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Methylation of histone H3 on lysine 9 or 27 is crucial for heterochromatin formation. Previously considered hallmarks of, re-
spectively, constitutive and facultative heterochromatin, recent evidence has accumulated in favor of coexistence of these two
marks and their cooperation in gene silencing maintenance. H3K9me2/3 ensures anchorage at chromatin of heterochromatin
protein 1� (HP1�), a main component of heterochromatin. HP1� chromoshadow domain, involved in dimerization and inter-
action with partners, has additional but still unclear roles in HP1� recruitment to chromatin. Because of previously suggested
links between polycomb repressive complex 2 (PRC2), which catalyzes H3K27 methylation, and HP1�, we tested whether PRC2
may regulate HP1� abundance at chromatin. We found that the EZH2 and SUZ12 subunits of PRC2 are required for HP1� sta-
bility, as knockdown of either protein led to HP1� degradation. Similar results were obtained upon overexpression of
H3K27me2/3 demethylases. We further showed that binding of HP1�/�/� to H3K9me3 peptides is greatly increased in the pres-
ence of H3K27me3, and this is dependent on PRC2. These data fit with recent proteomic studies identifying PRC2 as an indirect
H3K9me3 binder in mouse tissues and suggest the existence of a cooperative mechanism of HP1� anchorage at chromatin in-
volving H3 methylation on both K9 and K27 residues.

N-terminal tails of histones protrude from nucleosome core
structures and are subject to various posttranslational modifica-

tions that regulate chromatin properties (1). Methylation of resi-
dues Lys 9 (H3K9me2/3) and Lys 27 (H3K27me2/3) of H3 are
largely associated with silent heterochromatic regions. Although
H3K9me2/3 and H3K27me2/3 are generally defined as hallmarks of
constitutive and facultative heterochromatin (HC), respectively, it
recently became evident that these marks frequently colocalize in the
genome. For instance, chromatin immunoprecipitation experiments
revealed enrichment of H3K9me3 and H3K27me3 modifications at
4q subtelomeric D4Z4 repeats (2) and at telomeres (3), and a signif-
icant enrichment of H3K9 and H3K27 trimethylation was also de-
tected at the FXN locus of Friedreich ataxia-derived fibroblasts (4)
and at the Deleted in Colon Cancer gene (DCC) promoter (5). Sup-
porting these observations, genome-wide analyses revealed that
H3K9me3, apart from heterochromatic regions, is frequently de-
tected at silent gene promoters, one-half of which are cooccupied by
H3K27me3 and belong to the family of so-called bivalent gene pro-
moters (6, 7). Further reinforcing of these findings came from mass
spectrometry analysis of H3K27me2/3 nucleosomes purified from
embryonic stem cells, mouse embryonic fibroblasts, and HeLa cells
showing frequent cooccurrence of H3K27me2/3 with H3K9me2/3-
and H4K20me2-repressive marks (8). A quantitative mass spectrom-
etry analysis of histone posttranslational modifications performed on
mononucleosomes bound by the chromo domain (CD)-containing
heterochromatin protein 1 (HP1) further revealed concomitant en-
richment of H3K9me2/3 and H3K27me2/3 (9). Finally, two recent
studies provided additional evidences of a cross talk between H3K9
and H3K27 methylation either on the inactive X (Xi) chromosome
(10) or at the level of developmentally regulated gene promoters (11).

Di/trimethylation of H3K9 is mainly catalyzed by the conserved
SUV39H1/2 histone methyltransferases, while the polycomb repres-
sive complex 2 (PRC2) ensures di/trimethylation of H3K27 (12, 13).

PRC2 is conserved from Drosophila to mammals and comprises
the EZH1/2 catalytic subunit, SUZ12, EED, and RBBP7/4 (13).
Recently, several other proteins were identified as PRC2 compo-
nents—AEBP2, PCL, and JARID—which are not required for
PRC2 enzymatic activity in vitro but were shown to enhance the
complex activity in vivo and to regulate chromatin recruitment
(13). In proliferating cells, transmission of H3K27me3 and
H3K9me2/3 epigenetic marks appears to be mediated by direct
binding to these marks of, respectively, the EED subunit of PRC2
(14, 15) and HP1, which in turn recruits SUV39H1/2 (16–18).
HP1 is a key structural adaptor for macromolecular complex as-
sembly required for constitutive HC formation and maintenance.
It is conserved from Schizosaccharomyces pombe (Swi6) to mam-
mals, in which three HP1 isoforms exist: HP1�, -�, and -� (19).
HP1 binding to H3K9me2/3 occurs through direct interactions of
the methyl groups with the aromatic cage of HP1 located in the
conserved N-terminal CD (20, 21). The evolutionarily conserved
chromoshadow domain (CSD) at the C-terminal end defines a
second critical region of HP1 required for silencing functions.
HP1 CSD is involved both in homo/heterodimerization and in
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interactions with various partners, the latter playing crucial roles
in HP1 association with chromatin, as binding of HP1 to
H3K9me2/3, on its own, is fairly weak (19, 22–25).

