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The ‘de novo methyltransferase’ Dnmt3a (DNA methyltransferase
3a) has been shown to mediate transcriptional repression. Post-
translational modification of Dnmt3a by SUMOylation affects
its ability to transcriptionally repress. However, very little is
known about how the SUMOylation process is regulated. In the
present study, we identified a PcG (Polycomb group) protein,
Cbx4 (chromobox 4), as a specific interaction partner of Dnmt3a.
Co-expression of Cbx4 and SUMO-1 (small ubiquitin-related
modifier-1) along with Dnmt3a in transfected cells results
in enhanced modification of Dnmt3a with SUMO-1. Purified

Cbx4 also promotes SUMOylation of Dnmt3a in vitro. The
modification occurs in the N-terminal regulatory region, including
the PWWP (Pro-Trp-Trp-Pro) domain. Our results suggest that
Cbx4 functions as a SUMO E3 ligase for Dnmt3a and it might be
involved in the functional regulation of DNA methyltransferases
by promoting their SUMO modification.

Key words: chromobox 4 (Cbx4), DNA methyltransferase 3a
(Dnmt3a), E3 ligase, small ubiquitin-related modifier (SUMO),
SUMOylation, Pro-Trp-Trp-Pro domain (PWWP domain).

INTRODUCTION

Vertebrate genomes are modified by DNA methylation at the
C5 position of cytosine residues, mostly within cytosine–guanine
dinucleotides. DNA methylation is involved in the regulation of
gene expression, genomic imprinting, silencing of transposable
elements and endogenous retroviruses, X-chromosome inactiva-
tion and the maintenance of heterochromatin [1,2].

The establishment and maintenance of methylation patterns
in mammals rely on three Dnmts (DNA methyltransferases).
Whereas Dnmt1 maintains the existing methylation patterns
during DNA replication, Dnmt3a and Dnmt3b are responsible for
the generation of new methylation patterns during gametogenesis
and early development and therefore also known as ‘de novo
methyltransferases’ [2]. The functions of Dnmt3a and Dnmt3b
are crucial, since mice lacking the corresponding genes failed
to complete early development [3]. Structurally, Dnmt3a and
Dnmt3b contain an N-terminal regulatory domain fused to the
C-terminal catalytic domain [2]. Moreover, it has been further
demonstrated that the N-terminal region contains a PWWP (Pro-
Trp-Trp-Pro) domain which is required for chromatin targeting
and methylation of heterochromatin DNA repeats [4,5] and a
cysteine-rich PHD (plant homeodomain) zinc-finger domain,
which interacts with other proteins, such as HDACs (histone
deacetylases), HP1β (heterochromatin protein 1β) and SUV39H1
[suppressor of variegation 3-9 homologue 1 (Drosophila)] [6–9].

A number of proteins have been found to be modified by
covalent attachment of SUMO (small ubiquitin-related modifier).

SUMOylation regulates protein–protein interaction, enzyme
activity, protein stability and subcellular localization [10,11].
An overwhelming majority of the SUMOylated proteins are in-
volved in nuclear processes, including maintenance of nuclear
integrity, control of nuclear transport and regulation of chromatin
functions, such as transcription and DNA repair [10,11] and
heterochromatin assembly [12].

Four SUMO family members, SUMO-1, -2, -3 and -4, have been
currently identified in mammals [11]. Mature SUMO is generated
firstly by cleavage of a short C-terminal extension from the pre-
cursor by a processing protease. Following the cleavage is the
conjugation process. SUMO is first activated by an E1 activating
enzyme, which consists of an Aos1/Uba2 heterodimer [13],
and is then transferred to Ubc9, the E2 conjugating enzyme
[14]. Finally, SUMO is covalently linked to the ε-amino group
of a given lysine residue in the substrate protein. Although
SUMO can be conjugated to its substrate by E1 and Ubc9
in vitro, an additional SUMO E3 ligase is usually required
for efficient and specific modifications in vivo. Currently, three
classes of E3 ligases have been described. Members of the first
class characterized are PIASs [protein inhibitors of activated
STAT (signal transducer and activator of transcription)] that
promote SUMOylation of numerous proteins, such as p53 and
c-Jun [15,16]. The second class is represented by RanBP2
(RAN binding protein 2), which is found to stimulate SUMO
modification of proteins such as Sp100 (speckled protein of
100 kDa) and HDAC4 [17,18]. Cbx (chromobox) 4 (Pc2) is
the third class of SUMO E3 ligases with no obvious sequence
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similarity to other known E3s [19]. Cbx4 is a component
of PcG (Polycomb group) proteins, which were originally
identified in Drosophila as stable repressors of homeotic genes
[20]. It interacts with other PcG proteins and functions as a
transcriptional repressor [21,22]. Recently, the function of Cbx4
as an E3 ligase to promote SUMOylation of transcriptional
repressors CtBP (C-terminal binding protein), SIP1 (Smad-
interating protein 1) and HIPK2 (homeodomain interacting kinase
2) was identified both in vivo and in vitro [19,23–25].

Dnmt3a and Dnmt3b interact with Ubc9 and SUMO-1,
and SUMOylation of both enzymes has been detected [9,26].
SUMOylation of Dnmt3a disrupts its ability to interact with
HDACs and impairs its capacity to repress transcription [9].
However, the regulation of SUMOylation of Dnmt3 proteins
remains unknown. In the present study we show that Cbx4
interacts specifically with Dnmt3a and enhances SUMOylation
of Dnmt3a both in vivo and in vitro. These data suggest that
Cbx4 functions as a SUMO E3 ligase toward Dnmt3a. The
modification sites of Dnmt3a are mapped to the N-terminal region
encompassing the PWWP domain. Our results suggest that the
Polycomb protein Cbx4 might have an impact on the function of
Dnmt3a by promoting its SUMO modification.

