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The Polycomb group (PcG) protein Eed is implicated in regulation of imprinted
X-chromosome inactivation in extraembryonic cells but not of random X in-
activation in embryonic cells. The Drosophila homolog of the Eed-Ezh2 PcG
protein complex achieves gene silencing through methylation of histone H3 on
lysine 27 (H3-K27), which suggests a role for H3-K27 methylation in imprinted
X inactivation. Here we demonstrate that transient recruitment of the Eed-Ezh2
complex to the inactive X chromosome (Xi) occurs during initiation of X
inactivation in both extraembryonic and embryonic cells and is accompanied
by H3-K27 methylation. Recruitment of the complex and methylation on the
Xi depend on Xist RNA but are independent of its silencing function. Together,
our results suggest a role for Eed-Ezh2–mediated H3-K27 methylation during
initiation of both imprinted and random X inactivation and demonstrate that
H3-K27 methylation is not sufficient for silencing of the Xi.

Dosage compensation in mammals is
achieved by transcriptional silencing of one
X chromosome in female cells (1). X inacti-
vation is a multistep process involving choice
of the active X chromosome, initiation of
silencing on the Xi, and maintenance of the

Xi throughout all subsequent cell divisions
(2). Xist plays a role in each stage of X-chro-
mosome inactivation (3). Xist is transcribed
exclusively from the Xi in female somatic
cells, where Xist RNA remains in the nucleus
and coats the Xi. The onset of X inactivation
correlates with the initial cis-spread of Xist
RNA to coat the chromosome. The Xi is
characterized by a series of epigenetic chro-
matin modifications including histone H3
methylation, histone H4 hypoacetylation, en-
richment of variant histone macroH2A, and
DNA methylation (4). Histone methylation
plays an important role in regulating gene
expression (5–7). The EED-EZH2 PcG com-
plex and its Drosophila counterpart, the ESC-
E(Z) complex, methylate H3 at Lys27 (H3-
K27) (8–11). In Drosophila, ESC-E(Z)–me-

diated H3-K27 methylation is required for
HOX gene silencing (11). Mice homozygous
for an eed mutation are defective in the main-
tenance of X-chromosome silencing in ex-
traembryonic, but not embryonic, tissues
(12). Eed and Ezh2 are enriched on the Xi in
trophoblast stem (TS) cells (13), an extraem-
bryonic cell type, which suggests a role for
Eed-Ezh2–mediated H3-K27 methylation in
regulation of imprinted X inactivation.

To determine whether H3-K27 methylation
accompanies the enrichment of the Eed-Ezh2
complex on the Xi in TS cells, we stained these
cells with antibodies that recognize Ezh2 (also
referred to as Enx-1) to mark the Xi (13), in
combination with antibodies directed against
H3–dimethyl-K27 (H3-2mK27) or H3–trim-
ethyl-K27 (H3-3mK27). We observed accumu-
lation of H3-3mK27, but not of H3-2mK27, on
the Xi as one large focus that colocalized with
the region of Ezh2 accumulation (Fig. 1, fig.
S1). It was important to show that the observed
Xi enrichment of H3-3mK27 is not due to
cross-reactivity of the antibody with H3–trim-
ethyl-K9 (H3-3mK9), because the amino acids
in H3 adjacent to K27 are very similar to those
surrounding K9. To this end, ELISA (enzyme-
linked immunosorbent assay) analysis, peptide
competition, and additional immunostainings
with an antibody directed against H3-3mK9
showed that there is indeed an enrichment of
H3-3mK27, but not H3-3mK9, on the Xi in TS
cells (Fig. 1, fig. S2). Together, these data
suggest that the Eed-Ezh2 complex mediates
the enrichment of H3-3mK27 on the Xi in TS
cells. Consistent with these results, histones
isolated from Drosophila E(Z) mutant embryos
and eed mutant embryonic stem (ES) cells
show a dramatic reduction in levels of H3-
3mK27 (14).

