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DNA methylation plays an important role in gene silencing in mammals. Two de novo methyltrans-
ferases, Dnmt3a and Dnmt3b, are required for the establishment of genomic methylation patterns in
development. However, little is known about their coordinate function in the silencing of genes critical for
embryonic development and how their activity is regulated. Here we show that Dnmt3a and Dnmt3b are
the major components of a native complex purified from embryonic stem cells. The two enzymes directly
interact and mutually stimulate each other both in vitro and in vivo. The stimulatory effect is independent
of the catalytic activity of the enzyme. In differentiating embryonic carcinoma or embryonic stem cells and
mouse postimplantation embryos, they function synergistically to methylate the promoters of the Oct4 and
Nanog genes. Inadequate methylation caused by ablating Dnmt3a and Dnmt3b is associated with dys-
regulated expression of Oct4 and Nanog during the differentiation of pluripotent cells and mouse embry-
onic development. These results suggest that Dnmt3a and Dnmt3b form a complex through direct contact
in living cells and cooperate in the methylation of the promoters of Oct4 and Nanog during cell differen-
tiation. The physical and functional interaction between Dnmt3a and Dnmt3b represents a novel regu-
latory mechanism to ensure the proper establishment of genomic methylation patterns for gene silencing

in development.

DNA methylation is an epigenetic modification indispens-
able for multiple cellular processes, including transcriptional
repression of tissue-specific genes, genomic imprinting, X
chromosome inactivation, and transposon silencing (6, 9, 36).
Aberrant methylation contributes to tumorigenesis and other
diseases (30).

Methylation occurs on ~5% of the cytosines in the genomic
DNA of mammals. The distribution of methylcytosines forms
specific patterns in the genome. Methylation patterns are prop-
agated in mitotic cells by maintenance methylation that takes
place in concert with DNA replication. The methyltransferase
Dnmtl performs the maintenance function (4, 37). Consistent
with its role, Dnmt1 has a substrate preference for hemimeth-
ylated DNA in vitro and is usually associated with replication
foci in the S phase of dividing cells (18, 35).

As DNA methylation patterns are stably maintained in dif-
ferentiated mitotic cells, new patterns arise in embryonic cell
differentiation and germ line specification in development.
Dnmt3a and Dnmt3b, the two closely related de novo methyl-
transferases, are required for this process (5). Inactivation of
both genes caused a complete failure to establish genome-wide
methylation. Inactivation of either gene alone led to hypo-
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methylation at a subset of sequences in the genome, but most
sequences are unaffected (40). Dnmt3a is specifically required
for the methylation of imprinted genes in germ cells (27, 31)
and the Xist gene on the X chromosome (14). Dnmt3b has an
irreplaceable function in the methylation of centromeric minor
satellite repeats (40, 51). Thus, most genomic targets can be
methylated by both enzymes, and sequences requiring a par-
ticular enzyme for methylation might be exceptions. This sug-
gests a possibility that Dnmt3a and Dnmt3b may indepen-
dently establish methylation for the bulk of genomic sequences
during development.

Structurally, Dnmt3a and Dnmt3b have a similar organiza-
tion, with three conserved domains: a long N-terminal region
contains a PWWP domain, which targets the enzyme to chro-
matin (13, 24), a cysteine-rich PHD zinc finger domain, which
interacts with transcriptional repressors, histone deacetylases,
and histone methyltransferases generating inactive chromatin
marks (2, 22, 23), and a C-terminal catalytic domain resem-
bling bacterial cytosine methyltransferases (41).

Isolated recombinant Dnmt3a and Dnmt3b show very low
enzymatic activity in comparison to other methyltransferases,
including Dnmt1 (33, 41). The mere existence of the enzymes
at high levels in embryonic cells does not result in an increase
in genomic methylation. Genomic regions devoid of methyl-
ation remain unmethylated faithfully during cell proliferation
(7). These observations suggest that the methylation activity is
tightly regulated by factors which directly or indirectly affect
the function of the two de novo methyltransferases. For exam-
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ple, Dnmt3L, a short paralog of Dnmt3a and -3b that lacks
critical residues found in the active center of all cytosine meth-
yltransferases, is required for the methylation of imprinted
genes and some repetitive sequences in germ cells (10, 11, 27).
Biochemical studies have demonstrated that Dnmt3L, albeit
inactive per se, stimulates the methylation activity of both
Dnmt3a and Dnmt3b by interacting with them through the
conserved C-terminal domain (12, 16, 17, 25). However, in
Dnmt3L mutant mice, methylation of most sequences occurs
normally and no developmental defects are apparent except in
the germ cells. Therefore, other mechanisms may exist to reg-
ulate the activity of Dnmt3a and Dnmt3b for the methylation
of various genomic sequences during somatic development.