EXPERIMENTAL

Mammalian expression constructs

Dnmt3a cDNA was cloned into pcDNA3-HA as described previ-
ously [4]. Different regions of Dnmt3a, namely 1–277, 94–482,
192–482, 270–482 and 474–908, were cloned into pcDNA3-HA
by PCR amplification using pcDNA3-HA-Dnmt3a as a template
(HA is haemagglutinin). pcDNA3-HA-Dnmt3a (amino acids 1–
482) has been described previously [4]. The Dnmt3a point mutant
K573R was introduced by PCR amplification using pcDNA3-HA-
Dnmt3a as a template and cloned into pcDNA3-HA. Expression
constructs for CtBP [27] and Cbx2, Cbx7, Cbx6 and Cbx8
[28] have been described previously. Full-length Cbx4 was PCR
amplified from mouse brain cDNA (Clontech) and cloned into
pFlag-CMV-2 (Sigma; where CMV is cytomegalovirus). SUMO-
1 (amino acids 1–97) was PCR-amplified from mouse testis cDNA
(Clontech) and cloned into pEGFP-C1 (Clontech) and pcDNA4-
Flag respectively. All PCR-cloned constructs were verified by
DNA sequencing.

Cell culture and transfection

HEK-293T (human embryonic kidney-293T) cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with
10% (v/v) fetal bovine serum. Plasmids were transfected into
the cells using LipofectamineTM (Invitrogen) according to the
manufacturer’s instructions.

Antibodies

Polyclonal antibody specific for Dnmt3a was raised in rabbits and
affinity-purified as described previously [4]. Polyclonal antibody
to GST (glutathione S-transferase)-tagged Cbx4 (amino acids
144–362) was raised in rabbit and affinity-purified by binding to
recombinant-protein-coupled glutathione–Sepharose 4B columns
(Amersham Biosciences). Polyclonal anti-GFP (green fluroescent
protein) antibody was purchased from Santa Cruz Biotechnology.
Monoclonal anti-histidine antibody, anti-HA antibody, anti-Flag
antibody and anti-GST antibody were purchased from Sigma.
Monoclonal anti-myc antibody was purchased from Wolwo
Biotech Co. Ltd, Shanghai, China.

Yeast two-hybrid constructs and assays

For bait construction, the full-length Dnmt3a coding sequence
was cloned into pGBKT7 (Clontech). Two-hybrid screening was
performed by mating yeast strain AH109 harbouring GAL4BD
[GAL4 (galactosidase 4 protein) DNA-binding domain]-Dnmt3a
with strain Y187, which carries a human brain expression
library (Clontech). Colonies were selected on the SD (synthetic
defined) medium lacking leucine, tryptophan, adenine and
histidine according to the manufacturer’s (Clontech) instructions.
The prey plasmids from positive colonies were then isolated
and transformed into Escherichia coli strain Top10. Amplified
plasmids were identified by DNA sequencing. For mapping
the regions of the proteins involved in the interaction, full-
length Cbx4 coding sequence was subcloned into prey vector
pGADT7 (Clontech) from pFlag-CMV. Fragments of Cbx4
were cloned into pGADT7 by PCR amplification using pFlag-
CMV-Cbx4 as a template. Dnmt3a fragments 1–591, 1–277,
270–482, 270–430, 478–598 and 592–908 were subcloned into
pGBKT7 from pcDNA3-HA mammalian expression constructs.
Dnmt3a fragment 431–482 was cloned into pGBKT7 by PCR
amplification using pcDNA3-HA-Dnmt3a as a template. For
examining the interactions between Dnmt3a and other PcG
proteins, Cbx2, Cbx6, Cbx7 and Cbx8 coding sequences were
cloned in-frame with GAL4AD (GAL4 activation domain) on the
prey vector pGADT7, respectively. All PCR-cloned constructs
were verified by DNA sequencing.

