, this
chromatin change alone is not sufficient for gene inter-
nalization. However, this does not exclude that it might
be necessary for relocation to occur. Examination of
PRC2 mutant female ES cells will be required to address
this issue.

Finally, our findings with the Jarid1c gene also provide
potential insights into the process of escape from X in-
activation. The fact that the Jarid1c gene remains on the
outside or at the edge of the Xist RNA domain at all
differentiation stages may reflect a resistance of this lo-
cus to be internalized, despite the silencing action of the
Xist A-repeats. This would be consistent with the recent
finding that Jarid1c is flanked by CTCF boundary ele-
ments, which could render it more resistant to reloca-
tion compared with other genes (Filippova et al. 2005).

Conclusion: multiple roles for the Xist transcript?

In conclusion, we provide novel and unexpected insights
into the multiple roles of Xist (Fig. 6). Previous studies
have suggested that Xist RNA might be multivalent, not
just in the initiation of transcriptional silencing but also
in the early maintenance of the silent state, through the
action of histone modifying enzymes and PRC2/PRC1
complexes, which are important for the memory and the
maintenance of inactivation and could lead to the Xist-
independent locking-in of the inactive state (Wang et al.
2001; Mak et al. 2002; Plath et al. 2003, 2004; Silva et al.
2003; de Napoles et al. 2004; Kohlmaier et al. 2004; Her-
nandez-Nunoz et al. 2005). In the present study we have
shown that the accumulation of the Xist transcript ap-
pears to be capable of triggering the rapid formation of a
silent nuclear compartment. However, we have also
shown that this is not in itself sufficient to induce si-
lencing of all X-linked genes, as it can occur indepen-
dently of the A-repeats. The exact nature of the se-
quences present within this compartment is currently
under investigation. On the other hand, Xist A-repeat
RNA can induce the silencing of genes, and we demon-
strate that these genes then become relocated within the
silent nuclear compartment delineated by Xist RNA.

In the future it will be important to define the exact
mechanism of action of the Xist A-repeat sequence that
triggers gene silencing and relocation. It will also be im-
portant to define which region of the Xist transcript is
involved in the formation of the RNA Pol II-depleted
nuclear compartment and to analyze the exact nature of
this domain. Finally, we would like to determine
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whether only X-linked genes become silenced within
this Xist RNA compartment, or whether it could be the
host to other stably silenced sequences in the genome.

Materials and methods

Cell culture

Female MEFs, the LF2 female ES cell line (a gift from Dr. Austin
Smith), and the 30–24–46 male ES cell line (Wutz et al. 2002)
were prepared and cultured as described previously (Chaumeil
et al. 2002, 2004). In the LF2 cell line, ∼2%–5% of cells show a
Xist RNA domain after 1 d of differentiation, 10% after 2 d, and
60% after 4 d. In the 30–24–46 cell line, Xist expression was
induced by adding 1 µg/mL doxycycline in the culture medium.
Around 30%–40% of cells show a Xist RNA domain after 1 d of
induction, and 80% after 5 d. All cells were grown at 37°C in 8%
CO2, and medium was changed daily.

Immunofluorescence and RNA FISH analysis

The antibodies and dilutions used are listed in Table 1.
Fixation and permeabilization conditions for immunofluores-

cence combined with RNA FISH were performed as described
previously (Chaumeil et al. 2002, 2004). Note that in these ex-
periments, cells were fixed and then permeabilized for 5 min.
DNA probes for RNA and DNA FISH were a genomic � clone

(510) to detect Xist, overlapping � clones (IIIC2 and IG10) to
detect Chic1, and a plasmid probe to detect MeCP2 (Heard et al.
2001). Jarid1c, G6pdx, and Lamp2 were detected using genomic
BAC probes (RP24-148H21 [Okamoto et al. 2005]; RP2313D21;
RP24173A8). Xic DNA FISH was performed using YAC PA-2
(Heard et al. 1999). Pgk1 was detected using a cosmid probe.
Mouse Cot-1 DNA (Invitrogen) was used for the Cot-1 RNA
FISH assay. The Xist probe was labeled with SpectrumGreen-
dUTP (Vysis), while X-linked genes (Chic1, MeCP2, and Jarid1c)
and Cot-1 probes were labeled with SpectrumRed-dUTP. His-
tone modifications were detected using Alexa Fluor 568 highly
cross-adsorbed secondary antibody (red; Molecular Probes),
while RNA Pol II and transcription factors were detected using
highly cross-adsorbed secondary antibodies conjugated to Alexa
Fluor 568 or 680 (red or infrared; Molecular Probes), depending
on the experiment.