Because Eed is required for mainte-
nance of imprinted X inactivation in differ-
entiated cells of the trophoblast lineage
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Fig. 1. Colocalization of Eed and H3-
3mK27 on the Xi in extraembryonic
cells. TS cells were stained with Ezh2
and H3-3mK27 antibodies as indicat-
ed. The merged image consists of
Ezh2 (green) and H3-3mK27 (red),
and nuclei are stained with 4�,6�-
diamidino-2-phenylindole (DAPI). As
indicated for the rows, the H3-
3mK27 antibody was incubated with
an H3-3mK27 and an H3-3mK9 pep-
tide, respectively, before the immu-
nostaining was performed.
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(12), we examined whether the Eed-Ezh2
complex and H3-3mK27 are enriched on
the Xi in trophoblast giant cells. Giant cells
are differentiated trophoblast cells that are
easily identified in cultured blastocysts be-
cause of their large size. To allow differ-
entiation of trophoblast giant cells, blasto-
cysts were plated for 2, 4, and 8 days, and
the distribution of Eed and H3-3mK27 was
determined. We observed an unexpected
progressive loss of the Eed and H3-3mK27
staining on the Xi in giant cells (Fig. 2A).
Two days after plating, the giant cells of
female blastocysts showed a strong Xi
staining pattern of Eed and H3-3mK27.
After 4 days in culture, the Xi staining of
Eed and H3-3mK27 was considerably
weaker, and many giant cells lacked any
detectable staining. By day 8 in culture,
most of the giant cells showed no nuclear
staining with antibodies against Eed or H3-
3mK27. Immunostaining for H3-3mK27
combined with fluorescence in situ hybrid-
ization (FISH) for Xist RNA in giant cells
on day 8 after plating demonstrated that
Xist RNA continues to coat the Xi, despite
the absence of a detectable enrichment of
H3-3mK27 (Fig. 2B). Similar data were
obtained with differentiating TS cells (fig.
S3). These results show that there is no
enrichment of the Eed-Ezh2 complex and
H3-3mK27 on the Xi during the mainte-
nance stage of X inactivation in differenti-
ated trophoblast cells, which suggests that
the Eed-Ezh2 complex functions during the
earlier, initiation stage of X inactivation.
Indeed, our data indicate that recruitment
of the Eed-Ezh2 complex coincides with
the initiation of X inactivation in tropho-
blast cells. X inactivation occurs in tropho-
blast cells concomitant with their formation
at the blastocyst stage. Trophoblast cells of
female blastocysts showed an Xi enrich-
ment for Eed and H3-3mK27 (Fig. 2, C and
D), whereas cells of morulae, the develop-
mental stage that precedes the blastocyst
stage and in which X inactivation has not
yet occurred, did not exhibit localized en-
richment of the Eed-Ezh2 complex and K27
methylation (Fig. 2E).

X-chromosome inactivation defects were
reported in extraembryonic cells, but not em-
bryonic cells, of eed mutant embryos (12).
Therefore, it was unexpected to find that the
Eed-Ezh2 complex and H3-3mK27 are also
enriched on the Xi during the initiation of X
inactivation in embryonic cells. To this end,
we analyzed the distribution of the Eed-Ezh2
complex and H3-3mK27 in the inner cell
mass (ICM) of blastocysts. The ICM will
give rise to extraembryonic and embryonic
cells, and X inactivation occurs when the
cells of the ICM differentiate. We observed
that the cells of the ICM of female blastocysts
showed abundant, uniform nuclear Eed and