Protein expression and purification

The Dnmt3a coding sequences for the full-length and an N-
terminal region (amino acids 1–482) were cloned into pGEX-4T-
3 (Amersham Biosciences) for the expression of the GST fusion
proteins in the E. coli strain BL21 (DE3). Purification was per-
formed using glutathione–Sepharose 4B (Amersham Bio-
sciences) as described in the manufacturer’s instructions, follow-
ing the induction of the cells with 0.5 mM IPTG (isopropyl β-D-
thiogalactopyranoside) at 27 ◦C for 3 h. For purification of histi-
dine-tagged Cbx4, full-length Cbx4 coding sequence was cloned
into pET28a (Novagen), then transformed into the E. coli strain
BL21 (DE3) CodonPlus-RP (Stratagene) and cultured at 37 ◦C.
When the attenuance (D600) reached 0.6, IPTG was added to a final
concentration of 5 µM and the culture was grown for an additional
12 h at 18 ◦C. The cells were harvested by centrifugation (at
4000 g for 10 min) and washed with a lysis buffer [50 mM sodium
phosphate, pH 8.0, 300 mM NaCl and 10 % (v/v) glycerol] and
resuspended in the lysis buffer supplemented with 10 mM 2-
mercaptoethanol, 1 µg/ml leupeptin and 1 mM PMSF. After
sonication (200 W; 10 s on/10 s off; 40 cycles; JY92-II ultrasonic
homogenizer; Ningbo Scientz Biotechnology Co. Ltd, Ningbo,
China), the lysate was centrifuged (20000 g for 30 min) and the
supernatant was loaded on to an Ni-NTA (Ni2+-nitrilotroacetate)
column (Qiagen). The column was washed with the lysis buffer
supplemented with 10 mM 2-mercaptoethanol and 20 mM imida-
zole and eluted with the lysis buffer containing 10 mM 2-mer-
captoethanol and 250 mM imidazole. Aos1, Uba2, Ubc9 and
SUMO-1 (amino acids 1–97) were expressed as histidine-
tagged fusion proteins. pET30-Aos1 and pET30-Uba2 have
been described previously [29]. The Ubc9 coding sequence
was cloned into pET28a by PCR using pACT2-Ubc9 (H. Jin,
unpublished work) as a template. pET30-SUMO-1 was kindly
provided by Zhihong Zhang (Institute of Health Sciences, Chinese
Academy of Sciences, Shanghai, China). The E. coli strain
BL21 (DE3) containing the expression constructs was grown
at 37 ◦C. When D600 had reached 0.6, IPTG was added to a
final concentration of 0.5 mM and the culture was grown for
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an additional 3 h at 30 ◦C. The fusion proteins were purified
with the use of an Ni-NTA column (Qiagen) according to the
manufacturer’s instructions. The purified proteins were dialysed
and concentrated. All purification steps were carried out at 4 ◦C.

GST pull-down assays

The GST pull-down assay was performed essentially as described
[30]. The GST–Dnmt3a fusion protein purified from bacteria
was incubated with glutathione–Sepharose 4B beads (Amersham
Biosciences) in the binding buffer [20 mM Tris/HCl, pH 7.9,
0.1 M NaCl, 1 mM EDTA, 5 mM MgCl2, 0.1% (v/v) Nonidet
P40, 1 mM dithiothreitol, 0.2 mM PMSF and 20% (v/v) glycerol]
in a total volume of 200 µl at 4 ◦C for 2 h. The GST–Dnmt3a slurry
was washed with the binding buffer containing 1 M NaCl twice
and equilibrated with the binding buffer twice. After the purified
Cbx4 protein and the GST-Dnmt3a slurry were treated with micro-
coccal nuclease at a final concentration of 0.1 units/µl at 30 ◦C
for 10 min, 500 ng of Cbx4 protein was added to the slurry and
incubated at 4 ◦C for another 2 h. The Sepharose beads were
vigorously washed five times with the binding buffer, and bound
proteins were resolved by SDS/PAGE and visualized by Western
blotting using anti-histidine antibody.

For ethidium bromide treatment of the protein preparations,
the GST–Dnmt3a fusion protein was incubated with glutathione–
Sepharose 4B beads (Amersham Biosciences) in the binding
buffer in a total volume of 200 µl at 4 ◦C for 2 h. Then the GST–
Dnmt3a slurry was washed with the binding buffer containing
1 M NaCl twice and equilibrated with the binding buffer twice.
The slurry was incubated with 500 ng of Cbx4 protein at 4 ◦C for
2 h in the presence of 50 µg/ml ethidium bromide. The Sepharose
beads were washed five times with the binding buffer. The original
concentration of ethidium bromide was maintained during the
washing steps.

Immunoprecipitation and Western blotting

For co-immunoprecipitation of Dnmt3a and Cbx4, HEK-293T
cells were plated in 60-mm-diameter dishes and were transfected
with the mammalian expression constructs pcDNA3-HA-Dnmt3a
and pFlag-CMV-Cbx4. After 48 h of incubation, 5 × 106 trans-
fected cells were washed with PBS and lysed in lysis buffer
[20 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.1% (v/v) Nonidet
P40, 1 µg/ml leupeptin, 1 µg/ml aprotinin and 1 mM PMSF].
After brief sonication (100 W; 10 s on/10 s off; seven cycles),
the lysates were cleared by centrifugation (20000 g, at 4 ◦C for
20 min). Supernatants were incubated with the anti-Flag or anti-
HA antibodies at 4 ◦C for 4 h. Protein G–agarose beads (Roche)
and the mixture were rotated at 4 ◦C overnight. The beads were
washed four times with the lysis buffer and the immunoprecipit-
ated proteins were resolved by SDS/PAGE, transferred to nitro-
cellulose membranes (Bio-Rad) and probed with antibodies. The
ECL (enhanced chemiluminescence) kit (Millipore) was used to
visualize immunoreactive proteins. For direct analysis of whole-
cell extracts, 1 × 106 cells were washed with PBS and lysed in
SDS-loading buffer and analysed by SDS/PAGE and Western
blotting.

For detection of SUMOylation by immunoprecipitation, a
procedure described previously [31] was used. Briefly, 5 × 106 of
transfected HEK-293T cells were washed with PBS and lysed in
lysis buffer [50 mM Tris/HCl, pH 7.4, containing 150 mM NaCl,
1% (w/v) sodium deoxycholate, 1% (v/v) Triton X-100, 0.1%
SDS, 10 mM N-ethylmaleimide, 1 µg/ml aprotinin, 1 µg/ml leu-
peptin, 1 µg/ml pepstatin A and 1 mM PMSF]. After brief
sonication, the lysates were cleared by centrifugation at 4 ◦C for

20 min. The supernatants were incubated with mouse monoclonal
anti-HA antibody and Protein G–agarose beads (Roche) for 4 h at
4 ◦C with gentle rotation. The beads were washed four times with
the lysis buffer. Bound proteins were analysed by SDS/PAGE and
Western blotting.