In this study, we sought to identify regulatory factors for
Dnmt3a and Dnmt3b by purifying their associated proteins
from mouse embryonic cells. To our surprise, Dnmt3a and
Dnmt3b were the two major components present in a stable
complex. In vitro, their collective enzymatic activity is much
higher than the total activities of the two individual proteins
combined. In vivo, the two enzymes contribute synergistically
to the methylation of Oct4 and Nanog during mouse embryonic
cell differentiation. Thus, our studies have revealed a physical
association and functional cooperation between the two de
novo methyltransferases which provides a framework for fu-
ture understanding of the regulation of DNA methylation dur-
ing development and pathogenesis.

MATERIALS AND METHODS

Affinity purification of methyltransferase-associated proteins from embryonic
stem (ES) and P19 cells. For isolation of Dnmt3b-associated proteins, chromatin
extract was prepared from approximately 1 X 10® ES cells as described previously
(28), except that 0.25 M (NH,),SO, was replaced with 500 mM NaCl in the
extraction buffer. The extract was then precleared by incubating with 200 wl of
protein G-agarose suspension (Roche) in a total volume of 5 ml at 4°C for 3 h.
The precleared supernatant was incubated with 10 pg of anti-Dnmt3b antibody
(mouse monoclonal; Shanghai Wolwo Biotech Co. Ltd) for 3 h. Two hundred
microliters of protein G-agarose slurry was then added and incubated overnight.
The agarose beads were washed with DNase I digestion buffer (28) containing
500 mM NaCl. Finally, the beads were resuspended in 100 pl of 1X sodium
dodecyl sulfate loading buffer and heated to 100°C for 3 min to denature pro-
teins.

For isolation of Dnmt3a-associated proteins, tandem-affinity purification
(TAP) was carried out using the previous procedure (44) with slight modifica-
tions. Chromatin extract was prepared as described above from about 7 X 10%
P19 cells stably expressing TAP-tagged Dnmt3a and dialyzed into immunoglob-
ulin G (IgG)-Sepharose binding buffer (20 mM Tris-HCI, pH 7.9, 150 mM NaCl,
1 mM EDTA, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 1 pg/ml
aprotinin, 1 pg/ml leupeptin, and 1 pg/ml pepstatin). The dialyzed extract was
then incubated at 4°C with 100 wl of IgG Sepharose slurry (GE Healthcare).
After washing, bound proteins were released from beads by treatment with 15
U/pl AcTEV protease (Invitrogen) in 100 pl of tobacco etch virus cleavage
buffer. The sample was subsequently incubated with 50 pl of calmodulin resin
(GE Healthcare) to bind CBP-containing proteins, and the bound proteins were
finally eluted with 100 pl of 50 mM NH,HCO;, pH 8.0, and 25 mM EGTA.

The protein samples were resolved on 7% denaturing polyacrylamide gel and
visualized by silver staining. Specific bands were excised, and the protein se-
quence was determined by using electrospray ionization LTQ tandem mass
spectrometry at the Research Center for Proteome Analysis, Shanghai Institutes
for Biological Sciences.

Gel filtration chromatography. A Superose 6 column (GL 10/300; GE Health-
care) was equilibrated with buffer containing 50 mM Tris-HCI, pH 7.5, 400 mM
NaCl, and 1 mM EDTA. Five hundred microliters of chromatin extract was
applied to the column, the chromatography was carried out at a flow rate of 0.2
ml/min at 4°C, and 0.5-ml fractions were collected.