Fig. 2. Enrichment of the Eed-Ezh2 complex and H3-3mK27 on the Xi is transient in extraembryonic
cells. (A) Immunostaining for Eed and H3-3mK27 in DAPI-stained nuclei of blastocysts cultured for
2, 4, and 8 days. Each row shows a field of cells at the periphery of the blastocyst for one time
point. Peripheral fields were chosen because giant cells (some are indicated by arrows) are most
easily visualized at the periphery of cultured blasts. The merged images of nuclei (blue), Eed (green),
and H3-3mK27 (red) show that at the latest time point, Eed and H3-3mK27 were no longer
detectably enriched on the Xi in the large giant cells. (B) Xist RNA coats the Xi even when there
is no detectable Xi enrichment of H3-3mK27 in giant cells. Detection of Xist RNA and H3-3mK27
in cells at the periphery of a blastocyst that was cultured for 8 days. The merged image shows the
overlap of Xist RNA (green) and H3-3mK27 (red) in a subset of nuclei (blue). (C) Detection of Eed
and Xist RNA in trophoblast cells of a blastocyst. The merged image shows colocalization of Eed
(red) and Xist RNA (green) on the Xi. (D) Trophoblast cells of a blastocyst stained with Eed and
H3-3mK27 antibodies. The merged image consisting of Eed (red) and H3-3mK27 (green) shows
that H3-3mK27 colocalizes with Eed in an Xi-like pattern. (E) Eed and H3-3mK27 are not enriched
on the X chromosome when X inactivation has not yet occurred. A morula stained with Eed and
H3-3mK27 antibodies and DAPI. Deconvolution microscopy was used to demonstrate the nuclear
pattern of Eed and H3-3mK27. The merged image demonstrates that there is no obvious focal
accumulation of Eed (red) or H3-3mK27 (green) in the cells of this morula. All morula analyzed
showed this distribution.
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H3-3mK27 staining (15), consistent with the
lack of X inactivation in these cells at this
stage. In blastocysts plated for 4 days, many
ICM-derived cells with obvious embryonic
cell morphology have differentiated and
showed an Xi-like pattern of Eed and H3-
3mK27 accumulation (Fig. 3A, fig. S4).
We next used ES cells to study the transient
nature of the Xi enrichment of the Eed-
Ezh2 complex in embryonic cells. ES cells
are derived from the ICM and they initiate
X inactivation when they are induced to
differentiate. Immunostaining for Ezh2 and
H3-3mK27, respectively, demonstrated that
Ezh2 and H3-3mK27 are distributed uni-
formly throughout the nucleus in undiffer-
entiated ES cells (16 ), consistent with the
fact that X inactivation has not yet oc-
curred. X inactivation was initiated shortly
after ES cells were induced to differentiate,
as marked by the appearance of an Xist
RNA–coated Xi (Fig. 3B). At this point, the
Xist RNA–coated Xi was almost always
coincident with a region of Ezh2 and H3-
3mK27 enrichment, respectively (Fig. 3B).
Over time, the proportion of cells that
showed an accumulation of Ezh2 and H3-
3mK27 on the Xi decreased, until all cells
showed a uniform nuclear staining of Eed-
Ezh2 complex components, and most cells
no longer exhibited accumulation of H3-
3mK27 on the Xi (Fig. 3B). Taken together,
our data indicate that both embryonic and
extraembryonic cell types are characterized
by a transient enrichment of the Eed-Ezh2-
complex and H3-3mK27 on the Xi during
initiation of X inactivation. The transient
nature of the enrichment of both the PcG
complex and H3-K27 methylation in very
different cell types supports the conclusion
that the Eed-Ezh2 complex mediates this
histone modification on the Xi. It is impor-
tant to note, however, that H3-3mK27 en-
richment on the Xi can persist in some
differentiated ES cells and in some somatic
cells, at times when the Eed-Ezh2 complex
is no longer enriched on the Xi (17 ).

As ES cells and cells of the ICM can
differentiate into both embryonic and ex-
traembryonic cell types, and because only
the later cell types showed X inactivation
defects in eed mutant mice, it remained
possible that only cells differentiating
down the extraembryonic lineage would
show a transient recruitment of the Eed-
Ezh2 complex. To determine unequivocally
whether cells derived from the embryonic
lineage could show enrichment of the EED-
EZH2 complex and whether XIST RNA can
recruit components of this complex, we
introduced a tetracycline-inducible promot-
er-driven human XIST cDNA transgene into
HeLa cells, which are of the embryonic
lineage. Although HeLa is a female cell
line, these cells do not contain an XIST

RNA–coated Xi (fig. S5A). Two days after
expression of the XIST transgene was in-
duced, cells that showed a pattern of XIST
RNA distribution consistent with chromo-
some coating also exhibited enrichment of
EED (Fig. 4A), and H3-3mK27 staining
coincided with the region of EED enrich-
ment in these cells (fig. S5B). After pro-
longed expression of the XIST RNA from a
cDNA transgene driven by a constitutive
cytomegalovirus (CMV) promoter, we did
not detect any enrichment of EED in re-
gions of the XIST RNA accumulation (Fig.
4, B and C). Thus, XIST expression is
sufficient for transient recruitment of the
EED-EZH2 complex and the H3-K27 meth-
ylation on the Xi in cells of the embryonic
lineage. Furthermore, these data indicate
that the XIST RNA–mediated recruitment
of the complex and concomitant H3-K27
methylation are not limited to a develop-
mental window.