For analysis of expression of GAL4AD and GAL4BD fusion
proteins in yeast, cells were grown in 30 ml of SD medium
lacking leucine and tryptophan were harvested at a D600 of 0.8–
1.0, washed with PBS, and lysed by glass-bead disruption in lysis
buffer containing 50 mM Tris/HCl, pH 7.5, 50 mM NaCl, 10%
(v/v) glycerol, 1 mM EDTA, 0.5% (v/v) Nonidet P40, 1 mM di-
thiothreitol, 1 µg/ml aprotinin, 1 mM benzamidine, 1 µg/ml leu-
peptin, 1 µg/ml pepstatin A and 1 mM PMSF. Cell extracts were
then clarified by centrifugation at 4 ◦C and analysed by SDS/PAGE
and Western blotting.

In vitro SUMOylation assays

In vitro SUMOylation reactions were performed using purified
recombinant proteins according to a previously described proce-
dure [19] with some modifications. The reaction mixtures (20 µl
each) contained 50 mM Tris/HCl, pH 7.5, 5 mM MgCl2, 2 mM
ATP, 250 ng of Aos1/Uba2, 100 ng of Ubc9, 3 µg of SUMO-1
and 1µg of GST–Dnmt3aN (amino acids 1–482). Reactions were
carried out at 30 ◦C for 2 h and terminated by the addition of
SDS loading buffer. Products were analysed by SDS/PAGE and
Western blotting. For analysis of the effect of Cbx4 on Dnmt3a
SUMOylation, reactions were performed as described above,
except that the amount of Ubc9 was decreased to 20 ng and 25–
100 ng of Cbx4 was added.

RESULTS

Dnmt3a interacts with Cbx4 both in vitro and in vivo

To gain insight into the regulation of the function of the de novo
Dnmts, we sought to identify proteins that interact with Dnmt3a.
We carried out 2 yeast two-hybrid screen, using the full-length
Dnmt3a as the bait. Two positive clones from a human brain
library were identified as encoding a Cbx-containing PcG protein
termed Cbx4 or Pc2 [22]. To validate the interaction between
Dnmt3a and Cbx4, we applied a GST pull-down assay with
recombinant mouse Cbx4 and Dnmt3a proteins purified from E.
coli. As shown in Figure 1(A), a significant amount of His-tagged
Cbx4 (about 10% of the input) was co-precipitated with GST–
Dnmt3a (lane 3) but not with GST alone (lane 2), indicating a
direct interaction between the two proteins. The protein prepara-
tions had been treated with micrococcal nuclease before the pull-
down assay to eliminate the possibility of a false positive interac-
tion, which may arise due to contamination of nucleic acid present
in the samples [30]. The activity of micrococcal nuclease was
verified by complete digestion of the λ-DNA (results not shown).

To further demonstrate that the interaction is not caused by
contamination of DNA, we performed GST pull-down assays in
the presence of 50 µg/ml ethidium bromide, which is usually
used to disrupt protein–DNA interactions [32]. Ethidium bromide
had no effect on Dnmt3a and Cbx4 association, excluding the
possibility that DNA contributes to the interactions (Figure 1A,
lane 6).

To confirm this interaction in vivo, we co-transfected Flag-
tagged Cbx4 and HA-tagged Dnmt3a into HEK-293T cells; after-
wards, co-immunoprecipitation assays were conducted. We found
that the transfected Dnmt3a could be immunoprecipitated by
Cbx4 (Figure 1B, lane 3), and vice versa (Figure 1C, lane 3). This
interaction is specific, because there was no precipitate detected
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Figure 1 Cbx4 interacts with Dnmt3a in vitro and in vivo

(A) Direct interaction of Cbx4 with Dnmt3a: Western-blotting analysis of the His-tagged Cbx4 in
fractions obtained from GST pull-down assays using GST (lanes 2 and 5) or GST–Dnmt3a (lanes
3 and 6). About 10 % of the input Cbx4 was loaded (lanes 1 and 4). To eliminate the possibility
of false-positive interactions caused by contaminating nucleic acid, micrococcal nuclease
(MNase) or ethidium bromide (EtBr) was used to treat the protein preparations during pull-down
assays. (B) Co-immunoprecipitation (IP) of Dnmt3a with Cbx4 expressed from transfected cells.
HEK-293T cells were transiently transfected with pcDNA3-HA-Dnmt3a and pFlag-CMV-Cbx4
alone or in combination as indicated at the top. Whole-cell extracts were immunoprecipitated
with anti-Flag antibody. The precipitated proteins were analysed by Western blotting using
anti-HA or anti-Flag antibody as indicated. (C) Co-immunoprecipitation of Cbx4 with Dnmt3a
from transfected cells. Samples immunoprecipitated with anti-HA antibody were analysed by
Western blotting using anti-Cbx4 or anti-HA antibody as indicated.

when either Dnmt3a or Cbx4 was transfected alone (Figures 1B
and 1C). Taken together, our data show that Dnmt3a specifically
interacts with Cbx4 both in vitro and in vivo.