Previous studies have reported the ability of SUZ12 to interact
with HP1� and showed that depletion of SUZ12 alters HP1�
distribution in embryonic stem (ES) cells (26, 27). However, how
PRC2 regulates HP1� abundance at chromatin remains un-
known. Interestingly, large-scale proteomic screens recently iden-
tified several PRC2 members as readers of the H3K9me3 mark,
but the direct binder for this complex to the K9me3 mark has not
been identified (28, 29). With these findings and the growing ev-
idence of cross talks between H3K9me2/3 and H3K27me3 path-
ways of gene silencing, we tested whether PRC2 may regulate
HP1� abundance at chromatin of human cells.

MATERIALS AND METHODS
Cell culture and transfections. HT1080 is a human fibrosarcoma cell line,
and HCA2 cells are primary human foreskin fibroblasts. Small interfering
RNAs (siRNAs; Eurogentec) were transfected with Lipofectamine 2000
(Invitrogen). The following siRNAs were used: EZH2-A (30), EZH2-B
(31), SUZ12 (32), and luciferase (3) siRNAs. Transfections with plasmids
were also performed with Lipofectamine 2000. pGEX-4T1-GST-HP1�
(33), pCMV-HA-JMJD3 (34), and pCMV-HA-UTX (34) plasmids 24074,
24167, and 24168 were obtained from Addgene. The plasmid carrying the
GFP-HP1� gene, cloned into pIE-NHA-Gw (Invitrogen) (35), was kindly
provided by P.-O. Angrand (Institut de Recherche Interdisciplinaire/
CNRS, Villeneuve d’Ascq, France). In experiments with proteasome in-
hibitor, 30 h after transfection with siRNAs, cells were treated with 3 �M
MG132 (Calbiochem) for 18 h.

HA-HP1�-V21M and HA-HP1�-I165K plasmid constructs. HA-
HP1�-V21M and HA-HP1�-I165K constructs (where HA is hemag-
glutinin) were obtained by site-directed mutagenesis using HA-HP1�
vector as the template (cloned into pIE-NHA-Gw [Invitrogen] and
kindly provided by P.-O. Angrand, Institut de Recherche Interdisci-
plinaire/CNRS, Villeneuve d’Ascq, France), Pfu enzyme (Thermo Sci-
entific), and the following primers: V21M_forward, GGAGGAGTATG
TTATGGAGAAGGTGCTAGAC; V21M_reverse, GTCTAGCACCTTCT
CCATAACATACTCCTCC; I165K_forward, GTGAAATGTCCACAAAT
TGTGAAAGCATTTTATGAAGAGAG; and I165K_reverse, CTCTCTTC
ATAAAATGCTTTCACAATTTGTGGACATTTCAC, where boldface
indicates mutated codons. Plasmids were checked by sequencing.

qRT-PCR. Total RNA was isolated with TriPure reagent (Roche), and
quantitative reverse transcription-PCRs (qRT-PCRs) were performed as
described previously (3) using HP1� and ACTB primers (3, 36).

Cell fractionation. Cells were incubated for 5 min at 4°C in CEB (10
mM HEPES, pH 7.9, 10 mM KCl, 0.34 M sucrose, 1.5 mM MgCl2, 0.5 mM
dithiothreitol [DTT], 1% NP-40), and centrifuged at 1,300 � g. Superna-
tant was collected as the cytoplasm fraction. The pellet was washed with
CEB lacking NP-40 and resuspended in 50 mM Tris-Cl (pH 7.4), 150 mM
NaCl, 1% NP-40, and 0.25% sodium deoxycholate. Lysates were incu-
bated for 20 min on ice and centrifuged at 10,000 � g. Supernatant was
collected as the nucleoplasm and the pellet as the chromatin fraction. The
pellet was resuspended in Laemmli sample buffer and boiled at 98°C for 5
min before sonication.

Western blotting. Western blotting was performed according to stan-
dard procedures using the following antibodies (manufacturer, catalog
no., and dilution are given in parentheses): H3 (Abcam, ab1791, 1:2,500),
H3K9me3 (Millipore, 17-442, 1:1,000), H3K27me3 (Millipore, 17-622,
1:2,000), HP1� (Millipore, 05-689, 1:2,500), HP1� (Active Motif, 39979,
1:1,000), HP1� (Active Motif, 39981, 1:1,000), �-actin (Sigma, A5441,
1:10,000), EZH2 (Diagenode, 004-050, 1:1,000), SUZ12 (Millipore, 04-
46, 1:1,000), Rb (Santa Cruz, sc-50, 1:1,000), and HA (Sigma, H6908,
1:2,000). Streptavidin-horseradish peroxidase (HRP; 1:5,000) was from

Invitrogen. Signal quantifications were done using either GelEval or LI-
COR Image Studio software.