To test whether X-chromosome silencing is
necessary for recruitment of the Eed-Ezh2 com-
plex to the Xi, we used a male ES cell line
carrying an inducible mutant Xist cDNA trans-
gene. When induced, this cell line (T20:�SX)
produces a mutant Xist RNA that coats the X
chromosome but does not silence it (18). Ezh2
and H3-K27 methylation are enriched on the
Xist RNA–coated, active X chromosome when
Xist expression is induced in these cells (Fig. 4,
D and E). These results indicate that recruit-
ment of the Eed-Ezh2 complex to the Xi does
not depend on the silencing function of Xist
RNA and that the recruitment of the Eed-Ezh2
complex and the H3-3mK27 mark are not suf-

ficient for X-chromosome silencing. Using this
cell line, we also demonstrated that coating by
Xist RNA is continually required for the recruit-
ment of the Eed-Ezh2 complex and H3-3mK27
on the X chromosome in undifferentiated ES
cells, because this enrichment is no longer
detected when the Xist cDNA transgene is
silenced (16).

Our data suggest that the initial coating of
the chromosome by Xist RNA results in tran-
sient recruitment of the Eed-Ezh2 complex,
which in turn trimethylates H3 at Lys27.
Coating of the chromosome by Xist RNA is
sufficient, as well as necessary, for enrich-
ment of the Eed-Ezh2 complex and the ac-
companying H3-3mK27 methylation. The
developmental timing of Eed-Ezh2 complex
recruitment to the Xi strongly suggests a role
for this PcG complex in initiation of X inac-
tivation in both embryonic and extraembry-
onic lineages. However, eed mutant embryos
are competent for initiation of X inactivation
in all cell types and fail to maintain the Xi
only in extraembryonic cells (12). It is im-
portant to note that it is unclear whether
embryonic cells in eed mutant embryos
showed defects in X inactivation. The assay
for X-chromosome silencing in the eed mu-
tant background involved reactivation of a
paternal X-linked green fluorescent protein
(GFP) transgene (12). In extraembryonic
cells, in which X inactivation is imprinted
such that the paternally inherited X chromo-
some is always silenced, the GFP transgene
provides an accurate reflection of defects in
X inactivation. However, in embryonic cells,
where X inactivation occurs at random, only

Fig. 3. The Eed-Ezh2 complex and the H3-3mK27 mark are transiently recruited to the Xi in
embryonic cells. (A) Eed and H3-3K27 show an Xi-like enrichment in the ICM region of cultured
female blastocysts. Blastocysts were cultured for 4 days, to allow differentiation of ICM cells, and
stained for Eed and H3-3mK27. The merged image shows colocalization of Eed (green) and
H3-3mK27 (red) in an Xi-like pattern in nuclei of ICM cells (blue). Because the ICM is a structure
of many cell layers, it is impossible to show a focal plane that shows Xi-like staining in all cells.
However, focusing through the ICM suggested that the majority of cells showed an Xi-like pattern
of Eed and H3-3mK27 accumulation. (B) Transient enrichment of the Eed-Ezh2 complex during
initiation of X inactivation in differentiating female mouse ES cells. The graph shows the percentage
of cells with Xist RNA coating of the Xi (triangles), and the proportion of these cells that show
colocalization with Ezh2 (circles) and H3-3mK27 (squares) at different time points during differ-
entiation of female ES cells (n � 100 for each). Transient enrichment of the Eed/Ezh2 complex on
the Xi was observed in all time courses (n � 10; not shown).
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half the cells would be expected to show
silencing of the GFP transgene. As reactiva-
tion of the Xi occurred in only a fraction of
extraembryonic cells in eed mutant mice
(12), reactivation in a minor proportion of
embryonic cells would have been extremely

difficult to detect and cannot be excluded.
Our data indicate that the Eed-Ezh2 complex
regulates X inactivation in extraembryonic
and embryonic cell types.