Mapping of interaction domains of Cbx4 and Dnmt3a

To define domains that are responsible for the interaction, we
constructed a series of Cbx4 and Dnmt3a deletion mutants for
yeast two-hybrid assays. Fragments of Cbx4 were expressed as
fusion proteins with the GAL4 activation domain (GAL4AD)

Figure 2 Mapping of interaction domains in Cbx4 and Dnmt3a

(A) Schematic representation of Cbx4 fragments with their Dnmt3a-interacting abilities (upper
panel, shown on the right) based on the data from yeast two-hybrid assays (lower panel).
The full-length Dnmt3a was fused to GAL4BD. The fusion construct was co-transformed into
yeast strain AH109 with the indicated portions of Cbx4, which were fused to the GAL4AD.
Growth of colonies on the SD minimal medium (SD-L-T-A-H) lacking leucine, tryptophan,
adenine and histidine reflects positive interaction of Cbx4 fragments with Dnmt3a. Regions of
conservation (the chromodomain and the COOH box) are depicted with black shading in the
bars. (B) Schematic representation of Dnmt3a fragments with their Cbx4-interacting abilities
(upper panel, shown on the right) based on the data from yeast two-hybrid assays (lower panel).
Full-length Cbx4 was fused to GAL4AD and was co-transformed into yeast strain AH109 with
the indicated portions of Dnmt3a, which are fused to the GAL4BD. Growth of colonies on the
SD minimal medium (SD-L-T-A-H) reflects positive interactions.

and tested for interaction with full-length Dnmt3a fused with
GAL4BD. Cbx4 contains two previously characterized functional
domains (Figure 2A). The N-terminal region is a highly conserved
chromodomain, which binds to histone H3 when methylated at
Lys9 [28]. The C-terminus contains a conserved COOH box that
is involved in transcriptional silencing and binding to other PcG
proteins [33,34]. We found that yeast expressing the C-terminal
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part (amino acids 414–551) could grow on the selective medium
lacking leucine, tryptophan, adenine and histidine, but neither the
N-terminal (amino acids 1–227) nor the middle region (amino
acids 221–420) endowed growth potential (Figure 2A). The dele-
tion mutant (amino acids 1–522) lacking the C-terminal region of
29 amino acids lost the capacity to interact. These data indicate
that the C-terminal region, including the COOH box, is required
for the interaction with Dnmt3a.

Similarly we mapped the Dnmt3a interaction region for Cbx4
(Figure 2B). Fragments of Dnmt3a were expressed as fusion pro-
teins with GAL4BD and tested for interaction with full-length
Cbx4 fused with the GAL4AD. Analysis of seven deletion mutants
led to the identification of two continuous regions which are
able to mediate the interaction independently. One is the PWWP
domain (amino acids 270–430) and the other is the linker region
(amino acids 431–482) between the PWWP and PHD domains.
Neither the N-terminal region (amino acids 1–277), the PHD do-
main (amino acids 478–598) nor the C-terminal catalytic domain
(amino acids 592–908) could interact with Cbx4. From these
results we conclude that the extended PWWP region in Dnmt3a
(amino acids 270–482) is responsible for the interaction with
Cbx4.

Dnmt3a interacts with Cbx4 specifically

There are five Polycomb proteins identified in the mouse, known
as Cbx2 (mPc1 or M33), Cbx4 (mPc2), Cbx8 (mPc3), Cbx6 and
Cbx7, all of which contain a chromodomain and a COOH box
[35] (Figure 3). Given the high degree of conservation in the
COOH box region of Cbx4 (Figure 3A) shown to be required
for interaction with Dnmt3a, we then examined whether the
other Polycomb proteins are also able to interact with Dnmt3a
by 2 yeast two-hybrid assay. As shown in Figure 3(B), all the
other four Polycomb proteins failed to interact with Dnmt3a,
even though they were well-expressed in yeast, as confirmed by
Western blotting (Figure 3B, lower panel). The above data indicate
that interaction with Dnmt3a is a unique property of Cbx4. The
variable positions in the COOH box and/or adjacent regions of
Cbx4 contribute to the specific binding to Dnmt3a.

Dnmt3a is SUMOylated in an extended PWWP region

It is known that Dnmt3a can be modified by SUMO-1 [9]. How-
ever, the SUMOylated sites remain unknown. Thus we sought to
determine the potential regions of SUMOylation using transfec-
tions in HEK-293T cells. First, we verified the SUMO-1 modific-
ation of Dnmt3a by co-transfection of HEK-293T cells with HA-
tagged Dnmt3a and GFP-tagged SUMO-1. Our results showed
that at least four high-molecular-mass forms of Dnmt3a could be
detected in addition to the major Dnmt3a form of 130 kDa in the
protein extract from cells expressing GFP–SUMO-1 with anti-HA
antibody (Figure 4A, lane 4). A similar result was obtained when
anti-Dnmt3a antibody was used in the Western-blotting analysis
(lane 8), suggesting that Dnmt3a might be polySUMOylated
in vivo.