Immunofluorescence. Cells were treated with permeabilization buf-
fer (20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 3 mM MgCl2, 300 mM
sucrose, 0.5% Triton X-100) for 5 min at room temperature, fixed with
3% formaldehyde for 15 min, and incubated again in permeabilization
buffer for 10 min. Cells were then blocked with 3% bovine serum albumin
(BSA) for 30 min at 37°C and incubated with primary antibodies for 1 h at
37°C, followed by phosphate-buffered saline (PBS) washes and addition
of a second primary antibody before 1 h of incubation with a mix of
secondary antibodies. The following antibodies were used: H3K9me3
(Millipore, 17-442, 1:100), H3K27me3 (Millipore, 17-622, 1:200), HP1�
(Millipore, 05-689, 1:50), HP1� (Active Motif, 39979, 1:400), HP1� (Ac-
tive Motif, 39981, 1:200), and HA (Sigma, H6908, 1:50; or Roche, 3F10,
1:200). Samples were mounted in 2.33% DABCO (1,4-diazabicyclo[2.2.2]
octane), 90% glycerol, 20 mM Tris (pH 8.0), and 0.6 �g/ml DAPI (4=,6-
diamidino-2-phenylindole). Images were acquired with a Cell Observer
spinning disc (Zeiss) confocal microscope with a 100� objective and an-
alyzed using ImageJ software (National Institutes of Health).

Bacterial protein purification. GST-HP1� recombinant protein was
expressed in Escherichia coli strain BL21 incubated with 1 mM IPTG (iso-
propyl-�-D-thiogalactopyranoside) for 4 h. Glutathione S-transferase
(GST)–HP1� was then purified using a standard protocol and a Pierce
glutathione chromatography cartridge (Thermo Scientific). The N-termi-
nal GST tag was cleaved using biotinylated thrombin (Novagen), and
HP1� was then purified by incubation with avidin-agarose (Thermo Sci-
entific) and glutathione-Sepharose (GE Healthcare) beads for 30 min at
room temperature under gentle agitation.

Pulldown experiments with H3 N-terminal tail peptides. H3 biotin-
ylated peptides comprising the 40 N-terminal amino acids of H3, followed
by the YCK sequence added for coupling purposes (ARTKQTARKSTGG
KAPRKQLATKAARKSAPATGGVKKPHR-YCK [biotin]; boldface indi-
cates the positions of K9 and K27 residues) (14) were synthesized on the
solid phase using conventional fluorenylmethoxycarbonyl chemistry, pu-
rified by reverse-phase high-pressure liquid chromatography (HPLC),
and characterized by mass spectrometry. Pulldown assays with HT1080
cell extracts were performed as described previously (14). For pulldown
assays with bacterially purified protein, 6 �g of H3 peptides were incu-
bated with 1.5 �g of purified HP1� and 50 �l avidin-agarose beads
(Thermo Scientific). Pulldown assays were carried out overnight at 4°C in
1 ml total volume of 0.1% Triton X-100 –2 mM DTT and protease inhib-
itors in PBS. Beads were washed 3 times with 150 mM NaCl and 0.1%
Triton X-100 in PBS before resuspension in Laemmli sample buffer.

ChIP. Chromatin immunoprecipitation (ChIP) was performed ac-
cording to standard procedures. Chromatin was sonicated with a Bio-
Ruptor sonicator (Diagenode) to obtain fragments between 200 and 600
bp. Samples were incubated overnight with antibodies and immunopre-
cipitated using the OneDay ChIP kit (Diagenode) or, for siRNA-treated
samples, the LowCell# ChIP kit (Diagenode) according to the manufac-
turer’s instructions. The following antibodies (manufacturer, catalog no.)
were used: H3K9me3 (Abcam ab8898), H3K27me3 (Millipore 17-622),
HP1� (Active Motif 39981), and green fluorescent protein (GFP; Abcam
ab290). Nonspecific total rabbit IgGs were from Millipore. Immunopre-
cipitated DNA was analyzed by qPCR using the Kapa SYBR Fast qPCR kit
(Kapa Biosystems) and the following primers: 4qHOX (2), CHR7q (5=-C
CTCGCTTTGACACGACTCGG and 5=-GCACAGGATTCAGACGGGC
TTT), TSH2B (5=-GCAGCACTGCCTGAATGTTA and 5=-TGTATTTG
GCGGCAGTGTTA), MB exon2 (LowCell# ChIP kit; Diagenode), c-FOS
promoter (37), and GAPDH TSS (3). Results were presented either as the
percentage of starting material (% input) or as relative occupancy of spe-
cific signal over c-FOS promoter control locus [% input (specific locus)/%
input (control locus)].