RNA FISH and RNA/DNA FISH analysis

ES cells and MEFs cultured on coverslips were fixed in 3% para-
formaldehyde for 10 min, permeabilized in 1× PBS/0.5% Triton
X-100/2 mM Vanadyl Ribonucleoside Complex (Biolabs) on ice
for 7 min, and progressively dehydrated in ethanol. For dual
RNA FISH experiments, cells were then hybridized with probes
overnight at 37°C in a dark and humid chamber. DNA probes
detecting Xist RNA and X-linked genes primary transcripts
were prepared as mentioned above. After three washes in 50%

Figure 6. Model for Xist RNA-mediated X-chromosome inactivation. In undifferentiated female ES cells, both X chromosomes are
active (yellow). Only genes on the X chromosome undergoing inactivation (Xi) are depicted. (1) During early differentiation, Xist RNA
starts to accumulate on the X chromosome chosen for inactivation. (2) The formation of this silent compartment is associated with
the exclusion of the transcription machinery and the repression of internal repeat-rich regions. This step is independent of Xist
A-repeats. (3) X-linked gene silencing is triggered via a Xist A-repeat-dependent mechanism, and histone modifications as well as
PRC2/PRC1 accumulation (Xist A-repeat-independent) are observed. (4) Genes then become relocated into the Xist RNA compartment
by default because they are no longer constrained by their requirement to be transcribed in an RNA Pol II-enriched environment (or
potential transcription factory, see Osborne et al. 2004), and/or by an active mechanism of relocation, which may be dependent on the
Xist A-repeats. This locus internalization may help maintain the silent state. Genes escaping inactivation, such as Jarid1c, have special
elements (such as CTCF boundaries) that may prevent efficient internalization. Their location outside of the Xist repressive com-
partment could participate in, or facilitate, their reactivation.
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formamide/2× SSC, three washes in 2× SSC at 42°C, and DAPI
counterstaining, coverslips were mounted on slides and visual-
ized under fluorescent microscope. For RNA/DNA FISH experi-
ments, cells were denaturated in 50% formamide/2× SSC at
80°C for 32–40 min (depending on cells) and rinsed several
times in ice-cold 2× SSC prior to overnight hybridization with
probes at 42°C. X-linked gene DNA FISH probes were dena-
tured, competed with Cot-1 DNA (5 µg/coverslip) for 1 h at
37°C, and combined with Xist RNA FISH probe just prior to
hybridization. Preparation of the X-chromosome paint probe
was performed according to the supplier’s instructions (Cam-
bio). All of these protocols are detailed on the Epigenome Net-
work of Excellence Web site (http://www.epigenome-noe.net/
researchtools/protocol.php?protid=3).

Microscopy and image analysis

Two-dimensional acquisitions were made with an upright DMR
microscope (Leica) equipped with a CoolSNAP FX camera
(Roper Scientific) and a 63× objective (NA 1.32). Images were
analyzed using Metamorph software (Universal Imaging). For
each time point, 100 nuclei were analyzed, except for day 1
(n = 60). 3D images were acquired with a DMRA2 microscope
(Leica) equiped with a piezzo motor and a CoolSNAP HQ cam-
era (Roper) and piloted by Metamorph software. Using a 100×
objective (NA 1.4), images of ∼50 optical sections separated by
0.2 µm were acquired at different �s (DAPI [360/40, 470/40],
SpectrumGreen and Alexa 488 [470/40, 525/50], spectrumRed
and Alexa 568 [545/30, 610/75], and Alexa 680 [620/60, 700/75]).
For each time point, 30 nuclei were analyzed. After deconvolu-
tion of 3D data (iterative-constrained algorithm implemented in
Metamorph software, Universal Imaging), line scans drawn
across the nucleus (SoftWorx software, Applied Precision) were
used to measure the relative intensities of fluorescence signals
obtained by Cot-1 RNA FISH, histone modifications, or RNA
Pol II (immunofluorescence) relative to the Xist RNA domain
(RNA FISH). Positions of genes (red signal) relative to the Xist
RNA domain (green signal) were determined through the analy-
sis of 3D data sets using Amira software (Mercury-TGS). For
each combination of Xist RNA FISH and gene RNA or DNA
FISH, a segmentation threshold was determined and applied to
the 30 nuclei analyzed at each stage of differentiation. Positions

were classified in five categories: outside (no juxtaposition or
overlap of red and green voxels; d � 0.2 µm), outer edge (juxta-
position but no overlap of red and green voxels; d � 0.2 µm),
edge (some overlap of red and green voxels), inner edge (juxta-
position and complete overlap of red and green voxels; d � 0.2
µm), and inside (complete overlap but no juxtaposition of red
and green voxels; d � 0.2 µm).

The statistical significance of the changes in gene location
during differentiation was assessed using a �2 test where p val-
ues < 0.05 were taken to be significant.

The volumes of X-chromosome territories and Xist RNA do-
mains were measured in voxels using Amira software. A seg-
mentation threshold was determined for both. Relative volumes
(Xist RNA domain/X territory) were calculated on 30 cells for
each time point.
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