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Mammalian euchromatic gene silencing results from the combined repressive effects of histone and DNA
methyltransferases. Little is known of the mechanism by which these enzymes cooperate to induce silencing.
Here we show that mammalian HP1 family members mediate communication between histone and DNA
methyltransferases. In vitro, methylation of histone 3 Lys 9 by G9a creates a binding platform for HP1�, �,
and �. DNMT1 interacts with HP1 resulting in increased DNA methylation on DNA and chromatin templates
in vitro. The functional and physical interaction can be recapitulated in vivo. Binding of GAL4-HP1 to a
reporter construct is sufficient to induce repression and DNA methylation in DNMT1 wild-type but not
DNMT1-null cells. Additionally, silencing of the Survivin gene coincides with recruitment of G9a and HP1 in
DNMT1 wild-type but not null cells. We conclude that direct interactions between HP1 and DNMT1 mediate
silencing of euchromatic genes.
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Repressed chromatin is characterized by epigenetic
modifications including methylation of histone 3 at Lys
9 (H3K9) and methylation of DNA at CpG dinucleotides
(Wallace and Orr-Weaver 2005; Horn and Peterson 2006).
These modifications serve as binding sites for factors
that control chromatin accessibility and regulate gene
expression (Sims et al. 2003; Maison and Almouzni 2004;
Horn and Peterson 2006; Kouzarides 2007). Although the
necessity of histone methyltransferases (HMTs) and
DNA methyltransferases (DNMTs) in the silencing of
the mammalian genome is well established, the precise
mechanisms by which the two enzymes cooperate have
yet to be fully elucidated.

G9a is considered to be the major euchromatic HMT
responsible for dimethylation of H3K9 (H3K9me2) at
transcriptionally silent regions (Tachibana et al. 2002;
Peters et al. 2003; Rice et al. 2003). G9a is targeted to
specific genes where it functions to repress transcription
(Duan et al. 2005; Chen et al. 2006). Methylated H3K9
serves as a binding platform for heterochromatin protein
1 (HP1) (Bannister et al. 2001; Lachner et al. 2001). In
turn, HP1 associates with a variety of other factors in-
cluding Suv39H1, histone deacetylases (HDACs), tran-
scriptional repressors, and chromatin remodeling en-
zymes (Maison and Almouzni 2004; Hiragami and Fes-
tenstein 2005).

There are three mammalian isoforms of HP1 (HP1�, �,
and �), and all associate with methylated H3K9 through
their chromodomains (Jacobs et al. 2001; Cheutin et al.
2003). HP1 binds specific euchromatic loci in Drosophila
and mammals during the process of gene silencing
(Ayyanathan et al. 2003; Greil et al. 2003). Mammalian
HP1s are recruited to specific euchromatic loci in con-
junction with G9a, but it has yet to be determined if G9a
dimethylation of H3K9 plays a role in this recruitment
(Roopra et al. 2004; Feldman et al. 2006). Additionally,
although there are many models for how HP1 could be
functioning at euchromatic loci, including interactions
with components of transcriptional complexes (Vassallo
and Tanese 2002) or with specific repressors (Nielsen et
al. 1999), the mechanism of action is not well under-
stood.

In mammals, DNA methylation is controlled by
DNMT1, DNMT3a, and DNMT3b (Goll and Bestor
2005; Turek-Plewa and Jagodzinski 2005). DNMT1 is
considered to be a maintenance methyltransferase, while
DNMT3a and DNMT3b are considered to be de novo
methyltransferases involved in the initial wave of meth-
ylation during embryogenesis and development
(Siedlecki and Zielenkiewicz 2006). However, in recent
years, the distinction between these DNMTs has be-
come less rigid. It is now thought that DNMT3b plays a
role in maintenance methylation and that DNMT1 is
involved in de novo methylation in specific cases
(Siedlecki and Zielenkiewicz 2006).

There is evidence for interdependency between his-
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tone and DNA methylation in several organisms. Muta-
tions of the HMTs KYPTONITE in Arabidopsis thaliana
and DIM-5 in Neurospora crassa decrease genome-wide
levels of DNA methylation (Jackson et al. 2002; Tamaru
et al. 2003). Furthermore, G9a knockout mouse embry-
onic stem (ES) cells exhibit a decrease in DNA methyl-
ation at multiple sites including the Prader Willi im-
printing center (Xin et al. 2003) and the Oct-3/4 gene
promoter (Feldman et al. 2006). The reciprocal effect is
seen in Arabidopsis, where mutation of the DNA meth-
yltransferase gene met1 leads to a reduction in H3K9
methylation (Soppe et al. 2002). DNMT1 and 3b double-
knockout mouse ES cells display altered H3K9 methyl-
ation patterns at heterochromatin and specific tumor
suppressor loci (Bachman et al. 2003; Espada et al. 2004).
In addition, treatment of certain breast, bladder, and colo-
rectal cancer cell lines with the demethylating agent 5-aza-
CdR results in reactivation of multiple silenced genes con-
comitant with a decrease in H3K9 methylation (Nguyen et
al. 2002; Bachman et al. 2003; Wozniak et al. 2006).