Statistical analyses. Error bars in graphs represent standard devia-
tions from independent experiments. Student’s t tests were applied to
compare differences between means.
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RESULTS
EZH2 or SUZ12 depletion leads to HP1� loss from chromatin
and degradation. Despite a previous report establishing that
HP1� interacts with SUZ12 (26), a direct role for PRC2 in regu-
lating HP1� abundance at chromatin has not been demonstrated.
Here, we wished to test whether PRC2 impacts HP1� binding to
chromatin. As EZH2, SUZ12, EED, and RBBP7/4 have been estab-
lished as the components of the minimum functional PRC2 core
complex (13), we first depleted EZH2 histone-lysine N-methyltrans-
ferase in HT1080 human fibrosarcoma cancer cells. Cells were treated
with either siRNA against EZH2 (siEZH2-A) or control siRNA
(siLuci), and lysates were collected every 24 h over a 4-day period. An
�40% reduction in EZH2 protein levels was noticeable already 24 h
after transfection, reaching 80% after 96 h (Fig. 1A and B). In agree-
ment with previous findings, knockdown of EZH2 led to depletion of
another protein of the PRC2 complex, SUZ12 (32) (Fig. 1A). As an-
ticipated, loss of EZH2/SUZ12 was associated with a reduction in K27
trimethylation of histone H3 (Fig. 1A). Interestingly, EZH2 depletion
resulted in a strong decrease of total cellular levels of HP1�, an effect
that was already observed 24 h after treatment and that mirrored
EZH2 depletion in time course experiments (Fig. 1A and B). We also
observed a slight reduction of H3K9me3 levels at later time points of
siEZH2-A treatment, which is likely to result from a reduced ability to
recruit SUV39H1/2 H3K9 methyltransferase to chromatin in re-
sponse to HP1� loss (16–18). To confirm the Western blot data, we
also monitored HP1� levels after siEZH2 treatment using micros-
copy coupled with immunofluorescence in Triton-extracted cells. In
comparison to control cells (siLuci), HP1� levels were reduced by
45% after treatment with siEZH2-A, and this occurred without any
noticeable reduction of H3K9me3 levels (Fig. 1C and D). The ob-
served phenomenon was not a consequence of siRNA transfection, as
siLuci transfection showed protein levels similar to those of mock
control (Fig. 1E). Degradation of HP1� upon EZH2 knockdown was
also observed with a different siRNA against EZH2 (siEZH2-B), as
well as in normal HCA2 fibroblasts (Fig. 1F and G), further support-
ing our findings.

HP1� loss upon EZH2 depletion is not a consequence of cell
cycle perturbation or reduced HP1� transcription but results
from proteasomal degradation. Having found that HP1� levels
are drastically downregulated upon EZH2 depletion, we checked
that this was not a consequence of cell cycle perturbation, as de-
pletion or inhibition of EZH2 was previously reported to increase
the number of cells in either G2/M (38, 39) or G1/S (40). DNA
content analysis of HT1080 cells treated with siEZH2-A for 72 h
did not reveal major changes in cell cycle distribution; however,
there was a slight increase in G2/M cells (Fig. 2A). As HP1 proteins
naturally detach from chromatin upon phosphorylation of H3 on
serine 10 residue during metaphase (41), we checked whether
siEZH2 treatment of cells increases the level of H3Ser10P. As seen
in Fig. 2B, there was no difference in H3 phosphorylation between
control and siEZH2-treated cells; thus, the effect of HP1� loss
upon EZH2 depletion was not caused by increased H3Ser10 phos-
phorylation. Based on the above control experiments and on the
fact that reduction in total HP1� levels was seen as early as 24 h
after siEZH2 treatment, we concluded that cell cycle perturbations
could not account for the loss of HP1� under our experimental
conditions.

Disruption of HP1� interaction with H3K9me3 marks results
in its detachment from chromatin and subsequent recovery of the

protein in the soluble fraction, leaving total cellular levels of HP1�
unaltered (16). Conversely, our results indicated a strong reduc-
tion of total HP1� cellular levels upon EZH2 knockdown with no
recovery of the detached protein in the soluble fraction (nucleo-
plasm or cytoplasm) (Fig. 3A). As we did not detect any down-
regulation of HP1� transcript levels upon siEZH2-A/-B treatment
(Fig. 3B), this suggested that it is the protein, and not the tran-
script level of HP1�, that is affected. It has been reported that
HP1� undergoes proteasomal degradation upon overexpression
of lamin A mutants (42, 43). Hence, we tested whether EZH2
depletion-induced loss of HP1� was due to proteasomal degrada-
tion. Accordingly, we observed that treatment with MG132 pro-
teasome inhibitor mostly suppressed HP1� degradation upon
EZH2 depletion (Fig. 3C and D). Note that due to high toxicity of
MG132, siEZH2 treatment was applied for 48 h instead of 72 h,
explaining why the decrease in HP1� levels was less drastic in these
experiments.

SUZ12 depletion is also associated with loss of PRC2 integrity
(44, 45). Therefore, we tested whether similar effects on HP1� can
be observed when cells are treated with siRNA against SUZ12. As
detachment of HP1� from chromatin upon knockdown of SUZ12
was similarly associated with degradation of HP1� and lack of
recovery in the cytoplasmic fraction (Fig. 3E), we concluded that
loss of PRC2 integrity induces proteasomal degradation of HP1�.