In vitro methylation assay. The assay was performed as described previously
(45). A biotinylated 30-bp DNA oligonucleotide duplex (5’ biotin-GAAGCTG
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GGACTTCCGGGAGGAGAGTGCAA-3" and 5'-TTGCACTCTCCTCCCGG
AAGTCCCAGCTTC-3') containing a single CG site (45) was used as a sub-
strate. The DNA substrate (400 nM) was incubated with full-length Dnmt3a or
Dnmt3b (20 nM each) or their catalytic domains (50 nM each) alone or in
equimolar combination in methylation buffer containing 20 mM HEPES, pH 7.5,
15 mM NaCl, 1 mM EDTA, 20 pg/ml bovine serum albumin (BSA), and 0.25 pM
S-[methyl-*H]AdoMet (80 Ci/mmol; GE Healthcare) in a total volume of 50 .l
at 37°C for 30 min. Scintillation counts were then measured to determine the
incorporation of methyl-*H into the substrate DNA.

In vivo DNA methylation assay. Genomic DNA (30 to 300 ng) was restricted
with EcoRV and treated with sodium bisulfite as previously described (42).
Treated DNA was subjected to nested PCR (information available upon re-
quest). For combined bisulfite restriction analysis (COBRA), about 500 ng of
PCR products were restricted with Taql (Takara), followed by electrophoresis in
a 2% agarose gel, and quantified by TotalLab1.10 (Nonlinear Dynamics Ltd.).
For sequencing analysis, the PCR products were cloned into T-vectors (Takara)
and individual clones sequenced by Invitrogen Ltd.

Whole-mount in situ hybridization. Digoxigenin-labeled riboprobes (Oct4 and
Nanog cDNA, sense and antisense) were generated using T7 and Sp6 poly-
merases from pSPT19 (Roche) containing full-length Oct4 or Nanog cDNA using
the DIG RNA labeling kit (Roche). Embryos were processed according to the
standard procedure (38), and in situ hybridization was carried out as described
previously (21). Embryos were stored in PBT (137 mM NaCl, 2.7 mM KCl, 4.3
mM Na,HPO,, 1.4 mM KH,PO,, 1% Tween 20) containing 70% glycerol and
photographed using a digital camera (DC300F; Leica) on a microscope (MZ
FLIII; Leica).

Quantitative PCR. Total cell RNA was reverse transcribed and assayed by
quantitative real-time PCR using SYBR Green incorporation. The expression of
genes under investigation was normalized to that of B-actin. Primer information
is available upon request.

RESULTS

Dnmt3a and Dnmt3b form a common complex in ES and
P19 cells. Mouse ES cells express high levels of Dnmt3a2 and
Dnmt3b (15, 41) and are capable of conferring de novo meth-
ylation on retroviral elements (34) and certain endogenous
genes upon cell differentiation (39). ES cells may retain the
methylation activity of the inner cell mass of a mouse blastocyst
prior to the onset of genome-wide methylation during embry-
onic development. In order to investigate the regulation of
DNA methylation, we tried to identify proteins associated with
the de novo DNA methyltransferases in ES cells. Affinity pu-
rification using a monoclonal antibody specific for Dnmt3b
revealed four prominent proteins in the wild-type ES cells,
which could not be purified from the Dnmt3b-deficient ES
cells (Fig. 1A, lanes 1 and 2). Mass spectrometric analysis (data
not shown) indicated that the two upper bands are Dnmt3b1
and Dnmt3b6, two isoforms of Dnmt3b (14). The third but less
abundant one is Dnmt3a2, the Dnmt3a isoform predominantly
expressed in ES cells (15). Consistently, Dnmt3a2 is absent in
the fraction purified from the Dnmt3a knockout ES cells (Fig.
1A, lane 3). The fourth copurified major protein is Dnmt3L, a
factor known to interact with Dnmt3a and Dnmt3b and stim-
ulate their activity (25). Notably, copurification of Dnmt3L
with Dnmt3b was also achieved in the Dnmt3a knockout ES
cells (Fig. 1A, lane 3). These data suggest that the two meth-
yltransferases and their regulator may form a complex in ES
cells. Importantly, the association between the endogenous
enzymes remains stable in differentiating ES cells as shown by
coimmunoprecipitation (data not shown).

