
Chromosoma (2005) 114: 183–192
DOI 10.1007/s00412-005-0008-6

RESEARCH ARTICLE

Cecile C. de la Cruz . Jia Fang . Kathrin Plath .
Kathleen A. Worringer . Dmitri A. Nusinow .
Yi Zhang . Barbara Panning

Developmental regulation of Suz12 localization

Received: 14 March 2005 / Revised: 3 May 2005 / Accepted: 9 May 2005 / Published online: 29 June 2005
# Springer-Verlag 2005

Abstract Chromatin modifications are among the epige-
netic alterations essential for genetic reprogramming dur-
ing development. The Polycomb group (PcG) gene family
mediates chromatin modifications that contribute to devel-
opmentally regulated transcriptional silencing. Trimethyla-
tion of histone H3 on lysine 27, mediated by a PcG protein
complex consisting of Eed, Ezh2, and Suz12, is integral
in differentiation, stem cell self-renewal, and tumorigene-
sis. Eed and Ezh2 are also implicated in the developmen-
tally regulated silencing of the inactive X chromosome,
as they are transiently enriched on the inactive X chromo-
some when X chromosome silencing is initiated. Here we
analyze the dynamic localization of Suz12 during cellu-
lar differentiation and X-inactivation. Though Suz12 is a
requisite member of the Eed/Ezh2 complexes, we found
that Suz12 exhibits a notable difference from Ezh2 and
Eed: while Ezh2 and Eed levels decrease during stem cell
differentiation, Suz12 levels remain constant. Despite the

differential regulation in abundance of Suz12 and Eed/
Ezh2, Suz12 is also transiently enriched on the Xi during
early stages of X-inactivation, and this accumulation is Xist
RNA dependent. These results suggest that Suz12 may
have a function that is not mediated by its association with
Eed and Ezh2, and that this additional function is not in-
volved in the regulation of X-inactivation.

Introduction

Epigenetic gene silencing is critical during development
and plays a role in several cell fate processes, including
maintenance of pluripotency, differentiation, and cancer
progression. In each case, heritable gene silencing by chroma-
tin modifications contributes to changes in gene expression
patterns. Methylation of histone H3 on lysine 27, mediated
by Polycomb group (PcG) proteins Eed, Ezh2, and Suz12,
has been implicated in transcriptional silencing (Cao et al.
2002; Cao and Zhang 2004b; Czermin et al. 2002; Kirmizis
et al. 2004; Kuzmichev et al. 2002; Muller et al. 2002;
Pasini et al. 2004).

Dosage compensation in female mammals serves as an
excellent model to study the effects of chromatin modifiers
on gene expression, since alterations in the epigenetic
landscape of the X chromosome result in the transcriptional
silencing of one of the two X chromosomes. X-inactivation
occurs twice during mouse embryonic development. The
first wave of X-inactivation occurs exclusively on the pa-
ternally inherited X chromosome during preimplantation
development, resulting in imprinted X-inactivation in ex-
traembryonic tissues (Heard 2004). X-inactivation in the
embryonic tissues occurs after implantation and is random,
such that either the paternally or maternally inherited X
chromosome has an equal probability of being silenced
in each cell. Both forms of X-inactivation involve at least
two steps: the initial silencing of the inactive X chromo-
some (Xi) and stable maintenance of the Xi throughout all
subsequent cell divisions.

The Xist gene encodes a 17-kb noncoding RNA that
remains in the nucleus to coat the Xi. When X-inactivation
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is triggered, Xist RNA spreads in cis from its site of tran-
scription to cover the Xi (Panning et al. 1997; Sheardown
et al. 1997). X chromosomes bearing Xist deletions are not
silenced, demonstrating that Xist is necessary for X-inac-
tivation in cis (Marahrens et al. 1997; Penny et al. 1996).
Expression of an inducible Xist cDNA transgene from
autosomes results in Xist RNA coating and transcriptional
silencing of autosomal genes lying in cis, indicating that
Xist RNA coating is sufficient for silencing (Wutz and
Jaenisch 2000). Xist continues to be transcribed exclusive-
ly from the Xi in differentiated female cells, where it plays
a minor role in maintenance of the inactive state.