Removal of H3K27me3 marks is sufficient to detach HP1�
from chromatin. It is well established that HP1 proteins detect and
bind to H3K9me3 (46). How then can we explain the role of PRC2 in
HP1� abundance at chromatin? We reasoned that PRC2 might sta-
bilize the interaction between HP1� and H3K9me3. As PRC2 binds
to its own product, H3K27me3 (14, 15), this raised the interesting
hypothesis that HP1� anchorage at chromatin may be stabilized
through interactions with H3K27me3-bound PRC2. Alternatively,
HP1� binding efficiency to the H3K9me3 mark may be increased
through direct interactions with K27me3, as purified HP1� protein
was reported to display low affinity for the K27me3 mark in pulldown
experiments using H3 tails (47). In both cases (indirect or direct in-
teraction of HP1� with H3K27me3), we expected the H3K27me3
mark to be involved in the stabilization of HP1� at chromatin. To test
this, we globally depleted cells of H3K27me3 by transiently overex-
pressing JMJD3, a potent H3K27me2/3 demethylase (34). We trans-
fected HT1080 cells with either a control HA or an HA-JMJD3 vector
and analyzed, by immunofluorescence, the residual levels of
H3K27me3, H3K9me3, and HP1�. Twenty-four hours after trans-
fection with HA-JMJD3, H3K27me3 marks were reduced to 32% of
the control levels, while H3K9me3 marks were unaltered (Fig. 4A, B,
and D). In agreement with a role played by H3K27me3 in PRC2-
dependent stabilization of HP1�, we found that chromatin-bound
HP1� had dropped to 15% of the control levels in JMJD3-overex-
pressing cells (Fig. 4C and D). Similar results were observed when we
transiently overexpressed HA-UTX H3K27me2/3 demethylase (34)
using the same experimental settings (Fig. 4E and F).

Hence, whether resulting from knockdown of the H3K27 his-
tone methyltransferase or from overexpression of the correspond-
ing demethylase, these data supported an important role of
H3K27me3 in regulating HP1� abundance at chromatin.

HP1� binding to H3K9me3 peptide tails is increased in the
presence of H3K27me3. The above data strongly suggested that
the H3K27me3 mark is involved in HP1� anchorage at chroma-
tin. To directly test the impact of H3K27me3 on HP1� affinity for
the H3K9me3 mark, we performed pulldown experiments using
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FIG 1 HP1� dissociates from chromatin and is degraded upon EZH2 depletion. (A) HT1080 cells were treated with siEZH2-A for the indicated time lengths or
with siLuciferase (siLuci) for 48 h, and whole-cell extracts were analyzed by Western blotting with the specified antibodies. (B) Quantification from three
independent time course experiments of EZH2 and HP1� protein levels is shown after normalization, first to �-actin and then to siLuci. (C) Immunofluores-
cence analyses of H3K27me3 and H3K9me3 (red, left and right panels, respectively) and HP1� (green) in Triton-extracted HT1080 cells transfected with
siEZH2-A or siLuci for 48 h. Scale bars, 10 �m. (D) Quantification of immunofluorescence shown in panel C on at least 20 nuclei from three independent
experiments. Mean fluorescence intensity of nuclei in siEZH2-A-treated cells was compared to that of siLuci control cells. (E) Control for siLuci treatment.
HT1080 cells were either mock transfected or treated with siEZH2-A or siLuci for 72 h, and whole-cell extracts were analyzed by Western blotting with the
specified antibodies. (F) Knockdown efficiency of EZH2 in HT1080 (upper panel) or HCA2 (lower panel) cells treated with either siEZH2-A or siEZH2-B.
�-Actin is shown as a loading control. (G) Western blot analysis of the nucleoplasm and chromatin fractions from HT1080 (upper panel) or HCA2 (lower panel)
cells collected 72 h after transfection with two different siRNAs against EZH2. Membranes were analyzed separately for the presence of HP1�, H3K27me3, and
H3K9me3. H3 and Rb levels were used as loading controls for the chromatin and nucleoplasm fractions, respectively. Control cells were transfected with siLuci.
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HT1080 cell lysates and H3 tail peptides with either K9me3,
K27me3, or both modifications. As expected, HP1� binding to H3
tails was strictly dependent on the presence of K9me3 (Fig. 5A).
Strikingly, the binding of HP1� was significantly increased more
than 4-fold (P � 0.001) when H3K9me3 peptide was also carrying

the K27me3 modification (Fig. 5A and B). HP1� proteins contain
two highly conserved domains: (i) the CD, which recognizes and
directly binds to H3K9me3; and (ii) the CSD, involved in homo/
heterodimerization and interactions with various proteins, in-
cluding SUV39H1, KAP-1, CAF1p150, SUZ12, lamin B receptor,
and TAFII130 (19, 33). Mutational analyses showed that both do-
mains are required for correct binding of HP1 isoforms to the
H3K9me3 mark (16, 17, 24). To test whether these domains are
also needed for binding onto peptides bearing the dual methyl
mark, we performed pulldown experiments using lysates from
cells expressing HA-tagged HP1� constructs with mutations ei-
ther in the CD (V21M) or the CSD (I165K) (Fig. 5C). As seen in
Fig. 5D, similarly to H3K9me3 histone tails, HP1� binding to
H3K9me3K27me3 was completely abolished in the presence of a
mutation in either of the domains.