To confirm that the high-molecular-mass bands represent
SUMOylated forms of Dnmt3a, we then performed an immuno-
precipitation for the transfected HA-Dnmt3a, followed by West-
ern blotting against Dnmt3a itself and the GFP–SUMO moiety
respectively. The lysates of co-transfeceted cells were immuno-
precipitated with anti-HA antibody and the immunoprecipitates
were analysed by Western blotting. The high-molecular-mass
forms were detected again using the anti-Dnmt3a antibody (Fig-
ure 4B, lane 2), suggesting that the extra bands are indeed modified

Figure 3 Dnmt3a interacts with Cbx4 specifically

(A) Amino acid alignment of the COOH boxes and their flanking regions of the Cbx family
members. Identical residues are indicated by black shading and highly conserved residues
by grey shading. (B) Schematic representation of Cbx proteins with their Dnmt3a-interacting
abilities (upper panel, shown on the right) based on the data from yeast two-hybrid assays
(middle panel). Cbx proteins were fused to GAL4AD and co-transformed into yeast strain AH109
with GAL4BD–Dnmt3a. The interactions were accessed by growth of colonies on the SD minimal
medium (SD-L-T-A-H). The GAL4AD-Cbx and GAL4BD-Dnmt3a fusion proteins also contain
an HA or a myc epitope tag respectively, which were used to confirm the expression of Cbx
proteins and Dnmt3a in transformed yeast by Western blotting (bottom panel).

forms of Dnmt3a. More importantly, the same pattern of slowly
migrating bands was detected with the anti-GFP antibody (Fig-
ure 4B, lane 4), indicating that Dnmt3a is conjugated with GFP–
SUMO-1. For further confirmation, we stripped the membrane
blotted with anti-GFP antibody and reprobed it with anti-HA anti-
body. Our data revealed that the high-molecular-mass bands
detected by anti-GFP antibody also cross-reacted with anti-HA
antibody (Figure 4B, right panel). These results together confirm
the polySUMOylation of Dnmt3a in HEK-293T cells.

Considering that Dnmt3a is polySUMOylated in HEK-293T
cells (Figure 4), we speculated that Dnmt3a might contain
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Figure 4 Dnmt3a is SUMOylated in HEK-293T cells

(A) Western-blotting analysis of the SUMOylation of Dnmt3a. HEK-293T cells were transiently transfected with expression plasmids as indicated on the top. Cell lysates were analysed by Western
blotting with anti-HA antibody (left panel) or with anti-Dnmt3a antibody (right panel). The positions of Dnmt3a and its SUMOylated forms are indicated. (B) Immunoprecipitation analysis of the
SUMOylation of Dnmt3a. HEK-293T cells were transiently transfected with expression plasmids as indicated on the top. The cell extracts were immunoprecipitated with anti-HA antibody. The pre-
cipitated proteins were analysed by Western blotting with anti-Dnmt3a antibody (lanes 1 and 2), anti-GFP antibody (lanes 3 and 4) or anti-HA antibody (lanes 5 and 6). The positions of Dnmt3a and
its SUMOylated forms are indicated.

multiple accepting sites for SUMO. Furthermore, we searched
for potential sites in Dnmt3a similar to the consensus SUMO
modification target sequence �KXE/D (where � is a hydrophobic
residue, preferably L, I, F or V, and X is any residue) [36] and
identified only one candidate site (IKED) at Lys573. However,
mutation of Lys573 to arginine did not impair the SUMOylation of
Dnmt3a (results not shown). In order to determine the location
of SUMOylation site(s), we co-expressed a series of N- and C-
terminal deletion mutants of Dnmt3a with SUMO-1 in HEK-293T
cells and analysed their SUMOylation status by Western blotting.
As shown in Figure 5(B), SUMOylation products were detected
from mutant proteins harbouring amino acids 1–482, 94–482 and
192–482 (lanes 2, 4 and 6, arrowheads). Notably, mutant protein
of amino acids 94–482 has three SUMOylated forms, but the 192–
482 protein has only one, indicating that two accepting sites reside
between amino acids 94 and 191. Further deletion from the N-
terminus abolished SUMOylation of the truncated protein (amino
acids 270–482, lane 8). Although the region 1–277 presumably
harbours two accepting sites and an NLS (nuclear localization
signal) (Figure 5A), which is necessary for SUMO-1 conjugation
in vivo [37], it cannot be modified on its own. This suggests that
the intact PWWP domain is necessary for a substrate fragment
to be SUMOylated. The C-terminal half of Dnmt3a harbouring a
PHD and a catalytic domain did not appear to be involved, since no

SUMOylation of the 474–908 mutant occurred (Figure 5B, lane
12). Thus we conclude that the conjugation domain in Dnmt3a is
located between amino acids 192 and 482 (Figure 5A). Notably,
we also detected a large band with an additional molecular mass of
∼80 kDa which cross-reacted with anti-HA antibody (Figure 5B,
lanes 1–4, arrows). It migrated more slowly than the largest form
of SUMO-1-conjugated Dnmt3a and appeared in the absence of
Flag-SUMO-1, suggesting that the band was not derived from
SUMOylation. We surmise that an unknown post-translational
modification might occur in the N-terminal region of Dnmt3a in
HEK-293T cells.

Cbx4 enhances SUMOylation of Dnmt3a in vivo and in vitro

Although we and Ling et al. [9] demonstrated that Dnmt3a can be
SUMOylated in mammalian cells, its specific SUMO E3 ligase
remains unknown. Considering that human Cbx4 has been shown
to act as a SUMO E3 ligase for the SUMOylation of CtBP, SIP1
and HIPK2 [19,23–25] and our findings that Dmnt3a interacts
with Cbx4, we further explored the possibility that Cbx4 functions
as an E3 ligase toward Dnmt3a.