The Xi in somatic cells is characterized by a series of
chromatin modifications that distinguish it from the active
X chromosome and autosomes. The Xi exhibits enrichment
of the variant histone macroH2A, altered levels of histone
H3 and H4 methylation, decreased amounts of acetylation
on histones H3 and H4, ubiquitination of histone H2A,
and an increase in DNA methylation of CpG islands (de
Napoles et al. 2004; Fang et al. 2004; Heard 2004; Smith
et al. 2004). These changes in chromatin structure are set
up sequentially during the early stages of X-inactivation,
indicating that an ordered series of epigenetic modifica-
tions may be required to initiate and establish X chromo-
some silencing (Chaumeil et al. 2002).

The trimethylated form of histone H3 on lysine 27 (H3-
3mK27) is enriched on the Xi during the earliest stages of
X-inactivation, suggesting a role in initiation of X chro-
mosome silencing (Plath et al. 2003; Silva et al. 2003). This
modification persists on the Xi in some somatic cell types
during the maintenance phase (Gilbert et al. 2003). H3-
3mK27 accumulation on the Xi is dependent on the PcG
proteins Eed and Ezh2, which are transiently enriched on
the Xi in differentiating female embryonic cells (Erhardt
et al. 2003; Plath et al. 2003; Silva et al. 2003). While Eed
mutant females initiate X-inactivation normally, perhaps
due to abundant maternal stores of Eed, a subset of ex-
traembryonic cells reactivates their Xi, demonstrating a
role for this complex in the maintenance of X-inactivation
(Silva et al. 2003; Wang et al. 2001). Although Eed and
Ezh2 play a vital role in the trimethylation of histone H3 on
lysine 27 on the Xi, it is still unknown whether Suz12 is
also required for this process.

To better understand the function of Suz12, we analyzed
the alterations in its amount and distribution during stem
cell differentiation. Eed and Ezh2 levels drop upon dif-
ferentiation (Kuzmichev et al. 2005; Silva et al. 2003). In
contrast, amount of Suz12 remained constant in differ-
entiating stem cells, suggesting a role for Suz12 in addition
to the regulation of Eed/Ezh2-mediated histone methyla-
tion. While Suz12 differed from Eed and Ezh2 in devel-
opmental regulation of abundance, it showed the same
transient enrichment on the Xi in differentiating cells as
Eed and Ezh2. Enrichment of Suz12 on the Xi required
Xist RNA. As expected for an essential component of the
H3-3mK27 histone methyltransferase complex, knockdown
of SUZ12 in human cells results in loss of Xi-enriched
and genome-wide H3-3mK27. These data indicate that
Suz12 contributes to H3-K27 methylation on the Xi.

Materials and methods

Cell culture

Trophoblast stem (TS) cells were kindly provided by Uy
et al. (2002) and cultured as described by Tanaka et al.
(1998). To induce differentiation, TS cells were washed
with PBS and then cultured in medium without FGF4,
heparin, and EMFI-CM. Transformed mouse embryonic
fibroblasts, transformed mouse fibroblasts, ES cells, and
blastocysts were cultured as described previously (Panning
et al. 1997). Analysis of ES cell differentiation was carried
out as indicated in Plath et al. 2003. Male ES cells carrying
a tetracycline inducible Xist gene on the X chromosome and
expressing the reverse tetracycline-controlled transactiva-
tor from the Rosa 26 locus (Plath et al. 2004) were incubat-
ed in the presence of 2 μg/μl doxycycline for 24 h. The
IMR90 human female fibroblasts were purchased from
American Type Culture Collection (ATCC, Cat # CCL-186)
and cultured according to ATCC’s handling procedures.

siRNA transfection

SUZ12 siRNA SMARTpool (M0069570050) and control
GFP siRNA oligonucleotides (D0013000120) were ob-
tained from Dhramacon Research Inc. siRNA duplexes
were transfected into IMR90 cells using Lipofectamine
2000 (Invitrogen) according to manufacturer’s instructions.
Transfected cells were incubated with the siRNA for 72 h,
at which time they were harvested and replated at the
original starting density. Cells were then retransfected with
the oligonucleotides and incubated for an additional 72 h.
Six days after the initial siRNA transfection, the cells were
fixed for immunofluorescence as detailed below.