Since Dnmt3b appears to be associated with Dnmt3L in ES
cells and Dnmt3L is known to interact with Dnmt3a (27), we
asked whether the complex formation between Dnmt3a2 and
Dnmt3b depends on Dnmt3L. P19 is a teratocarcinoma cell line
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FIG. 1. Affinity purification of Dnmt3a- and Dnmt3b-associated proteins from ES and EC cells. (A) Silver staining of copurified Dnmt3a and
Dnmt3b proteins from ES cells. Affinity purification was performed with an anti-Dnmt3b monoclonal antibody, followed by protein identification
by matrix-assisted laser desorption ionization (MALDI) mass spectrometry. WT, wild type. (B) Silver staining of copurified Dnmt3a and Dnmt3b
proteins from P19 cells. Affinity purification was performed using a TAP-tagging procedure through stably expressed TAP-tagged Dnmt3a,
followed by protein identification by MALDI mass spectrometry. The protein identification was also confirmed by Western blotting using specific
antibodies (data not shown). (C) Western detection of Dnmt3a, Dnmt3b, and Dnmt3L in the fractions separated by gel filtration using a Sepharose
6 column. The input was chromatin extract prepared from ES cells. Antibodies used are shown at the right (a-Dnmt3b, -Dnmt3a2, and -Dnmt3L,
anti-Dnmt3b, -Dnmt3a2, and -Dnmt3L, respectively). All three blots were from the same gel. The elution profile of the protein markers is indicated

at the top.

expressing Dnmt3a and Dnmt3b but not Dnmt3L (data not
shown). We established a stable P19 cell line which expresses
TAP-tagged Dnmt3al with an expression level similar to that of
the endogenous protein. Tandem affinity purification revealed
three major proteins copurified with CBP-Dnmt3al (Fig. 1B).
These proteins appear in a similar molar ratio and are absent in
the fraction from the wild-type P19 cells lacking TAP-tagged
Dnmt3al. Mass spectrometric analysis indicated that the copuri-
fied proteins are two isoforms of Dnmt3b (likely Dnmt3b1 and
-3b6) and Dnmt3a2, respectively (data not shown). This result
confirms the association between Dnmt3a and Dnmt3b, which is
independent of Dnmt3L. Moreover, the Dnmt3a and Dnmt3b
isoforms appear to be close to equimolar in the fraction. Com-
parison with the purification result from ES cells suggests that
most Dnmt3a2 in ES cells associates with Dnmt3b while a small
amount of Dnmt3b associates with Dnmt3a2.

To further characterize the methyltransferase complex(es),
we applied the chromatin fraction of ES cells to a gel filtration
chromatography column to explore the relationship of the ma-
jor components. As shown in Fig. 1C, Dnmt3a2 and the two
Dnmt3b isoforms (Dnmt3b1 and -3b6) coeluted in the frac-
tions with molecular masses ranging from 750 to 350 kDa (Fig.
1C), suggesting that they may exist in a multisubunit complex.
Consistent with the detection of the Dnmt3b-Dnmt3L complex
in Dnmt3a knockout cells (Fig. 1A, lane 3), the elution profiles

of two components overlapped in a wider range of fractions,
even when Dnmt3a2 was hardly detected after the 232-kDa
marker (Fig. 1C). In sum, the purification and characterization
of proteins associated with Dnmt3a and Dnmt3b from both ES
and P19 cells unequivocally indicates that the two methyltrans-
ferases exist in a stable complex in vivo, though each of them
alone might also be associated with Dnmt3L.

Direct association of Dnmt3a and Dnmt3b. The copurifica-
tion of Dnmt3a and Dnmt3b did not address whether the
association of the two enzymes occurs directly or is mediated
by any unknown proteins. We therefore performed a fluores-
cence resonance energy transfer (FRET) assay to test the spa-
tial relationship between Dnmt3a and Dnmt3b in living cells
(Fig. 2A). Dnmt3al-yellow fluorescent protein (YFP) and
Dnmt3b1-cyan-fluorescent protein (CFP) fusion proteins were
coexpressed in 293T cells as acceptor and donor fluorophores,
respectively. Upon photobleaching of YFP, the energy of CFP
increased by about 20% in cells coexpressing Dnmt3al-YFP
and Dnmt3b1-CFP (Fig. 2A). Such an efficiency of energy
transfer indicates a <10-nm distance between two fluorescent
partners (19), suggesting a direct contact between Dnmt3a and
Dnmt3b in transfected cells.