HP1 is involved in the silencing activities of both G9a
and DNMTs. Localization of HP1 proteins is disrupted
in G9a-null mouse ES cells (Tachibana et al. 2005). G9a
and HP1 are both recruited for silencing of Oct-3/4 (Feld-
man et al. 2006) and several neuronal specific genes
(Roopra et al. 2004), although the precise mechanism of
silencing is not understood. Additionally, HP1� inter-
acts with DNMT1 and DNMT3a in vitro and copurifies
with DNA methyltransferase activity in cell extracts
(Fuks et al. 2003). However, it is currently unknown
whether this interaction has functional consequences
and whether HP1� or � also directly interacts with
DNMT1. However, loss of DNMT1 affects HP1 localiza-
tion to pericentromeric regions (Ma et al. 2005). These
studies suggest that HP1 recruitment may be function-
ally related to both DNA and histone methylation.

We sought to understand the relationship between
HP1 family proteins and histone and DNA methyltrans-
ferases. We focused on the euchromatic HMT G9a and
DNMT1 as they have recently been implicated in silenc-
ing of specific genes in euchromatin. We find that all
three HP1 family members directly interact with
DNMT1. This interaction results in a functional stimu-
lation of DNMT1 methyltransferase activity. Further-
more, HP1 is sufficient to target DNMT1 activity in
vivo, and HP1-dependent repression requires DNMT1.
Finally, we demonstrate that HP1 is recruited to the Sur-
vivin promoter in a DNMT1-dependent manner. Our
data support a model whereby HP1s mediate the coop-
erative silencing effects of DNA and HMTs.

Results

Association of HP1 family proteins with DNMT1
in vitro

Previous studies reported that HP1� can associate with
DNMT1 and DNMT3a in vitro (Fuks et al. 2003), raising
the question of whether the interaction also occurs with
HP1� and �. Purified GST-HP1�, �, and � (Fig. 1A) were
used in pull-down assays (Fig. 1B) to determine if they
associated with DNA methyltransferase activity from
wild-type HCT116 cell extracts. We chose HCT116 cells
because DNMT1 has been knocked out somatically in
this cell line, and isogenic wild-type and DNMT1-null
versions exist (Rhee et al. 2000). GST-HP1�, �, and �
were bound to glutathione-linked beads, incubated with
whole-cell extracts (WCEs) derived from wild-type
HCT116 cells and washed to remove unbound protein.
The DNA methyltransferase activity was assayed by ad-
dition of DNA template and 3H-AdoMet substrate to the

Figure 1. HP1 proteins interact directly with
DNMT1. (A) Coomassie blue-stained SDS-PAGE gel
of full-length GST-HP1�, �, and �. Threefold titra-
tion steps for each. (B) HP1s associate with DNA
methyltransferase activity. GST-HP1�, �, and �

bound to glutathione agarose beads were incubated
with WCEs from wild-type or DNMT1-null
HCT116 cells. GST alone was used as a negative
control. After removal of unbound proteins, DNA
methylation reactions were performed by addition
of 1 µg of 5S DNA template and 3H-SAM substrate.
The level of DNA methyltransferase activity asso-
ciated with the GST-HP1s is measured by 3H-CH3

incorporation into the DNA template. The superna-
tants were transferred to DE81 Whatman paper and
washed with 200 mM ammonium bicarbonate, wa-
ter, and 100% ethanol to remove unincorporated 3H.
Samples were added to scintillation fluid and
counted. Values are given in counts per minute. The
error bars represent standard deviation from tripli-
cate experiments. (C) HP1s associate with DNMT1
and 3a in cell extracts. Pull-downs were repeated
and analyzed by SDS-PAGE and immunoblotting with antibodies specific for DNMT1 and DNMT3a. (D) HP1s directly bind to
DNMT1. GST pull-downs were repeated with purified DNMT1, and binding was assayed by SDS-PAGE and immunoblotting with a
DNMT1-specific antibody.
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beads. The bar graph in Figure 1B shows that GST-HP1�,
�, and � capture a DNA methyltransferase activity from
wild-type HCT116 extract. In contrast, a two- to three-
fold reduction in DNA methyltransferase activity was
observed when the GST-HP1s were incubated with equal
amounts of extract from the DNMT1-null HCT116 cell
line. The GST-HP1 pull-downs were analyzed by immu-
noblotting with antibodies specific to DNMT1 and
DNMT3a (Fig. 1C). GST-HP1 binds to DNMT1 in the
wild-type extracts and binds equally well to DNMT3a in
both wild-type and DNMT1-null extracts. We were un-
able to detect association with DNMT3b for reasons
that are presently unclear. Nevertheless, these data
suggest that the reduction in DNA methyltransferase ac-
tivity in the null extracts is due to loss of DNMT1 as-
sociation.

We used purified DNMT1, 3a, and 3b in the GST-HP1
pull-down assay to determine if the HP1–DNMT inter-
action is direct. DNMT1, 3a, and 3b associated with all
three HP1 isoforms as analyzed by immunoblotting (Fig.
1D). Binding to HP1 was specific as DNMT1, 3a, and 3b
displayed little binding to the GST negative control. Pre-
vious studies demonstrated that HP1� interacts with the
regulatory and methyltransferase domains of DNMT1
(Fuks et al. 2003). We repeated the GST pull-down using
a variety of different DNMT1 domains, and our data
agree with the HP1� results (data not shown).