Antibodies

Antibodies against Ezh2, Eed, H3-3mK27, and RbAp48
have been previously described (Cao et al. 2002; Hamer
et al. 2002; Kirmizis et al. 2003, 2004). Two different
rabbit polyclonal antibodies for Suz12 were used (Abcam;
Cao et al. 2002). A chicken Eed serum (Abcam) gave
results identical to the mouse monoclonal (Hamer et al.
2002) and was also employed in some instances. In some
experiments, a mouse monoclonal H3-3mK27 antibody
(Abcam) was used.

Immunofluorescence and fluorescence
in situ hybridization

Immunofluorescence and combined FISH and immunoflu-
orescence were carried out as described previously (Plath
et al. 2003). Xist RNAwas detected with a fluorescein-UTP
(Roche) labeled single-stranded RNA probe antisense to
mouse Xist exon 7. Human XIST RNA was detected with
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a fluorescein-UTP (Roche) labeled single-stranded RNA
probe antisense to XIST exon 1.

Western blotting

For Western blots, ES and TS cells were collected, washed,
and lysed for 2 h in an appropriate amount of RIPA buffer
(50 mM Tris–HCl, 150 mM NaCl, 10 mM NaF, 1 mM
EDTA, 1 mM Na3VO4, 1% NP-40, 0.25% sodium de-
oxycholate, 0.1 mM PMSF, 0.5 mM DTT, leupeptin,
aprotinin, and pepstatin A, pH 7.4). The solution was then
clarified by centrifuging at top speed for 15 min, and
supernatant proteins were fractionated in a 12% SDS-
PAGE. Blotting was carried out using standard procedures.

Results

Suz12 levels remain constant throughout stem
cell differentiation

Eed and Ezh2 levels decrease upon differentiation of em-
bryonic stem (ES) cells (Kuzmichev et al. 2004; Silva et al.
2003). To determine whether Suz12 was also down-reg-
ulated during differentiation, we analyzed the amounts of
Eed, Ezh2, and Suz12 in undifferentiated ES cells and a
transformed fibroblast cell line. Western blot analysis
showed that levels of Eed and Ezh2 were very low to un-
detectable in the fibroblast line and abundant in the undif-
ferentiated ES cells (Fig. 1a), consistent with the previously
reported differentiation-induced decrease in abundance of
these two PRC2 proteins (Kuzmichev et al. 2004; Silva
et al. 2003). Suz12 was present in similar quantities in both
cell types (Fig. 1a). These results were confirmed by im-
munostaining for Eed, Ezh2, and Suz12 in undifferentiated
ES cells and fibroblasts (Supplementary Fig. 1). We next
examined whether levels of Suz12 changed during differ-
entiation of stem cells. During an ES cell differentiation
time course, amounts of Ezh2 decreased rapidly upon dif-
ferentiation, such that by day 6, no protein was detectable
(Fig. 1b), consistent with the previously reported decrease
in Ezh2 and Eed in differentiating ES cells (Kuzmichev
et al. 2005; Silva et al. 2003). In contrast, levels of Suz12
remained constant throughout the time course. A stem cell
type of the extraembryonic lineage, trophoblast stem (TS)
cells, displayed similar dynamics of Ezh2 and Suz12 levels
when differentiated (Fig. 1c). Ezh2 was virtually absent by
day 6, and Suz12 levels remained uniform upon differen-
tiation. These data indicate that developmental regulation
of Suz12 expression differs from that of Ezh2 and suggests
that Suz12 may carry out functions that are independent of
its interaction with Eed and Ezh2.