First we tested our hypothesis by examining whether the
SUMOylation of Dnmt3a could be promoted by Cbx4 in intact
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Figure 5 Mapping of the Dnmt3a region necessary for SUMOylation

(A) Schematic overview of the Dnmt3a deletion mutants used. The NLS sequences are indicated
by arrows. The ability to be SUMOylated was assessed on the basis of the data in (B) and is
indicated on the right. (B) Western-blotting analysis of the SUMOylation of Dnmt3a deletion
mutants. HEK-293T cells were transiently transfected with expression plasmids encoding
different regions of Dnmt3a, as indicated on the top. Cell lysates were analysed by Western
blotting with anti-HA antibody. The positions of SUMOylated forms of Dnmt3a fragments are
marked by arrowheads. Arrows depict the additional bands which might represent an unknown
form of post-translational modification of Dnmt3a.

cells. We confirmed that the mouse homologue of Cbx4 under
investigation can also function as a SUMO E3 ligase for CtBP
(Figure 6A, lane 4). Then we tested whether Cbx4 could enhance
SUMOylation of Dnm3a. A plasmid expressing Flag-tagged Cbx4
was co-transfected along with the expression vectors for HA-
tagged Dnmt3a and GFP-tagged SUMO-1 into HEK-293T cells,
and the SUMOylation of Dnmt3a was analysed by Western
blotting. As shown in Figure 6(B), the intensity of SUMOylated
forms of Dnmt3a increased significantly when Cbx4 was co-
expressed in the presence of GFP–SUMO-1 (compare lanes 5 and
4). Repeated experiments confirmed that the increase in SUMOyl-
ation was not caused by variations in the expression levels of GFP–
SUMO-1 and HA–Dnmt3a, both of which were believed to exist
in excess in the transfected cells.

The stimulatory effect of Cbx4 on SUMOylation of Dnmt3a
raises the question as to whether Cbx4 is directly involved in this
process. To address this question, an in vitro SUMOylation assay
was performed using a GST fusion of Dnmt3a (amino acids 1–
482; Dnmt3aN) that contains the SUMO-1 accepting sites as well

as the regions that mediate the interactions with Cbx4 and Ubc9
[9]. First we confirmed that SUMO modification occurred in the
presence of the purified enzyme components and Dnmt3a sub-
strate (Figure 6C). At least four high-molecular-mass bands were
detected with anti-GST antibody from the reaction containing re-
combinant E1, Ubc9 and SUMO-1 (lane 4). These bands were not
observed when E1, Ubc9 or SUMO-1 was absent from the reaction
mixture (lanes 1–3). This result indicated that GST–Dnmt3aN
worked as a substrate for SUMOylation in vitro. We then
examined whether Cbx4 can increase the SUMOylation efficiency
in the reactions containing a diminished amount of Ubc9. Under
this condition, only a small amount of SUMOylated Dnmt3aN was
formed (Figure 6D, lane 1). However, when purified histidine-
tagged Cbx4 was added to the reaction mixtures, the modified
forms increased significantly and the increase occurred in a dose-
dependent manner (Figure 6D, lanes 2–4). Taken together, these
data indicate that SUMOylation of Dnmt3a can be enhanced by
Cbx4.

DISCUSSION

Although as many as 3 × 107 cytosine residues in the mammalian
genome are methylated, they are restricted to specific regions.
The patterns of methylated and unmethylated DNA are well regu-
lated during mammalian development. In adult tissue cells, repeat
sequences, such as intracisternal A particles and satellite DNA,
are highly methylated, while most CpG islands are unmethylated.
In proliferating embryonic cells, including embryonic stem cells,
the methylation level of the genome remains constant, despite the
high-level expression of Dnmt3a and Dnmt3b. In developing germ
cells and gastrulating embryos, de novo methylation of specific
sequences occurs [1,38]. These facts suggest that the activities of
Dnmts are tightly regulated. In this regard, SUMO conjugation
of the de novo methyltransferase is of particular relevance, as the
modification may alter the structure and function of the enzymes
[9, 26]. In the present paper we report that SUMOylation of
Dnmt3a is stimulated by a PcG protein, Cbx4, thus providing
an important clue about the mechanism controlling regulation of
the post-translational modification.

Cbx4 as E3 ligase for Dnmt3a

Similarly to ubiquitination conjugation, the efficient conjugation
of SUMO to its target proteins usually needs three enzymes: an E1
activating enzyme, an E2 conjugating enzyme (Ubc9) and an E3
ligase. While E1 and E2 are sufficient for SUMO modification
of target proteins, SUMO E3 ligases are believed to determine
substrate specificity and increase SUMOylation efficiency. The
PcG protein Cbx4 interacts with Ubc9 and functions as a SUMO
E3 ligase for CtBP, SIP1 and HIPK2 [19,23–25]. In the present
study we showed that Cbx4 interacts with Dnmt3a via its C-
terminus. Co-expression of Cbx4 in cultured cells significantly
stimulates the SUMOylation of Dnmt3a, probably as a SUMO
E3 ligase for Dnmt3a. Since Dnmt3a also interacts with PIAS
proteins, another class of E3 for multiple proteins, Cbx4 may
recruit Dnmt3a to heterochromatin domains (see the discussion
below), where PIASs catalyse SUMOylation of Dnmt3a. Thus
the stimulatory effect of Cbx4 on SUMOylation of Dnmt3a might
be indirect. However, this does not seem to be the case, because
PIASs lack E3 activity toward Dnmt3a both in vitro and in vivo [9].
Furthermore, our data show that Cbx4 enhances the SUMOylation
of purified Dnmt3a in vitro, suggesting that it does possess a
catalytic activity for Dnmt3a. All together, these data suggest that
Cbx4 functions as a SUMO E3 ligase for Dnmt3a.
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Figure 6 Cbx4 enhances SUMOylation of Dnmt3a in vivo and in vitro