Additionally, we analyzed the domains of HP1�, �,
and � that contact DNMT1 using GST-pull-down experi-
ments (Supplementary Fig. 1A) with purified DNMT1.
DNMT1 bound with highest affinity to the chromodo-
main of HP1�, �, and � (Supplementary Fig. 1C). We
conclude that interactions with DNMT1, 3a, and 3b are
a general property of all mammalian HP1s and that
DNMT1 interacts with a common domain of HP1�, �,
and �.

HP1s stimulate the DNA methyltransferase activity
of DNMT1 on DNA

The direct interaction of HP1 and DNMT1, 3a, and 3b
suggested the possibility that HP1 might influence the
catalytic activity of DNA methyltransferases. This issue
was explored by analyzing the activity of DNMT1, 3a,
and 3b on their own and in the context of HP1 using
either gel fluorography or scintillation counting assays
(see Materials and Methods). Supplementary Figure 2 is a
dose-response curve demonstrating that DNMT1, 3a,
and 3b display de novo methylation activity of a DNA
fragment in vitro. We used this strategy to determine the
linearity of the DNMT response. Next, a subsaturating
level of DNMT1, 3a, or 3b was incubated with DNA
alone or in the presence of purified HP1�, �, or � (Fig.
2A). HP1 binds DNA with modest avidity through the
hinge domain (Meehan et al. 2003). Remarkably, all
three isoforms of HP1 stimulated catalytic activity of
DNMT1 by at least threefold (Fig. 2B,C) but had little
effect on DNMT3a and 3b (Fig. 2B). The effect was spe-
cific, as the hinge domain from HP1� (�H), which does
not interact with DNMT1 (Supplementary Fig. 1C), does
not stimulate DNMT1 activity (Fig. 2B).

We considered two models to explain how HP1 stimu-
lated DNMT1 activity. In one, HP1 helps DNMT1 bind
DNA, thereby increasing DNA methylation. Alterna-
tively, HP1 may increase the specific catalytic activity of
DNMT1 independent of recruitment. We used an immo-
bilized template approach to distinguish between these
models. Various combinations of DNMT1 and HP1 were
added to DNA or chromatin templates, which were bio-
tinylated and immobilized on streptavidin-coated mag-
netic beads. After washing the templates with buffer, the
amount of retained protein was measured by Western
blotting and activity assays (Johnson et al. 2004). Al-

Figure 2. HP1s stimulate DNMT1 DNA methyltrans-
ferase activity in vitro. (A) Coomassie blue-stained
SDS-PAGE gel of purified HP1�, �, and �. Threefold
titration steps for each. (B,C) DNMT1 activity is stimu-
lated by the addition of HP1s. In vitro DNA methyl-
transferase activity reaction was repeated with
DNMT1, 3a, or 3b in the presence or absence of 100 ng
of either HP1�, �, �, or HP1�-hinge. Methylation levels
were assayed by scintillation counting (the error bars
represent standard deviation from triplicate experi-
ments) (B) or gel fluorography (C). (D) HP1s do not alter
DNMT1 recruitment in vitro. One-hundred nanograms
of 5S DNA immobilized template were incubated with
either HP1� or � for 30 min at room temperature. After
washing, DNMT1 was added to the template for 1 h at
37°C. DNMT1 and HP1 binding was analyzed by im-
munoblotting. (E) DNMT1 can increase binding of
HP1s to DNA. One-hundred nanograms of immobilized
template were preincubated with DNMT1. After wash-
ing, either HP1�, �, or � was incubated with the tem-
plate, and binding of HP1s was measured by immuno-
blotting with specific antibodies.
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though HP1� and � were able to bind to the immobilized
DNA template (Fig. 2D, bottom panel), they did not sig-
nificantly increase the levels of DNMT1 associating
with the template as analyzed by Western blotting (Fig.
2D, top panel). Based on the data in Figure 2, C and D, we
conclude that HP1 family members are functioning to
stimulate the DNA methyltransferase activity and not
the recruitment of DNMT1.

Since DNMT1 binds quite robustly to DNA (Esteve et
al. 2006b), we also analyzed the effect of DNMT1 on the
association of HP1�, �, and �. HP1�, �, and � were bound
to DNA in the presence or absence of prebound DNMT1.
Binding of the HP1 proteins was measured by Western
blotting with specific HP1 antibodies. We found that
DNMT1 increased HP1�, �, and � binding to the immo-
bilized DNA template (Fig. 2E) by several fold. The in-
creased binding was due to DNMT1 and not methylated
DNA since addition of AdoMet did not alter HP1 recruit-
ment (data not shown). These data illustrate a coopera-
tive relationship in which DNMT1 increases the binding
of HP1 family proteins, which in turn stimulate the ac-
tivity of DNMT1.