Suz12 is transiently recruited to the Xi upon initiation
of X-inactivation

Eed and Ezh2 are transiently enriched on the Xi during
initiation of X chromosome silencing (Plath et al. 2003;
Silva et al. 2003), and Suz12 has been detected in cells
initiating X-inactivation (de Napoles et al. 2004). As levels
of Suz12 remained constant throughout ES cell differen-
tiation, while the levels of Eed and Ezh2 dropped, it
suggested that Suz12 might show a temporally distinct
pattern of Xi-enrichment during the progression of X-in-
activation. To determine whether the kinetics of Xi-lo-
calization of Suz12 differed from that of Eed, we analyzed
the localization of Suz12 and Eed in differentiating ES
cells. Immunostaining for Suz12 was combined with

Fig. 1 Levels of Suz12 remain constant throughout stem cell
differentiation. a Western analysis of Ezh2, Suz12, Eed, and tubulin
levels in transformed mouse fibroblast cells and ES cells. Levels of
Ezh2, Suz12, and Eed are abundant in ES cells, whereas only Suz12
is detectable in fibroblast cells. b, c Western analysis of Ezh2,
Suz12, H3-3mK27, RbAp, and tubulin levels in differentiating ES
(b) and TS (c) cells
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fluorescence in situ hybridization (FISH) for Xist RNA or
immunostaining for Eed to mark the Xi. In undifferentiat-
ed ES cells that had no Xist RNA coating or enrichment of
Eed on either of active X chromosomes, Suz12 was dis-
tributed uniformly throughout the nucleus (Fig. 2a, c).
When ES cells were induced to differentiate, Suz12 accu-
mulated on the Xi, as marked by Xist RNA coating or Eed
accumulation (Fig. 2b, d). By day 2 of differentiation, 97%
of cells that had an Xist RNA-coated Xi showed Xi-
enrichment of Suz12 (Fig. 2e). At day 6 of differentiation,
95% of cells that had an Xist RNA-coated Xi showed Xi-
enrichment of Suz12 or Eed (Fig. 2e). The proportion of
cells with an Xist RNA-coated Xi that displayed Suz12 or
Eed enrichment remained steady until day 8 of differenti-
ation and then dropped, so that by day 13, there were no
cells with Suz12 or Eed Xi-enrichment. These results in-

dicate that Suz12, like Eed, is transiently recruited to the Xi
during initiation of X-inactivation in differentiating ES
cells. Since Suz12 levels remain relatively high in differ-
entiated cells, the lack of Xi-enrichment of Suz12 suggests
that Suz12 can only accumulate on the Xi when it is present
in a complex with Eed and Ezh2.

The enrichment of Eed and Ezh2 on the Xi is transient
in extraembryonic cell types as well (Plath et al. 2003;
Silva et al. 2003). To determine whether Suz12 showed the
same transient enrichment on the Xi, we analyzed the dis-
tribution of Suz12 and Eed in cultured blastocysts. Tro-
phoblast giant cells, differentiated extraembryonic cells
derived from the trophectoderm, develop from cultured
blastocysts. We observed progressive loss of Suz12 and
Eed staining on the Xi in giant cells. Four days after plating,
the giant cells of female blastocysts showed a strong Xi