Recruitment of the Eed-Ezh2 complex
occurs transiently during initiation of X

inactivation, and Eed is required during
maintenance. To resolve this seeming con-
tradiction, we suggest that the Xi enrich-
ment of H3-3mK27 mediated by the Eed-
Ezh2 complex during initiation, directly or
indirectly, recruits an additional activity
that is required for maintenance of X-chro-
mosome silencing. Although the Polycomb
protein, a component of the PcG complex
PRC1, binds to methylated H3-K27 in vitro
(8 –10) and is required to maintain PcG
silencing (19), no enrichment of PcG pro-
teins on the Xi in somatic cells has been
reported, which suggests that the mamma-
lian PRC1 complex may not be involved in
maintenance of X- chromosome silencing.

Alternatively, it is possible that a function of
eed during initiation of X inactivation was
masked in eed mutant mice by maternal stores
of the wild-type mRNA and protein. X inacti-
vation is initiated in the majority of cells before
embryonic day 5.5 (12), when wild-type embry-
os appear to rely largely on maternally derived
Eed (20). In eed mutant mice, maternally sup-
plied Eed should be present, and X inactivation
should initiate normally, at least in some cells.
To explain the patchy reactivation of the Xi in a
small number of eed mutant extraembryonic
cells, we suggest that there is a window in which
X inactivation is dependent on continued re-
cruitment of Eed to the Xi by Xist RNA. There
is a precedent for such a window. X inactivation
is dependent on continued Xist expression for
the first 2 days after Xist RNA coats the chro-
mosome after ES cells differentiate (21). Eed is
enriched on the Xi in this Xist-dependent initi-
ation phase of X inactivation. Reactivation of
the Xi in a subset of eed mutant cells could
result from depletion of maternal stores in these
cells while they are still in the Xist- and Eed-
dependent phase of X inactivation. We specu-
late that the role of the Eed-Ezh2 complex and
the accompanying H3-K27 methylation in
initiation of X inactivation may be to facilitate
the initial rounds of chromosome coating by Xist
RNA or to regulate the activity of additional
proteins that are recruited to mediate silencing.
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BAX and BAK Regulation of
Endoplasmic Reticulum Ca2�:
A Control Point for Apoptosis
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BAX and BAK are “multidomain” proapoptotic proteins that initiate mitochon-
drial dysfunction but also localize to the endoplasmic reticulum (ER). Mouse
embryonic fibroblasts deficient for BAX and BAK (DKO cells) were found to have
a reduced resting concentration of calcium in the ER ([Ca2�]er) that results in
decreased uptake of Ca2� by mitochondria after Ca2� release from the ER.
Expression of SERCA (sarcoplasmic-endoplasmic reticulum Ca2� adenosine
triphosphatase) corrected [Ca2�]er andmitochondrial Ca2� uptake in DKO cells,
restoring apoptotic death in response to agents that release Ca2� from intra-
cellular stores (such as arachidonic acid, C2-ceramide, and oxidative stress). In
contrast, targeting of BAX to mitochondria selectively restored apoptosis to
“BH3-only” signals. A third set of stimuli, including many intrinsic signals,
required both ER-released Ca2� and the presence of mitochondrial BAX or BAK
to fully restore apoptosis. Thus, BAX and BAK operate in both the ER and
mitochondria as an essential gateway for selected apoptotic signals.

Intracellular organelles are key participants in
apoptosis (1). Mitochondria are the best docu-
mented of these, but the ER—where members
of the BCL-2 family of proteins also localize—
has been implicated (2). The proapoptotic
BCL-2 family members can be subdivided into
“multidomain” and “BH3-only” classes (3).
The multidomain proapoptotic members BAX
and BAK are necessary for apoptosis in re-
sponse to a diverse array of intrinsic death
signals and extrinsic death receptor signals in
type II cells, which require a mitochondrial
amplification loop (4). BH3-only proteins re-
side upstream in the pathway and either di-
rectly or indirectly activate BAX and BAK,
inducing their intramembranous homo-
oligomerization, which in turn results in the
permeabilization of the outer mitochondrial
membrane (5, 6). Released intermembrane-

space proteins include cytochrome c, which
complexes with Apaf-1 and caspase-9 to
form a postmitochondrial apoptosome that
amplifies effector caspase activation (7).