HP1 stimulates DNMT1 activity on chromatin
in a G9a-mediated histone methylation-dependent
manner

In an attempt to understand whether HP1 and DNMT1
bound cooperatively in the context of chromatin, we rec-
reated HP1 binding to methylated chromatin. HP1 pro-
teins are known to bind H3K9me3 in the context of het-

erochromatin (Jacobs et al. 2001; Cheutin et al. 2003).
However, the affinity of the HP1 chromodomain for di-
and trimethylated H3 tail peptides differs by only two-
fold (Fischle et al. 2003). We therefore reasoned that di-
methylation of H3K9 by G9a (Patnaik et al. 2004) would
create a binding site for HP1 on the immobilized nucleo-
somal arrays. The arrays were assembled as described
previously (Ikeda et al. 1999; Black et al. 2006) using
recombinant Xenopus octamers, and binding experi-
ments were carried out as illustrated in Figure 3A. First,
we demonstrated that purified G9a methylates H3K9 in
the context of nucleosomal arrays. Incubation of increas-
ing concentrations of G9a with a nucleosomal array re-
sulted in an increase in H3 methylation as measured by
gel fluorography (Fig. 3B). The identity of the methyl
mark was verified by immunoblotting for H3K9me2 (Fig.
3C). G9a-treated chromatin was also analyzed for other
modifications (Supplementary Fig. 3). Although a low
amount of H3K27 methylation was observed, H3K9me2
is the predominant modification. Second, we showed
that the dimethylation of H3K9 increased the binding of
HP1�, �, and � (Fig. 3D). HP1 binding can be stabilized
by certain factors even in the absence of H3K9Me (Li et
al. 2002). In order to distinguish the contributions of G9a
and H3K9me2 to HP1 recruitment, the experiment was
repeated with templates incubated with G9a and in the
presence and absence of AdoMet. Although HP1� binds
slightly better in the presence of G9a alone, recruitment
was increased greatly by methylation (Fig. 3E).

The role of histone methylation in DNA methylation
was explored by analyzing the ability of HP1 to stimu-

Figure 3. HP1s stimulate DNMT1 activity on chroma-
tin in a H3K9me2-dependent manner. (A) Schematic of
HP1 binding and DNA methyltransferase activity assays.
(B) G9a HMT activity in vitro. Increasing concentrations
of G9a were incubated with 375 ng of chromatin array,
and 3H-SAM as a substrate, for 2 h at room temperature.
Samples were separated on a 10% SDS-PAGE gel, and
histone methylation levels were assayed by gel fluorog-
raphy. (C) G9a methylates H3K9. Two micrograms of free
octamers were incubated ±G9a and AdoMet, as indicated,
for 2 h at room temperature. Samples were run on an
SDS-PAGE gel and immunoblotted with an antibody spe-
cific to H3K9me2. (D) Increased recruitment of HP1s to
chromatin with H3K9me2. One-hundred nanograms of
array were treated ±G9a and AdoMet for 2 h at room
temperature, then washed to remove unbound proteins.
This methylated (Me) or unmethylated (UnMe) array was
incubated with either HP1�, �, or � for 30 min, after
washing amount of bound HP1 was analyzed by SDS-
PAGE and immunoblotting with HP1-specific antibod-
ies. Input represents 3% and 10% of HP1. (E) Binding of
HP1� is increased by H3K9me2. One-hundred nano-
grams of array were preincubated with G9a and AdoMet,
G9a alone, or nothing. The array was incubated with HP1� for 30 min. After washing, the amount of HP1� bound to the template was
analyzed by SDS-PAGE and immunoblotting with HP1�-specific antibodies. (F) HP1s stimulate DNMT1 activity on chromatin arrays.
The DNMT1 DNA methyltransferase assay was repeated as in Figure 2C with 1 µg of chromatin array, either unmethylated or
methylated by G9a as in D, in the presence or absence of 100 ng of HP1�, �, or �. DNA was isolated by phenol/chloroform extraction
and ethanol precipitation. Methylation levels were assayed by scintillation counting. The error bars represent standard deviation from
triplicate experiments.
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late DNMT1 activity in vitro on nucleosomal arrays.
The DNMT1 DNA methyltransferase activity assay was
performed on nucleosomal arrays bearing either dimeth-
ylated or unmethylated H3K9 in the presence or absence
of HP1. HP1�, �, and � stimulated DNMT1 activity on
the unmethylated nucleosomal arrays (Fig. 3F). Methyl-
ation by G9a alone had no stimulatory effect on DNMT1
under these assay conditions. However, in the presence
of HP1�, �, and �, DNMT1 activity was stimulated
three- to fourfold (Fig. 3F). The increase in DNMT1 ac-
tivity correlated well with the increase in binding of HP1
to H3K9me2 observed in Figure 3D. This result provides
support for a mechanism whereby H3K9 methylation by
G9a could influence the DNA methylation status of a
euchromatic region via HP1 recruitment.

HP1 directs DNMT1-dependent DNA methylation
in vivo

We used an HP1 tethering assay to establish a direct
causal link between HP1 family proteins and DNMT1 in
vivo. In this assay, HP1�, �, and � were fused at their N
termini to the DNA-binding domain (DBD) of the yeast
GAL4 protein. Expression vectors bearing either GAL4-
DBD alone or GAL4-DBD–HP1 were transfected into
HCT116 cells along with a GAL4-responsive luciferase
reporter, G5-Luc (Zhang et al. 2002). Transfection of the
G5-Luc reporter into wild-type HCT116 cells with or
without the GAL4-DBD elicited the same basal level of
luciferase (data not shown). Addition of GAL4-DBD–
HP1�, �, or � resulted in an eightfold to 13-fold repres-
sion compared with the basal level elicited in the pres-
ence of the GAL4-DBD alone (Fig. 4A). In contrast, in the
DNMT1-null cell line, GAL4-HP1�, �, or � repressed the
expression of the reporter construct by less than three-
fold. The levels of GAL4-HP1 expression in the two cell
lines are similar as measured by Western blotting (Fig.