Fig. 2 Suz12 is enriched on the
Xi in differentiating ES cells
during the onset of X-inactiva-
tion. a, b Immunostaining for
Suz12 (first column) was com-
bined with FISH for Xist RNA
(second column) in undifferen-
tiated (a) and differentiated (b)
ES cells. DAPI delineates the
nucleus (third column), and the
merged image (fourth column)
consists of Suz12 (red) and Xist
RNA (green). a In undifferen-
tiated ES cells, X-inactivation
has not occurred and Xist is
not expressed. Suz12 is diffuse
throughout the nucleus. b In
differentiated ES cells, Xist is
expressed from the Xi and this is
accompanied by Xi-enrichment
of Suz12. c, d Immunostaining
for Suz12 (first column) and Eed
(second column) in undifferen-
tiated (c) and differentiated (d)
ES cells. DAPI delineates the
nucleus (third column), and the
merged image (fourth column)
is an overlay of Suz12 (red) and
Eed (green). c Suz12 and Eed
are diffusely distributed in un-
differentiated ES cells. d Four
days after induction of differen-
tiation, Suz12 accumulates on
the Xi, which is marked by Eed
enrichment. e Graph indicating
the percentage of ES cells with
an Xist RNA-coated Xi accom-
panied by enrichment of Eed
(gray bar) or Suz12 (black bar)
during a differentiation time
course (n>100)
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staining pattern of Suz12 and Eed (Fig. 3a). After 8 days in
culture, the Xi staining of Suz12 and Eed were considerably
weaker, and many giant cells lacked any detectable staining
(Fig. 3b). These results demonstrate that Suz12 shows the
same dynamic enrichment on the Xi that was previously
observed for Eed and Ezh2.

TS cells are an extraembryonic stem cell type that is
derived from the trophectoderm (Kunath et al. 2004;
Tanaka et al. 1998). TS cells are unusual in that they are the
only cell type that exhibits enrichment of Eed, Ezh2, and
H3-3mK27 on the Xi in their undifferentiated state (Mak
et al. 2002). When TS cells are differentiated, there is a
decrease in Eed, Ezh2, and H3-3mK27 staining on the

Fig. 4 Differentiating tropho-
blast stem (TS) cells exhibit a
transient enrichment of Suz12.
a–e Immunostaining for Suz12
(green, first column) and H3-
3mK27 (red, second column) in
TS cells throughout several time
points during differentiation.
DAPI (third column) delineates
the nuclei, and the merged
image (fourth column) consists
of Suz12 and H3-3mK27. a, b
At days 0 and 2 of TS differ-
entiation, Suz12 is enriched
on the Xi, as marked by H3-
3mK27. c Suz12 Xi-accumula-
tion is lost completely by day 4.
e Loss of the histone methyla-
tion mark is observed by day 8

Fig. 3 Distribution of Suz12 in female blastocysts. a, b Immuno-
staining for Suz12 (first column) and Eed (second column) in
cultured blastocysts. DAPI delineates the nuclei (third column), and
the merged image (fourth column) consists of Suz12 (red) and Eed
(green). a Female blastocysts cultured for 4 days. The Xi in dif-

ferentiated extraembryonic cells that have migrated away from the
ICM, marked by the accumulation of Eed, is also enriched for Suz12
(arrow). b Xi-enrichment of Eed and Suz12 is lost in most ex-
traembryonic cells from blastocysts cultured for 8 days (arrow)
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Xi, and after several days in differentiating conditions,
Xi-enrichment of these marks is no longer detected (Plath
et al. 2003; Silva et al. 2003). To determine if Suz12 showed
the same progressive loss of Xi-enrichment, we performed
immunofluorescence for Suz12 on differentiating female
TS cells (Fig. 4). Undifferentiated TS cells exhibited en-
richment of Suz12 on the Xi, shown by colocalization of
Suz12 with H3-3mK27 (Fig. 4a). Differentiating TS cells
showed clear localization of Suz12 and H3-3mK27 on
the Xi in all cells at 2 days of differentiation (Fig. 4b). There
was a gradual decrease in the proportion of cells showing
Xi-localization of Suz12, such that by day 4, cells with Xi-
enrichment of Suz12 were no longer detected (Fig. 4c).
H3-3mK27 enrichment on the Xi also decreased over time
and was no longer detectable by day 8 of differentiation
(Fig. 4e). These results indicate that Xi-enrichment of
Suz12, like Xi-enrichment of Eed, Ezh2, and H3-3mK27,
is lost upon differentiation of TS cells. Suz12 redistributed
from an exclusively uniform nuclear staining pattern with
Xi-enrichment (Fig. 4a) to accumulate in many dispersed
bright speckles within the nucleus (Fig. 4e), suggesting
that developmental regulation of Suz12 localization at
regions other than the Xi may occur. In addition, Suz12
was also detected in the cytoplasm of differentiating TS
cells, a distribution that was unique to TS cells.