(A) Cbx4 promotes SUMO-1 conjugation to CtBP in transfected cells. HEK-293T cells were transiently transfected with expression plasmids encoding Flag–SUMO-1, Flag–Cbx4 and myc-CtBP as
indicated. The cell lysates were analysed by Western blotting using anti-myc (upper panel) or anti-Cbx4 (lower panel) antibody. (B) Cbx4 promotes SUMO-1 conjugation to Dnmt3a in transfected
cells. HEK-293T cells were transiently transfected with expression plasmids encoding GFP–SUMO-1, Flag–Cbx4 and HA–Dnmt3a as indicated. The cell lysates were analysed by Western blotting
using anti-HA (upper panel) or anti-Cbx4 antibody (lower panel). (C) SUMOylation of Dnmt3a in vitro. Purified GST-tagged Dnmt3a (amino acids 1–482, GST–Dnmt3aN) was incubated in the
absence or presence of 250 ng of recombinant E1 (Aos1/Uba2 heterodimer), 100 ng of recombinant E2 (Ubc9) and 3 µg of recombinant SUMO-1 as indicated. Reactions were terminated by the addi-
tion of SDS loading buffer. Proteins were analysed by Western blotting using anti-GST antibody. (D) Cbx4 enhances SUMOylation of Dnmt3a in vitro. Purified GST–Dnmt3aN was incubated with
250 ng of E1 (Aos1/Uba2 heterodimer), 20 ng of E2 (Ubc9) and 3 µg of SUMO-1. Lanes 1–4 contained 0, 25, 50 or 100 ng of purified His-Cbx4 respectively. Note that the amount of Ubc9 used
here was 5-fold lower than that used in (C).

Heterochromatin localization of Dnmt3 enzymes may be required
for their SUMOylation

We found that the extended PWWP region of Dnmt3a is required
for both interaction with Cbx4 E3 ligase and SUMOylation. It is
known that this region is also required for the localization of
Dnmt3a to pericentromeric heterochromatin [4,5]. Its deletion
resulted in diffused nuclear distribution without accumulation in
centromeric heterochromatin domains. Since both endogenous
and transfected Dnmt3a lacking SUMOylation show heterochro-
matin distribution [4,5], localization to heterochromatin does not
depend on SUMOylation. It is nevertheless an open question
as to whether heterochromatin localization is a prerequisite for
SUMOylation. Supporting this possibility, recent work showed
a high abundance of SUMOs in heterochromatin domains in a
cultured human cell line [12]. Heterochromatin localization of
Dnmt3a could be facilitated by Cbx4, which is known to specific-
ally recognize H3K9 (histone H3 Lys9) methylation [28], a hall-
mark for heterochromatin. Therefore Cbx4 can also play a role

in the recruitment of Dnmt3a to the subcellular location for
SUMOylation, in addition to its function as a SUMO E3 ligase.

Potential functional consequences of SUMOylation
in the PWWP domain

The PWWP domain of Dnmt3b is also proposed to bind DNA
in vitro [39]. Dnmt3b defective in this domain failed to methylate
the minor satellite repeats in the heterochromatin region in
ES (embryonic stem) cells [5]. In this regard, SUMOylation
of Dnmt3a or Dnmt3b might affect the interaction with their
target DNA sequences. One similar case is the SUMOylation
of human TDG (thymine DNA glycosylase), which alters the
conformation of the enzyme and facilitates its disassociation from
the abasic DNA product after the completion of the base ex-
cision process [40]. Alternatively, SUMOylation of the PWWP
domain can interfere with functions of other domains of the
enzyme. It has been shown that SUMOylation of Dnmt3a
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disrupts the PHD-mediated interaction with HDACs 1/2 and
thus abolishes its transcriptional repression activity [9]. It is
also possible that SUMO modification might affect the catalytic
activity and stability of Dnmt3 enzymes. Elucidation of the bio-
logical significance of the modification would rest on the further
identification of modified forms for the endogenous Dnmt3
proteins in specific tissues at certain developmental stages.

Implication of Cbx4-Dnmt3a interaction in de novo DNA
methylation

DNA methylation and histone methylation are two major epigene-
tic markers for transcriptional repression. Recent findings reveal
H3K9 methylation can serve as a signal for the establishment of
DNA methylation patterns in plants and animals. The function
of an H3K9 methyltransferase gene, Suv39h, is required for
Dnmt3b-dependent CpG methylation at major centromeric satell-
ites in mouse embryonic stem cells [41]. Methylation at H3K9
creates a binding site for HP1, which recognizes methylated
H3K9 by its chromodomain and may in turn recruit Dnmts
[42,43]. In addition, a component of H3K27 methyltransferase in
the PcG complex EZH2 (Enhancer of Zeste homologue 2) inter-
acts with Dnmts and is supposed to serve as a platform for
recruiting the Dnmts to EZH2-target promoters [44]. Another PcG
protein, EED (embryonic ectoderm development), also interacts
with Dnmts [44]. These findings suggest cross-talk between the
two epigenetic repression systems. Our finding of the direct inter-
action between Cbx4 and Dnmt3a could suggest that Cbx4 may
function as a linker between histone and DNA methylation. A
genomic locus rich in trimethylated H3K9 can be recognized by
Cbx4 through its N-terminal chromodomain [28] and Dnmt3a
can be recruited to the sites through its C-terminal interaction
region. In this process, SUMOylation of Dnmt3a may occur as a
regulatory step.
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