4B). Therefore, we conclude that DNMT1 is important
for complete repression by HP1 in vivo. It is possible that
association with DNMT3a and 3b could be responsible
for the residual silencing by HP1�, �, or � observed in the
absence of DNMT1.

We adapted the methylated DNA immunoprecipita-
tion (MeDIP) assay from Zhang et al. (2006) to investi-
gate methylation levels of the G5-Luc reporter. Total
DNA was isolated from the transfection assays, sheared,
and immunoprecipitated with a 5MeC antibody. PCR
analysis was used to determine whether the reporter
construct was enriched in methylated DNA in the pres-
ence of HP1 and DNMT1. GAL4-DBD–HP1�, �, and �
caused a dramatic increase in DNA methylation on the
G5-Luc template (Fig. 4D, top panel). The effect was due
to HP1 because methylation was not observed with the
GAL4-DBD alone. Furthermore, methylation was not
detected in the DNMT1-null cell line even in the pres-
ence of GAL4-HP1 (Fig. 4D, bottom panel). The effect of
HP1 on DNA methylation levels was specific to the re-
porter template as there was no increase in methylation
at the Actin gene in these cells (data not shown). We
conclude that HP1 has the ability to stimulate DNMT1-
dependent DNA methylation on a promoter region in vivo.

HP1s, G9a, and DNMT1 cooperatively silence the
Survivin gene in vivo

Survivin is an inhibitor of apoptosis, which is down-
regulated by p53 in response to DNA damage by doxo-
rubicin and other mutagens (Hoffman et al. 2002). Figure
5A is a qPCR experiment that quantitates Survivin ex-
pression levels in HCT116 cells after doxorubicin treat-
ment. Previous work on the Survivin gene suggested that
it might serve as a good model to study the relationship
between DNMT1 and HP1 on an endogenous gene. Stud-
ies have demonstrated that G9a and DNMT1 are re-

Figure 4. HP1s and DNMT1 cooperate in gene silenc-
ing. (A) HP1 requires DNMT1 for full silencing of a lu-
ciferase reporter construct. GAL4-DBD and GAL4-DBD–
HP1 expression constructs were transfected with a
GAL4-responsive luciferase reporter into wild-type or
DNMT1-null HCT116 cells. After 48 h, luciferase expres-
sion was assayed. The graph shows fold repression of lu-
ciferase levels, as measured by luminometer, by GAL4-
DBD–HP1s as compared with the GAL4-DBD control.
The error bars represent standard deviation from tripli-
cate experiments. (B) Expression levels of GAL4-DBD
and GAL4-DBD–HP1s were assayed by SDS-PAGE gel
and immunoblotting with GAL4-specific antibodies. (C)
Schematic of MeDIP assay. (D) GAL4-HP1s direct a
DNMT1-dependent increase in DNA methylation. Total
DNA was isolated from the transfected cells in A. After
sonication, to shear the DNA, the samples were immu-
noprecipitated with a 5meC antibody overnight at 4°C.
After washing, the DNA associated with the 5meC ab
was harvested. The amount of methylated DNA recov-
ered by the IP was assayed by PCR with primers specific
to the GAL4-responsive luciferase reporter. (N) Input
control; (P) IP.
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cruited to the Survivin gene. Additionally, DNA and
H3K9 methylation correlate with silencing of expression
(Esteve et al. 2005, 2006a). We used chromatin immuno-
precipitation (ChIP) to explore the interdependency of
HP1 and DNMT1 in this context. Formaldehyde-cross-
linked chromatin from untreated and doxorubicin-
treated cells was immunoprecipitated with antibodies
specific for p53, DNMT1, G9a, H3, H3K9me3, and
H3K9me2 along with IgG as a negative control. PCR was
carried out with increasing amounts of input DNA to
test the linearity of the amplification (Fig. 5B). DNMT1,
G9a, and p53 do not appear to bind the promoter in the
absence of doxorubicin, and only trace levels of
H3K9me2 are detected (Fig. 5C, left column). However,
we observed an increase in p53, DNMT1, G9a, and
H3K9me2 upon doxorubicin treatment (Fig. 5C, left col-
umn). Interestingly, when we measured HP1 recruit-
ment, HP1� was found to be bound to the active Survivin
promoter, whereas HP1� and � were not. After doxoru-
bicin treatment HP1� occupancy decreased, and HP1�
and � occupancy increased (Fig. 5C, bottom three pan-
els). H3 was observed in both doxorubicin-treated and
untreated extracts, whereas H3K9me3 was not observed

at the Survivin promoter under any conditions tested.
The H3K9me3 antibody was functioning, since we de-
tected H3K9me3 at other loci including �-satellite DNA
and the IGS-rDNA (data not shown). To determine if
corecruitment of DNMT1, G9a, and HP1 occurs at other
genes, we performed ChIP on the Cdc2 and Cdc25 pro-
moters, which are also repressed by p53 in response to
doxorubicin treatment (Supplementary Fig. 4). We found
that the HP1, G9a, and DNMT1-binding profiles, as well
as the H3K9me2, were similar to Survivin. We conclude
that cooperation between DNMT1, G9a, and HP1s is a
general mechanism for euchromatic gene silencing.