Suz12 recruitment to the Xi is dependent on
Xist RNA

Xi-accumulation of Ezh2, Eed, and H3-3mK27 is depen-
dent on initial coating of the Xi by Xist RNA (Plath et al.
2003; Silva et al. 2003). To determine whether Xi-enrich-
ment of Suz12 was also Xist RNA dependent, we assayed
whether induction of Xist expression in undifferentiated
male ES cells was sufficient to recruit Suz12. We employed
a cell line in which the Xist promoter was replaced by a

tetracycline-inducible promoter (Plath et al. 2004). The
distribution of Xist RNA and Suz12 was assayed in induced
and uninduced cells. Uninduced cells did not express Xist
RNA and did not show any localized enrichment of Suz12
(Fig. 5a). After 24 h of induction (Fig. 5b), Xist RNA
coated the X chromosome and Suz12 was also enriched
on the X, indicating that Xist RNA is sufficient to recruit
Suz12 to the Xi. Given that Xist RNA is also sufficient to
recruit Eed and Ezh2 (Plath et al. 2003), it is likely that
Suz12 recruitment to the Xi occurs as a complex with Eed
and Ezh2.

Differentiated cell types do not exhibit constitutive
Xi-enrichment of Suz12

To determine if Suz12 is localized to the Xi in somatic cells
in the maintenance stage of X-inactivation, we stained two
female transformed clonal fibroblast cell lines for Suz12
and used FISH for Xist RNA to mark the Xi. The majori-
ty of these cells exhibited nuclear speckles of Suz12 that
were not uniformly distributed (Fig. 6a). Suz12 was en-
riched on the Xi in a very small number of these female
somatic cells (Fig. 6b). Therefore, we conclude that Suz12
functions in maintenance of X-inactivation by a mechanism
that, at most, requires only transient enrichment on the Xi.

In transformed mouse fibroblasts, the DAPI-intense re-
gions stained less intensely than the rest of the nucleus with
Suz12 antibodies (Fig. 6a, b), suggesting that endogenous
Suz12 does not accumulate on constitutive heterochro-
matin. This contrasts a previous study, which reported that
tagged overexpressed SUZ12 colocalized with tagged,
overexpressed HP1α in COS-1 cells, a transformed mon-
key kidney cell line (Yamamoto et al. 2004). These dif-
fering results may be due to differences in cell type or
species or due to detection of endogenous vs overex-
pressed, tagged proteins.

Fig. 5 Xi-recruitment of Suz12 is dependent on Xist and Eed. a
Xist RNA coating is sufficient to recruit Suz12. Immunostaining for
Suz12 (first column) with FISH for Xist RNA (second column) in a
male ES cell with a tet-inducible promoter upstream of the single
Xist gene. DAPI (third column) demarcates the nucleus, and the

merged image (fourth column) is comprised of Suz12 (red) and Xist
RNA (green). a Noninduced cells lack an Xist-coated body, and no
enrichment of Suz12 is observed. b Induction of Xist expression
results in coating of the single X chromosome and subsequent
recruitment of Suz12
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Knockdown of SUZ12 in human somatic
cells results in loss of H3-3mK27

Knockdown of SUZ12 in human somatic cells and a muta-
tion of Suz12 in mouse embryos cause a significant de-
crease in amounts of H3-3mK27, indicating that SUZ12
contributes to H3-K27 methylation (Cao and Zhang 2004b;
Kirmizis et al. 2004; Pasini et al. 2004). We undertook a
single cell analysis to determine if SUZ12 is required for
EED/EZH2 complex-mediated H3-K27 methylation on
the Xi, employing female human fibroblast IMR90 cells,
which were significantly more efficiently transfected with
siRNAs than mouse embryo fibroblasts. Immunostaining
was used to assay the abundance and distribution of H3-
3mK27 in IMR90 cells transfected with siRNA oligonu-
cleotides directed against SUZ12 or GFP RNA.