To further characterize the relationship of Dnmt3a and
Dnmt3b, we examined their subcellular distribution in ES cells
by immunostaining for the endogenous proteins. In wild-type



VoL. 27, 2007

SYNERGISTIC FUNCTION OF Dnmt3a AND Dnmt3b 8751

before after photobleached region nonphotobleached region
200 Cﬂ: EP — Before 180 Cﬂ’ \ﬂ, —— Bafore
180 Aft = 160 After
Dnmt3a1-YFP g o o B
g 1o & 120
£ :gg E 100
‘© a0 g 80 /
2w g /“
= a0
2 % 20 i
o+ 0+
Dnmt3b1-CFP 400 450 500 550 600 650 400 450 500 550 600 650
emission wavelength emission wavelength
photobleached nonphotobreached
0.35 region region
Rk 2030
=
photobleached —0.45 2 0en [ CFP+YFP
region 0.20 Bl 3b-CFP+YFP
015 B CFP-YFP
-0.20 B I 3b-CFP+3a-YFP
Woio
o O
-0.05 * 0.
0
a-Dnmt3a  o-Dnmt3b DAPI Merge a-Dnmt3a  o-Dnmt3b DAPI Merge

" ....
. ...-

E5.5

FIG. 2. Association between Dnmt3a and Dnmt3b in vivo. (A) FRET analysis of Dnmt3al-YFP and Dnmt3b1-CFP fusion proteins expressed
in 293T cells. Scale bar, 3 wm. The line chart to the right illustrates emission spectra of Dnmt3b1-CFP and Dnmt3al-YFP before (black) or after
(red) photobleaching. The bar chart below shows the averaged FRET efficiency for coexpression of CFP and YFP (CFP+YFP) (negative control;
n = 25), Dnmt3b1-CFP and -YFP (3b-CFP+YFP) (n = 25), Dnmt3b1-CFP and Dnmt3al-YFP (3b-CFP+3a-YFP) (n = 30), or CFP-YFP fusion
protein (positive control; n = 25). Data are representative of at least three independent experiments. (B) Colocalization of endogenous Dnmt3a
and Dnmt3b in the interphase nuclei of ES cells. Heterochromatin domains are brightly stained with 4',6'-diamidino-2-phenylindole (DAPI). A
similar staining pattern was observed in differentiating ES cells treated with RA for 2 days. Antibodies used did not distinguish different isoforms.
wt, wild type; 3aKO, Dnmt3a knockout; 3bKO, Dnmt3b knockout; DKO, double knockout; a-Dnmt3a and -Dnmt3b, anti-Dnmt3a and -Dnmt3b
antibodies. (C) Colocalization of Dnmt3a and Dnmt3b in mouse embryos. Embryos were frozen and sliced, followed by immunostaining with the
antibodies indicated at the top. The squared epiblast regions are shown at higher magnification below. Scale bar, 20 wm.

ES cells, Dnmt3a2 and Dnmt3b are dispersed throughout the
nucleus with colocalization of speckles in heterochromatin do-
mains in the interphase (Fig. 2B, upper row). The heterochro-
matin association is independent of the complex formation,
because enrichment of one enzyme at the heterochromatin foci
still occurs in cells lacking the other enzyme (Fig. 2B, two
middle rows). The similar distribution patterns of Dnmt3a2
and Dnmt3b in ES cells is consistent with their presence as a
complex revealed by affinity purification.

Methylation patterns are reprogrammed genome-wide during
postimplantation embryonic development. We next investigated

whether these two enzymes are present together in embryonic
cells undergoing de novo methylation by using fluorescence im-
munostaining of embryo sections. Both enzymes were detected in
the nuclei of epiblast cells in the 5.5- and 6.5-day-postcoitum
(dpc) embryos (Fig. 2C). Subcellular colocalization of the two
proteins was again observed in heterochromatin regions including
the nuclear peripherals (Fig. 2C, second and fourth rows), con-
sistent with the need for heavy methylation of the centromeric
repeats. Altogether, the results provide further support for inter-
action between Dnmt3a and Dnmt3b and their presence within a
common complex in embryonic cells.
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FIG. 3. Stimulation of methyltransferase activity by Dnmt3a-
Dnmt3b interaction in vitro. (A) Stimulation of methyltransferase ac-
tivity between full-length enzymes. Six-His-tagged Dnmt3al and
Dnmt3b1 purified from Escherichia coli were visualized by Coomassie
blue staining in a 10% sodium dodecyl sulfate-polyacrylamide gel (left
panel). Methyltransferase activity of Dnmt3al or Dnmt3b1 alone or in
the equimolar presence of both was measured (right panel). Data for
incorporation in cpm are averages from three independent experi-
ments *= standard deviations. (B) Stimulation of methyltransferase
activity between the catalytic domains. Six-His-tagged catalytic do-
mains of Dnmt3a (Dnmt3a-C) and Dnmt3b (Dnmt3b-C) purified from
E. coli were visualized by Coomassie blue staining (left panel). Their
methyltransferase activities were examined alone or in equimolar com-
bination (right panel).