As shown in Figure 2, DNMT1 stabilizes HP1 binding
in vitro. The effect of DNMT1 on HP1 binding in vivo
was investigated by comparing HP1 binding by ChIP
analysis in DNMT1 wild-type and null HCT116 cells.
Survivin expression is unaffected by doxorubicin treat-
ment in cells lacking DNMT1 (Esteve et al. 2005). Im-
portantly, in the DNMT1-null cells, we could not detect
binding of G9a and H3K9me2 (Fig. 5C, right column)
even though p53 is recruited. Additionally, HP1� and �
are no longer recruited, whereas HP1� occupies the pro-
moter even after doxorubicin treatment (Fig. 5C). There-
fore, we conclude that silencing of a target gene in vivo
requires DNMT1 to cooperatively recruit G9a and HP1.

Discussion

G9a-null mouse ES cells display DNA hypomethylation
at specific loci genome-wide (Ikegami et al. 2007). It has
been hypothesized that HMTs elicit such effects on
DNA methylation via adapter proteins (Maison and Al-
mouzni 2004; Feldman et al. 2006). However, little direct
biochemical evidence was available to demonstrate an
exact mechanism of action. The data presented here pro-
vide a mechanism by which HP1 can mediate commu-
nication between G9a and DNMT1 in the silencing of
euchromatic genes. Our data support the model in Figure
6, whereby recruitment of G9a results in dimethylation
of H3K9, thereby creating a binding site for mammalian
HP1 proteins. HP1s stimulate DNMT1 activity and in-
crease levels of DNA methylation in the surrounding
area both in vitro and in vivo. Additionally, DNMT1 can

Figure 5. HP1s cooperate with DNMT1 to silence Survivin in
response to doxorubicin treatment. (A) Survivin is down-regu-
lated after doxorubicin treatment. HCT116 cells were treated
with or without doxorubicin for 12 h. Cells were harvested, and
total RNA was isolated. RNA levels were normalized by spec-
trometry, and RT–qPCR was performed using Survivin-specific
primers to analyze expression levels. (B) PCR with primers spe-
cific to the Survivin proximal promoter region was performed
on increasing levels of input DNA from parental and DNMT1-
null cells to test the linearity of the amplification. (C) ChIP
analysis for the presence of p53; DNMT1; G9a; H3K9me2;
HP1�, �, and �; H3; and H3K9me3 at the Survivin promoter in
parental and DNMT1−/− HCT116 cells. Chromatin extracts
from cells treated either with or without doxorubicin for 12 h
were added to the antibodies indicated and incubated overnight
at 4°C. Antibody–protein–DNA complexes were isolated by
binding to Dynal protein G beads. DNA was purified and as-
sayed by PCR with primers specific to the Survivin promoter
region.

Figure 6. Model of G9a, DNMT1, and HP1 functional interac-
tions. G9a dimethylates the array template, creating a binding
site for HP1�, �, or �. G9a interacts with DNMT1. HP1s act to
stimulate the DNA methyltransferase activity of DNMT1. HP1
binding is stabilized by DNMT1.
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act as an accessory factor to stabilize the binding of HP1s
to chromatin templates. Previous studies have demon-
strated that DNMT1 can increase G9a activity on
nucleosomal substrates and G9a can increase DNMT1
recruitment (Esteve et al. 2006b). Taken together, these
data describe a mechanism whereby DNMT1, HP1, and
G9a form a positive feedback loop and functionally in-
teract to coordinate the silencing of genes. Coordination
of all these factors in this manner could be a mechanism
to ensure the fidelity of silencing.

A previous study demonstrated that HP1� interacted
with certain domains of DNMT1 and 3a in vitro and
could purify a DNA methyltransferase activity from
WCEs (Fuks et al. 2003). Our study has expanded upon
this result and demonstrated that interaction with
DNMT1, 3a, and 3b is a general property of mammalian
HP1 proteins. Our data demonstrate that HP1�, �, and �
can significantly stimulate DNMT1 activity on DNA.
Interestingly, this increase in DNA methyltransferase
activity was not due to increased recruitment of
DNMT1 by HP1 as seen for G9a stimulation of DNMT1
(Esteve et al. 2006b). Therefore, we conclude that mam-
malian HP1s stimulate the enzymatic activity of
DNMT1. In contrast, HP1�, �, or � had no effect on the
activity of DNMT3a or 3b despite the fact that they formed
a complex. DNMT1 also increases HP1 binding to our im-
mobilized templates. It has been suggested that HP1s re-
quire auxiliary factors to stabilize binding (Eskeland et al.
2007). We propose that DNMT1 is an auxiliary factor for
HP1 association with chromatin. The discovery of a func-
tional interaction between HP1 and DNMT1 suggests a
mechanism by which HP1 could mediate communication
and help coordinate the action of DNMTs and HMTs.

G9a and HP1 are recruited in concert for the silencing
of certain euchromatic genes (Roopra et al. 2004; Feld-
man et al. 2006). However, it had not been demonstrated
that HP1s associate with chromatin via the H3K9me2
mark created by G9a. The data presented here show that
H3K9 dimethylation increases the binding of HP1�, �,
and � to chromatin in vitro. As on DNA, HP1s also
greatly stimulate DNMT1 activity on naive chromatin.
Methylation by G9a increases recruitment of HP1s, re-
sulting in a further increase in DNMT1 activity. Com-
bined with the interaction of G9a and DNMT1 (Esteve et
al. 2006b), our results describe a cooperative silencing
cycle whereby G9a methylates chromatin recruiting
HP1s and DNMT1. HP1 then stimulates DNMT1, which
also recruits more HP1, resulting in increased DNA meth-
ylation. Interactions between G9a, HP1, and DNMT1
would lead to recruitment of each other to adjacent regions
of the gene locus analogous to the spreading of histone
methylation (Schotta et al. 2002; Hediger and Gasser 2006).