Untransfected and GFP siRNA transfected IMR90 cells
exhibited abundant nuclear staining for H3-3mK27 (Fig. 7a
and data not shown). In 70% of interphase nuclei, there was
enrichment of this methylated form of H3 on the Xi, as
visualized by colocalization with XIST RNA (Fig. 7a). This
result indicates that in IMR90 cells, Xi-enrichment of H3-
3mK27 is maintained in a majority of cells, as previously
reported for other somatic cell types (Gilbert et al. 2003;
Plath et al. 2004). The remaining 30% of GFP siRNA
transfected cells showed a similar intensity of uniform nu-
clear H3-3mK27 staining, without enrichment on the XIST
RNA-coated Xi (Fig. 7b). GFP siRNA transfected IMR90
cells exhibited a uniform, speckled nuclear distribution of
SUZ12 in 100% of cells with no apparent enrichment on
the Xi, even in cells that showed Xi-accumulation of H3-
3mK27 (Fig. 7c, d).

Transfection of cells with SUZ12 siRNA resulted in com-
plete knockdown in half of the cell population (Fig. 7e, f).
While a small proportion of cells lacking SUZ12 displayed

normal H3-3mK27 staining either with or without Xi-
enrichment (12% of cells; Fig. 7f), the majority of cells with
no detectable SUZ12 did not accumulate H3-3mK27 (88%
of cells; Fig. 7f). Cells lacking SUZ12 still retained an XIST
RNA-coated Xi (Fig. 7g), demonstrating that H3-3mK27
enrichment on the Xi is not required for XIST RNA to
associate with the Xi in these cells. Knockdown of Suz12
in transformed mouse embryo fibroblasts also resulted in
complete loss of detectable Suz12 and H3-3mK27 staining
in a fraction of cells (data not shown). These data indicate
that complete knockdown of SUZ12 results in the global
loss of H3-3mK27. Thus, SUZ12 is necessary for enrich-
ment of H3-3mK27 on the Xi in somatic cells, even though
it is not detectably enriched there. This result also dem-
onstrates that a local enrichment of SUZ12 is not required
for a local increase in H3-3mK27 histone methyltransfer-
ase activity during themaintenance phase of X-inactivation.

Discussion

Suz12 is enriched on the Xi during initiation of X-inac-
tivation (de Napoles et al. 2004). Here we demonstrate that
Suz12 Xi-enrichment is transient during early stages of X-
inactivation in embryonic and extraembryonic cells. While
Suz12, Eed, and Ezh2 showed very similar patterns of en-
richment on the Xi during development, the total amount
of Suz12 remained fairly constant throughout differen-
tiation, whereas Ezh2 and Eed levels steadily decreased.
Suz12 Xi-enrichment required Xist RNA, consistent with a
role for Xist RNA in targeting Suz12 to the Xi as part of the
Eed/Ezh2 complexes. Single cell analysis revealed that
complete knockdown of SUZ12 resulted in loss of all de-
tectable H3-3mK27 accumulation on the Xi and in other

Fig. 6 Two patterns of Suz12 distribution in somatic cells. a, b
Immunostaining for Suz12 (first column) with FISH for Xist RNA
(second column) in mouse embryonic fibroblasts (MEFS)MEFS,
which are aneuploid and, in some instances, have more than one Xi.
DAPI demarcates the nucleus, and the merged image is comprised