The mitochondria and ER are intercon-
nected both physically and physiologically,
affecting mitochondrial metabolism and com-
plex cellular processes (8, 9). Mitochondria,
the main source of cellular adenosine triphos-
phate, also modulate and synchronize Ca2�

signaling. Stimuli that generate inositol 1,4,5-
trisphosphate (IP3) cause release of Ca2�

from the ER, which is rapidly taken up by
closely juxtaposed mitochondria (10). Ca2�

has long been recognized as a participant in
apoptotic pathways (11). Ca2� is also a
prominent modulator of mitochondrial per-
meability transition (PT) controlled by the PT
pore (PTP) (12). The PT has been implicated
as a mechanism of both apoptotic and necrot-
ic cell death after selected stimuli (2, 13).
Overexpression of BCL-2 protects cells from
death induced by thapsigargin, an irreversible
inhibitor of the SERCA pump responsible for
uptake of Ca2� from the cytosol into the ER
lumen (14). Cells overexpressing BCL-2 dis-
play reduced ER Ca2� concentration and de-
creased capacitative Ca2� entry (15, 16).
Here, we pursued a loss-of-function approach

to assess whether BAX and BAK influence
Ca2� dynamics.

Thapsigargin causes the passive release of
Ca2� from ER stores and an increase in cyto-
solic Ca2� ([Ca2�]i) that we measured with the
dye Fura-2. The increase in [Ca2�]i in DKO
cells [mouse embryo fibroblasts (MEFs) defi-
cient for BAX and BAK] was smaller than that
in wild-type cells (Fig. 1A). Primary as well as
SV40-immortalized DKO MEFs displayed
identical defects. Consequently, the multiply
repeated assays in this study were performed on
cell lines after confirmation of the same effect
in primary cells. Moreover, MEFs singly defi-
cient for BAX or BAK displayed similar but
intermediate amounts of Ca2� release, suggest-
ing a comparable influence of each gene. The
transient increase in [Ca2�]i elicited by thapsi-
gargin in cells exposed to no extracellular Ca2�

was also significantly reduced in DKO cells
relative to wild-type cells (Fig. 1B). The extent
of capacitative Ca2� entry assessed by addition
of extracellular Ca2� was similar in wild-type
and DKO cells (Fig. 1B). Histamine caused
IP3-mediated release of Ca2� from ER pools
and resulted in a significantly lower peak
[Ca2�]i in DKO cells (Fig. 1C). Thus, the rise
in [Ca2�]i elicited by discharge of intracellular
Ca2� stores is diminished in cells that lack
BAX and BAK.

The lipid mediators C2-ceramide and ara-
chidonic acid (ArA) are proposed to initiate
apoptotic death by a Ca2�-controlled process
that induces the mitochondrial PT and can be
inhibited by cyclosporin A (CsA) (17–19).
These second messengers participate in death
pathways initiated by cell surface receptors,
DNA damage, and chemotherapy. C2-ceramide
(40 �M) (Fig. 1D) and ArA (60 �M) (Fig. 1E)
caused release of Ca2� in wild-type cells,
which was markedly blunted in DKO cells.
Ca2� release was also observed in the absence
of extracellular Ca2�, which suggests that these
stimuli mobilized intracellular stores. We used
H2O2 as a representative oxidant; at 1 mM,
H2O2 induces cell death that has apoptotic mor-
phology, requires BAX or BAK, and can be
inhibited by overexpressed BCL-2 (20). Again,
the DKO cells proved defective in mobilization
of Ca2� (Fig. 1F).

Immunolocalization studies have suggest-
ed that endogenous BAX and BAK localize
to the ER as well as to mitochondria (21, 22).
We used a combination of immunoelectron
microscopy, confocal imaging, and subcellu-
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