Bacterially expressed HP1� protein does not display in-
creased affinity for H3 peptide tails with both K9me3 and
K27me3 modifications. One possible explanation to account for
the increased binding of human cell-derived HP1� to H3K9me3
in the presence of a nearby H3K27me3 mark would be that the
binding of one HP1� monomer to H3K9me3 increases the affinity
of the second HP1� molecule for H3K27me3. Alternatively,
HP1� may not be directly bound to H3K27me3, but the latter
mark may recruit other proteins, such as PRC2, which through
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interactions with HP1� dimers would stabilize their binding to
H3K9me3. Since mutation of the I165 residue of HP1� not only
abolishes dimerization of the protein but also prevents the CSD-
mediated interactions with other factors (47), it was difficult to
deduce which of the two, dimerization or interactions with other
factors, is important for the enhanced binding of HP1� proteins to
chromatin. To assess whether auxiliary factors may be required, we
repeated pulldown assays using bacterially expressed and purified
HP1� (Fig. 6A). As shown previously (24), the recombinant HP1�
protein spontaneously dimerizes in solution (Fig. 6B). When this re-
combinant protein was used instead of human cell extracts, we de-

tected similar binding efficiencies of HP1� to H3K9me3 and to
H3K9me3K27me3 (Fig. 6C and D). Using serial dilutions of purified
HP1� protein in the presence of steady amounts of H3 peptides,
we confirmed that the loss of enhanced binding to peptides bearing
both marks was not due to saturation of H3 peptides (Fig. 6E). These
results suggested that the increased binding of HP1� to
H3K9me3K27me3 that we observed when human cell extracts were
used in pulldown experiments is not accomplished exclusively by
HP1� but requires additional cofactors.

EZH2 is required for increased binding of HP1� to H3 tails
displaying both K9me3 and K27me3 marks. Interactions with
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SUZ12 were previously detected for HP1� and -� (26, 27). Since
our data indicated that depletion of either PRC2 subunit, EZH2 or
SUZ12, resulted in substantial loss of HP1� binding to chromatin,
we anticipated that PRC2 binding to H3K27me3 might stabilize
HP1� interactions with the H3K9me3 mark. In support of our
hypothesis and as expected (14), EZH2 binds to H3 peptides con-
taining the K27me3 mark (Fig. 7A). Hence, to test whether EZH2
has any impact on the increased binding of human cell-derived
HP1� proteins to K9me3/K27me3-containing H3 peptides, we
chose to repeat pulldown experiments with extracts coming from
HT1080 cells treated with siEZH2-A. However, as shown above,
HP1� protein is almost completely degraded upon EZH2 knock-
down, and the amount of HP1� that is recovered is thus too low
for pulldowns. In light of the previously reported formation of
heterodimers between HP1� and other HP1 isoforms (48), we
reasoned that we may probe for the binding of HP1� and -�,
instead of that of HP1�, as we showed the following: (i) treatment
of cells with siEZH2-A, although reducing the protein levels of
HP1� and -�, does not lead to complete loss of the proteins (Fig.
7B, left panel); (ii) HP1� and -� are released from chromatin
upon treatment with siEZH2-A (Fig. 7B and C); and (iii) binding
of human cell-derived HP1� and -� to the H3K9me3 tail is also
increased in the presence of K27me3 (Fig. 7D). Assuming that
chromatin-bound HP1 proteins are more susceptible to degrada-
tion upon EZH2 knockdown, higher residual levels of HP1� and
-� than of HP1� are likely due to the high abundance of these two
isoforms in the nucleoplasm (Fig. 7B). Interestingly, we also found
that the stimulating effect of H3K27me3 mark on HP1�/�/�
binding to H3K9me3 occurred whether the marks were present on
the same H3 tail (K9;K27) or on different peptides (K9 
 K27)
(Fig. 7D), suggesting that K27me3 may also act in trans to stabilize
HP1 binding to K9me3 H3 tails.

Since all the conditions were met to monitor binding of HP1�
and -� instead of HP1�, we repeated the pulldown experiments
with extracts from cells treated with either siLuci or siEZH2-A
using a mixture of K9me3 and K27me3 H3 tails. In agreement
with our hypothesis, we observed an increased binding of HP1�
and -� in the presence of both K9me3 and K27me3 marks in siLuci
control samples, but this increase was no longer detected upon
EZH2 depletion (Fig. 7E to G).

In conclusion, the evidence collected so far clearly suggests that
EZH2 influences binding of HP1 proteins to chromatin and that
its presence is essential for the observed enhanced binding to H3
tails carrying both methyl marks.

EZH2 depletion reduces HP1� abundance at H3K27me3-en-
riched loci bound by EZH2. Our data indicate that the stability of all
three chromatin-bound HP1 isoforms is drastically reduced upon
EZH2 knockdown. Because of the well-established requirement for
the H3K9me2/3 mark in maintaining HP1 at chromatin, our obser-
vations would suggest that most H3K9me2/3-enriched loci are in
close proximity to H3K27me2/3 marks. Indeed, recently published
papers provide evidence in favor of this. First, Voigt et al. data sug-
gested that about 55% of H3K27me2/3-marked mononucleosomes
further display either di- or trimethylation on H3K9 residue (8). The
fact that H3K27me2/3 marks are very abundant and detected in a
total of about 50% of HEK293 nucleosomes genomewide (9) would
imply that one-fourth of all nucleosomes display di- or trimethyla-
tion on both H3K9 and H3K27 residues. Furthermore, quantitative
mass spectrometry analysis of histone posttranslational modifica-
tions revealed concomitant and similar enrichment of H3K9me2/3
and H3K27me2/3 marks on HP1�- or -�-bound mononucleosomes
(9) (Fig. 8A).