of Suz12 (red) and Xist RNA (green). a Staining pattern observed
in a majority of cells. Suz12 is diffusely nuclear in somatic cells but
do not exhibit an enrichment of Suz12 on the Xist RNA-coated Xi.
b Staining pattern observed in a small proportion of cells (<1%,
n>100). Suz12 shows colocalization with Xist RNA
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Fig. 7 Distribution of SUZ12 and H3-3mK27 in SUZ12 knock-
down cells. a, b FISH for XIST RNA (first column) was combined
with immunostaining for H3-3mK27 (second column) in IMR90
primary human fibroblasts. DAPI delineates the nucleus (third
column), and the merged image (fourth column) consists of XIST
RNA (green) and H3-3mK27 (red). Cells exhibit two patterns of
H3-3mK27 distribution, fairly uniform nuclear distribution of fine
speckles with (a) or without enrichment on the Xi (b). c–e Im-
munostaining for SUZ12 (first column) and H3-3mK27 (second
column) in IMR90 cells treated with GFP siRNAs (c, d) or SUZ12
siRNAs (e). Nuclei are stained with DAPI (third column), and the
merged image (fourth column) consists of SUZ12 (red) and H3-
3mK27 in green. c, d SUZ12 is distributed uniformly throughout
the nucleus with many larger speckles of more intense staining in
GFP siRNA treated cells, the same distribution that is observed in
mock transfected or untransfected cells (data not shown). e After

SUZ12 siRNA treatment, half the cells exhibited little or no SUZ12
staining. The majority of these cells contained no H3-3mK27. f FISH
for XIST RNA (first column) was performed with immunostaining
for H3-3mK27 (second column) in IMR90 cells subjected to SUZ12
siRNA. DAPI delineates the nucleus (third column), and the merged
image (fourth column) consists of XIST RNA (green) and H3-3mK27
(red). XIST RNA still coats the Xi in cells lacking H3-3mK27. g
Graph indicating the proportion of nuclei in GFP siRNA-treated and
SUZ12 siRNA-treated cells with different patterns of H3-3mK27
distribution (n>100 cells). Only SUZ12 siRNA-treated cells lacking
SUZ12 were used for this analysis. Diagonal striped bars indicate
proportion of cells with normal levels of H3-3mK27 and no en-
richment on the Xi, gray bars indicate the proportion of cells with
normal H3-3mK27 levels and Xi-enrichment, white bars indicate
reduced nuclear staining with Xi-enrichment, and black bars indicate
no detectable H3-3mK27 staining
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genomic regions, consistent with a role for SUZ12 in H3-
K27 methylation of the Xi.

The developmentally regulated decrease in abundance of
Eed and Ezh2 but not Suz12 suggests one of two pos-
sibilities: Suz12 may be a nonstoichiometric component of
the Eed/Ezh2 complexes in differentiated cells, or it may
have functions outside its role as part of the Eed/Ezh2
complexes. Analysis of in vitro reconstituted EED/EZH2
complexes, as well as material purified from human so-
matic cells, indicates that SUZ12 is present in equimolar
amounts with EED and EZH2 in active histone methyl-
transferase complexes, making it unlikely that Suz12 is
required in excess in vivo (Cao et al. 2002; Kuzmichev
et al. 2002, 2004). Thus, it seems likely that Suz12 may
have activities that are independent of its role in the Eed/
Ezh2 complexes.

Drosophila Su(z)12 is unique among PcG genes in that
null and hypomorphic mutations are strong suppressors of
position effect variegation, suggesting that in flies, Su(z)
12 has functions beyond PcG-mediated facultative hetero-
chromatin formation. The majority of mutations that affect
position effect variegation alter the activity of proteins in-
volved in constitutive heterochromatin formation. In mam-
mals and flies, facultative and constitutive heterochromatin
are characterized by histone H3 methylation at different
lysine residues, mediated by the Eed/Ezh2 and Suv39h his-
tone methyltransferases (Cao and Zhang 2004a; Jenuwein
and Allis 2001). Additionally, RNAs are implicated in di-
recting these histone methyltransferases to their genomic
targets in mammals and fission yeast (Hall et al. 2002;
Maison et al. 2002; Plath et al. 2003; Silva et al. 2003;
Volpe et al. 2002, 2003). Therefore, an additional role for
Suz12, as suggested by its differential developmental reg-
ulation from other PcG proteins, may be to function in
constitutive heterochromatin formation, perhaps by affect-
ing activity or targeting of additional histone methyltrans-
ferase complexes.
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