HP1 stimulation of DNMT1 activity suggests how
DNMT1 could function as a de novo methylase. DNMT1
has de novo methyltransferase activity in vitro (Gowher
et al. 2005). Additionally, DNMT1 has been implicated
in de novo methylation in vivo (Esteve et al. 2005; Le
Gac et al. 2006), including at CpG islands, which are
hypermethylated in human cancers (Jair et al. 2006).
Overexpression of DNMT1 causes de novo methylation

of unmethylated genes (Biniszkiewicz et al. 2002). It is
thought that the N-terminal domain is responsible for
regulating DNMT1 de novo activity in vivo (Siedlecki
and Zielenkiewicz 2006). HP1�, �, and � interact with
both the regulatory and methyltransferase domains of
DNMT1 (Fuks et al. 2003; data not shown). Binding of
hemimethylated DNA to the regulatory domain of
DNMT1 has been shown to allosterically activate the
enzyme (Pradhan and Esteve 2003a). Therefore, HP1s
could stimulate DNMT1 activity on unmethylated
DNA via a similar mechanism. DNMT3a and 3b lack
the extended N-terminal region that DNMT1 possesses,
which could explain the specificity of action of HP1�, �,
and � for DNMT1. Tethering of HP1s to chromatin in
vivo is sufficient to cause formation of heterochromatin
(Hiragami and Festenstein 2005). The formation of si-
lenced regions was assayed by an increase in histone
methyl marks and in some cases silencing of a reporter
gene. However, these studies did not examine the effect of
HP1 presence on DNA methylation levels. Our tethering
assay demonstrated that HP1�, �, and � function to silence
a reporter gene concomitant with an increase in DNA
methylation. This demonstrates that HP1s can specifically
stimulate DNMT1-dependent DNA methylation in vivo.

DNMT1 and G9a are recruited to the promoter of Sur-
vivin upon silencing, causing an increase in DNA and
histone methylation (Esteve et al. 2005). We have dem-
onstrated that HP1s also play a role in the regulation of
Survivin. ChIP analysis indicates that HP1� is present
when the Survivin gene is active. This is in agreement
with previous studies stating that HP1� and repressive
H3K9 methyl marks are associated with the coding re-
gions of active genes (Vakoc et al. 2005). Upon silencing,
HP1� binding decreases and HP1� and � are recruited
along with G9a and DNMT1. HP1� and � appear to play
a role in the inducible silencing of Survivin, whereas
HP1� does not. This disparity of action could be ex-
plained by the absence of G9a and DNMT1. Both of
these factors require p53 binding to associate with the
Survivin promoter, which does not occur on the active
gene. Also, other chromatin modifications and activat-
ing factors could reduce the ability of HP1� to associate
with G9a and DNMT1 and hence attenuate its function
in this specific situation. The loss of DNMT1 disrupts
silencing of Survivin in response to doxorubicin, and this
event correlates with a loss of G9a, H3K9me2, HP1�,
and � binding to the promoter. Our data demonstrate
that all of the factors involved are required for assembly
of the repressive complex necessary for full silencing of
Survivin and strengthen the idea that they interact co-
operatively in a higher-order complex. In conclusion, we
have presented biochemical and in vivo evidence that
the interaction between HP1 and DNMT1 is important
for euchromatic gene silencing.

Materials and methods

Cell culture and extracts

HCT116 wild-type cells were obtained from American Type
Culture Collection and cultured in McCoy’s modified medium
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supplemented with 10% FBS and 5% Pen-Strep. HCT116
DNMT1-null cells were obtained from Dr. Bert Vogelstein
(Johns Hopkins, Baltimore, MD) (Rhee et al. 2000) and cultured
as above except supplemented with 0.1 mg/mL Hygromycin.
WCEs were prepared by washing the plate once in 10 mL of 1×
PBS and then harvesting them in 1 mL of PBS. Cells were re-
suspended in 1 mL of RIPA buffer (50 mM Tris at pH 7.4, 1%
NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA)
and incubated for 30 min at 4°C with rotation. Insoluble cell
debris was pelleted by microcentrifugation.

Chromatin preparation

Chromatin arrays were prepared and biotinylated as described
previously (Ikeda et al. 1999), using recombinant Xenopus his-
tones assembled into octamers by stepwise salt dialysis as de-
scribed previously (Luger et al. 1999). Chromatin was immobi-
lized on M280 streptavidin beads (DYNAL) in chromatin-bind-
ing buffer (0.3 M KCl, 10% glycerol, 4 mM MgCL2, 1 mM DTT,
and 200 µg/mL BSA). Chromatin assembly was assessed as de-
scribed previously (Black et al. 2006).