We next wished to provide additional evidence that EZH2 de-
pletion from a given locus leads to detachment of HP1 proteins
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from the same locus. To do this, we performed ChIP experiments
in HT1080 cells treated with siEZH2-A, and since assessing chro-
matin-associated HP1� by ChIP is reportedly difficult and usually
requires the use of tagged proteins, we monitored the residual
abundance, at various loci, of HP1�, EZH2, and H3K27me3. In-
terestingly, HP1� has been reported to localize within both
H3K27me3-enriched heterochromatin and H3K27me3-free eu-
chromatic loci, including the highly transcribed GAPDH gene (49,
50), thus offering the possibility to control for residual HP1� lev-
els at loci that are not bound by EZH2. As shown in Fig. 8B,
4qHOX and CHR7q subtelomeric loci on one hand and testis-
specific histone 2B variant TSH2B promoter or myoglobin exon 2
on the other hand are enriched in both H3K9me3 and H3K27me3
repressive marks. Conversely, and as expected, the c-FOS pro-
moter did not display any of these two marks (Fig. 8B). Agreeing
with a previous report (49), we found that HP1� is recruited
around the transcription start site (TSS) of the highly transcribed

GAPDH gene in the absence of either H3K9me3 or H3K27me3
(Fig. 8B and C). The mechanisms of HP1� recruitment to highly
transcribed loci are not completely elucidated yet but may depend
on the direct interaction of HP1� with the activated form of RNA
polymerase II (49).

Supporting a role played by the H3K27me3 mark in stabilizing
HP1 proteins at chromatin, we found that depletion of EZH2 and
the subsequent loss of the H3K27me3 mark were associated with
reduced abundance of HP1� at the four repressed loci that we
analyzed (4qHOX, Chr7q, TSH2B, and myoglobin) (Fig. 8C).
Conversely, and in agreement with the absence of EZH2 and
H3K27me3, EZH2 knockdown did not affect HP1� enrichment
around the TSS of GAPDH (Fig. 8C).

Finally, since we failed to get ChIP to work with endogenous
HP1� proteins, we established an HT1080 cell line stably ex-
pressing GFP-HP1� (Fig. 8D). The expression level of GFP-
HP1� protein was slightly higher than the one of endogenous
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HP1�, and the impact of siEZH2 treatment was less drastic
than the one observed on endogenous HP1� (Fig. 8D). We
nevertheless observed a reduction of GFP-HP1� stability upon
siEZH2 treatment (Fig. 8D). Monitoring GFP-HP1� abun-
dance in siEZH2-A-treated cells revealed a significant reduc-
tion at both 4qHOX and subtelomeric CHR7q loci (Fig. 8E),

further emphasizing the important role of EZH2 in ensuring
HP1� stability at heterochromatin.

Collectively, these data clearly suggest that genomic regions
associated with H3K9me3 and H3K27me3 repressive marks also
display binding of the HP1 and EZH2 proteins and that knock-
down of EZH2 leads to loss of HP1 proteins from these loci.

FIG 7 EZH2 is required for increased binding of human cell extract-derived HP1�/� to H3 histone tails with both K9me3 and K27me3 marks. (A) EZH2 binding
is detected on K27me3-containing H3 tails. HT1080 cell lysates were incubated in the presence of immobilized biotinylated H3 peptides modified as indicated,
and bound EZH2 was detected by Western blotting. The total amount of H3 peptides was monitored with Ponceau S. (B) Residual HP1�/�/� levels upon EZH2
depletion. HT1080 cells were transfected with either siLuci or siEZH2-A and collected 72 h after transfection. Total cell extracts and chromatin and nucleoplasm
fractions were analyzed by Western blotting using the indicated antibodies. (C) Immunofluorescence analyses of HP1� and HP1� (green) in HT1080 cells
transiently transfected with HA-JMJD3 construct and performed as described in legend to Fig. 4A to C. (D) Pulldown experiments with HT1080 cell lysates and
biotinylated H3 tail peptides (H3, unmodified; K9, H3K9me3; K27, H3K27me3; K9;K27, H3K9me3K27me3; K9 
 K27, equimolar mix of H3K9me3 and
H3K27me3). (E to G) Binding of HP1� and � to H3 tails with K9me3 and K27me3 is reduced in the absence of EZH2. (E) Western blot of cell extracts after
HT1080 treatment with siLuci or siEZH2-A used as inputs for pulldown experiment shown in panel F. (F) H3K9me3 or a mixture of H3K9me3 and H3K27me3
peptides was used for the pulldown experiment. Bound HP1�/� and H3K9me3 mark levels were monitored by Western blotting. Loading of H3 peptides was
monitored by Coomassie blue staining. (G) Quantification of data from panel F by normalizing to H3K9me3 binding.
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DISCUSSION

Until recently, it was assumed that H3K9me2/3 and H3K27me2/3
marks had distinct functions and that their presence in the ge-
nome was mutually exclusive. However, recent studies demon-
strated the cooccupancy of these repressive marks at various
genomic loci (8, 9) and, interestingly, suggested the existence of
cooperative mechanisms between these methylation marks in
maintaining silencing. Cooperation was proposed to be mediated
either by the combined impact of H3K9me2 and H3K27me3
marks on the recruitment, to Xi, of CDYL chromodomain-con-
taining protein, itself interacting with H3K9 histone methyltrans-
ferase (10), or through direct interaction between H3K9 and
H3K27 histone methyltransferases (11). Further supporting an
interplay between the two marks was the observation that direct
recruitment of EZH2 and SUZ12 to the proximal promoter of the
metastasis suppressor RKIP gene was accompanied by transcrip-
tional repression mediated by both H3K27me3 and H3K9me3
modifications (51).

In this study, we provide additional evidence in favor of a co-
operative mechanism between the two histone lysine methylation
pathways by showing that proximity of the H3K27me3 mark in-
creases the binding of HP1� to H3K9me3 and that it is dependent
on the PRC2 complex. Although the interplay between HP1 and
the PRC2 complex has been suggested before (26, 27), this is the
first report showing that HP1� dissociates from chromatin and is
degraded by the proteasome upon disruption of the PRC2 com-
plex by siRNA-mediated knockdown. Based on our findings, we
thus propose that thanks to PRC2 binding, H3K27me3 marks
increase the stability of H3K9me2/3-bound HP1� (Fig. 9). It is
still unclear, however, whether PRC2 directly interacts with HP1�
or if it is mediated through yet another factor, as we were unable to
detect interactions between endogenous HP1� and EZH2/SUZ12
PRC2 subunits. Interestingly, while investigating the maintenance
of H3K27me3 by PRC2 complex, Hansen et al. (14) similarly de-
tected increased HP1� and -� binding to H3 peptides in the pres-
ence of both K9me3 and K27me3 marks; however, this observa-
tion was not addressed at all in the study. In light of the recently
proposed cooperation between HP1� domains to bridge nearby
H3K9 methylated nucleosomes (52), the fact that we observed the
same effect on HP1� binding to H3 tails when the K9me3 and
K27me3 marks were in cis or in trans suggests that PRC2 may also

contribute to HP1�-mediated bridging activity between adjacent
nucleosomes (Fig. 9).

How can we explain the destabilization of HP1 isoforms upon
EZH2 or SUZ12 knockdown? A number of studies have shown
that HC preferentially associates with nuclear periphery and that
the lamin A/B network plays an important role in this localization
(53). HP1� was shown to directly interact with the lamin B recep-
tor, and three-dimensional (3D) microscopy analysis revealed a
high degree of H3K9me3 and H3K27me3 overlapping signals at
the nuclear periphery (54, 55). Interestingly, analyses of cells con-
taining a lamin A mutation causing the Hutchinson-Gilford pro-
geria syndrome showed that expression of the mutated protein
decreases EZH2 and H3K27me3 levels, and this was later accom-
panied by a reduction in HP1� and H3K9me3 levels (56). In ad-
dition, overexpression of lamin A mutants caused proteasomal
degradation of HP1�/� (42, 43). The precise molecular mecha-
nism linking lamins with histone methylation and HP1 stability is
still unknown, but it has been hypothesized that the lamin A/B
network acts as a 3D scaffold hub for HC complexes assembly
(57). Hence, changes in nuclear lamina structure and/or depletion
of the PRC2 complex may lead to disruption of this HC network
and proteasome-mediated degradation of chromatin-bound
HP1� proteins. In this scenario, and knowing that HP1� is subject
to various posttranslational modifications, including phosphory-
lation (58), it is possible that HC network disruption activates a
kinase that phosphorylates chromatin-bound HP1� to trigger its
ubiquitin-dependent proteolysis. Because of the connections that
have also been established between the PRC2 and PRC1 polycomb
group complexes (59), we also cannot exclude a possible role for
PRC1 in contributing to overall heterochromatin formation and
HP1 stabilization.

Altogether, we propose that cross talks exist between H3K27
and H3K9 methylation marks, which likely contribute to both the
maintenance of constitutive heterochromatin and the stable si-
lencing of developmentally regulated genes. Cooperation between
these two marks is also likely involved in embryonic stem (ES) cell
state maintenance, as loss of either polycomb proteins or SetDB1
H3K9 methyltransferase upregulates bivalent developmental reg-
ulators that are normally kept silent in ES cells (6). Given that HP1
helps in recruitment of DNA methyltransferases (60), this may
also provide an explanation as to why bivalent promoters are more
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FIG 9 The H3K27me3-H3K9me3 cooperation model. We propose that H3K27me3-bound PRC2 stabilizes H3K9me3-anchored HP1�, either directly (inter-
actions with SUZ12) or indirectly (interactions with another factor illustrated by a question mark). In this model, the second CD of each HP1� dimer remains
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prone to DNA hypermethylation during aging and cancer (61).
Supporting this hypothesis, epigenetic silencing of DCC tumor
suppressor gene is mediated, on one hand, by CpG island hyper-
methylation and, on the other hand, by the presence of H3K9me3
and H3K27me3 marks at the promoter (5). In the near future, we
expect more evidence in favor of cooperative mechanisms of het-
erochromatin formation/spreading to be uncovered.
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