GST constructs and pull-downs

Full-length GST-HP1 constructs were a gift from Dr. Naoko
Tanese (New York University School of Medicine, New York,
NY) (Vassallo and Tanese 2002). The constructs were expressed
in bacteria and purified by binding to glutathione resin as de-
scribed previously (Vassallo and Tanese 2002). Purified HP1 pro-
teins were prepared by incubation of GST-HP1 glutathione
beads with thrombin overnight at 4°C. The glutathione beads
were collected by centrifugation, and the supernatant contain-
ing the HP1 proteins was removed and stored at −80°C. For GST
pull-down experiments, 2 µg of each GST-HP1 was incubated
with 500 µg of HCT116 WCE and 200 µL of binding buffer (50
mM HEPES, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 10%
glycerol) overnight at 4°C. The DNA methyltransferase activity
of bound protein was assayed after washing three times with
binding buffer.

DNA and HMT assay

DNMT1 was purified as described previously (Pradhan and Es-
teve 2003b). DNA methyltransferase assays were carried out for
60 min at 37°C in duplicate with a total volume of 25 µL of
reaction mix as previously described (Pradhan and Esteve
2003b). Briefly, 20 nM DNMT1, 3a, or 3b was incubated with 1
µg of 5S DNA or chromatin array template, 2 µCi of 3H-SAM in
50 mM Tris-HCl (pH 7.8), 1 mM EDTA, 5% glycerol, and 100
µg/mL BSA; 100 ng (194 nM) of HP1�, �, or � was added with
DNMT1. The reactions were spotted on to DE81 (Whatman)
membrane and processed as described previously (Esteve et al.
2005); or samples were electrophoresed by native PAGE, and the
gel was incubated in Amplify reagent (Amersham) for 30 min at
room temperature and then dried. The dried gel was exposed to
film for 2 d at −80°C (gel fluorography).

G9a was obtained from New England Biolabs. The HMT assay
was performed by incubating 40 nM G9a with chromatin array,
2 µCi of 3H-SAM in 50 mM Tris (pH 9), 5 mM MgCl2, 1 mM
DTT, and 0.1 mM PMSF for 2 h at room temperature. Methyl-
ation was assayed by SDS-PAGE electrophoresis and gel fluo-
rography as described above.

Immobilized template recruitment assay

Chromatin arrays were incubated in the presence or absence of
G9a and the cofactor AdoMet (90 µM) for 60 min at room tem-
perature under the reaction conditions above. After washing to
remove unbound proteins, 100 ng of template were incubated

with 100 ng of either HP1�, �, or � for 30 min at room tem-
perature. After washing, the templates were analyzed for HP1
recruitment by SDS-PAGE and immunoblotting; antibodies to
HP1s were a gift of Dr. Steve Smale, University of California at
Los Angeles (Los Angeles, CA).

Transfection assay

Transfection assays were carried out on wild-type and DNMT1-
null HCT116 cells using Tfx-50 reagent, as per the manufactur-
er’s instruction (Promega). Briefly, 500 ng of G5E4T-luciferase
(Zhang et al. 2002) were transfected along with 500 ng of the
expression constructs pBXG0-GAL4-DBD (Emami and Carey
1992), GAL4-DBD-HP1�, �, or �. After 48 h, the expression level
of the luciferase reporter gene was assayed by luminometry ac-
cording to the manufacturer’s instructions (Promega).

Methyl-dependent immunoprecipitation assay

This assay was adapted from Zhang et al. (2006). Total DNA
was isolated from the transfected cells above by phenol-chloro-
form extraction and ethanol precipitation. DNA was incubated
in FB buffer (10 mM Tris at pH 7.5, 50 mM NaCl, 1 mM EDTA)
with 1 µg of 5meC antibody (Calbiochem) overnight at 4°C.
Antibody–DNA complexes were isolated by addition of 20 µL
each of Dynal protein G and A beads for 6 h at 4°C. Beads were
washed five times in FB buffer, and DNA was eluted by vortex-
ing in 100 µL of TE with 1.5%, 0.5%, and 0.1% SDS. Eluates
were pooled, and the DNA was isolated by phenol extraction
and ethanol precipitation (Zhang et al. 2006). The amount of
methylated DNA enriched in immunoprecipitations (IPs) was
analyzed by PCR with G5E4T-Luc vector-specific primers and
compared with input DNA for each sample.

ChIP

HCT116 cells were grown on 150-mm dishes and treated with 1
µM doxorubicin. After 12 h, proteins were cross-linked with
DNA by addition of 1% formaldehyde for 15 min at 37°C. Cells
were washed with cold PBS, harvested, and lysed in an SDS lysis
buffer (1% SDS, 50 mM Tris at pH 8, 20 mM EDTA). The lysates
were sonicated to shear DNA to lengths between 150 and 700
basepairs (bp). After 10-fold dilution in ChIP dilution buffer
(16.7 mM Tris, 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,
167 mM NaCl), IPs were carried out overnight at 4°C with 2 µg
of DNMT1, G9a, p53, di-meH3K9, HP1�, �, �, H3, tri-meH3K9,
or 2 µg of normal IgG as a negative control. Fifty microliters of
Dynal protein G beads were added to each sample for 1 h, and
the beads were then washed as per the Upstate Biotechnology
ChIP protocol. DNA was eluted twice with 100 µL of TE with
1% SDS for 10 min at 65°C. The cross-links were reversed over-
night at 65°C. Proteinase K was added for 1 h at 65°C, then
DNA was recovered by phenol extraction and ethanol precipi-
tation. Immunoprecipitated DNA was analyzed for the presence
of the Survivin (Esteve et al. 2005), the Cdc2, or the Cdc25
promoters (Le Gac et al. 2006) by PCR as described previously.
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