Dnmt3a and Dnmt3b stimulate methylation activity in vitro.
The isolated Dnmt3a and Dnmt3b recombinant proteins dis-
play substantially lower de novo methylation activity than other
methyltransferases in vitro (5). We surmised that association
between the two enzymes may modulate the enzymatic activity,
particularly given the fact that the interaction involves the
catalytic domain of each enzyme, as we have shown (data not
shown). An in vitro methylation assay with purified recombi-
nant proteins did show a strong stimulation between the two
enzymes (Fig. 3A); the methyl transfer in the presence of both
enzymes exceeded by at least 40% the sum of methyl transfer
by the two corresponding enzymes acting alone. The stimula-
tion was even more striking between the two catalytic domains
(Fig. 3B). The activity in the presence of both exceeded by
200% the combined activities of two individual enzymes acting
alone. These results clearly demonstrate that each of the two
enzymes stimulates the methylation activity of the other in
vitro. It remains to be seen whether the stimulation between
the Dnmt3a and Dnmt3b catalytic domains occurs through a
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mechanism similar to that of Dnmt3L, which promotes the
binding of Dnmt3a to DNA and the cofactor AdoMet (25).

Cooperation of Dnmt3a and Dnmt3b in methylation of Oct4
and Nanog promoters during differentiation of P19 cells upon
RA induction. The results presented in the previous sections
demonstrate that Dnmt3a and Dnmt3b associate in a complex
to enhance each other’s activity. We anticipated that their
physical and functional interaction may contribute to the reg-
ulation of gene expression in vivo. We next chose cis-regulatory
elements of Oct4 and Nanog, the genes which control pluripo-
tency in development, to further explore the in vivo biological
relevance of the interaction of Dnmt3a and Dnmt3b. The pro-
moter of Oct4 undergoes progressive methylation in associa-
tion with transcriptional silencing in embryonic carcinoma
(EC) cells after the onset of differentiation induced by the
addition of retinoic acid (RA) to the growth medium (3). To
determine the involvement of Dnmt3a and Dnmt3b in the
methylation of the Oct4 and Nanog promoters, we knocked
down the expression of Dnmt3a and Dnmt3b individually or
in combination by stably transfecting small interfering RNA
into P19 EC cells (Fig. 4A) and analyzed the methylation
pattern of a regulatory regions upstream of Oct4 and Nanog
(Fig. 4B) upon induction. Consistent with a previous report
(20), COBRA and bisulfite sequencing analyses showed no
methylation in uninduced proliferating P19 cells (Fig. 4C
and D). During 4 days of induction with RA, the methyl-
ation level of the Oct4 promoter increased steadily in wild-
type P19 cells, indicating a process of de novo methylation
accompanying gene silencing during cell differentiation.
However, when Dnmt3a or Dnmt3b was knocked down,
methylation levels were much lower than those in wild-type
cells starting from day 2 (Fig. 4C). Bisulfite sequencing
revealed that less than 5% of the scored CpG sites were
methylated in these cells after 3 days of RA induction (Fig.
4D, right), while the methylation level in wild-type cells had
reached 22.4% by this time (Fig. 4D, left). In Dnmt3a and
Dnmt3b double-knockdown cells, no single CpG site could
be methylated after RA induction (Fig. 4D), indicating that
Dnmt3a and Dnmt3b are required and sufficient for the
establishment of methylation of the Oct4 promoter. Notably,
the sum of methylated CpG sites of the two single knock-
down cell lines is much smaller than that of wild-type cells
(4.7% plus 3.6% versus 22.4%) (Fig. 4D, right), indicating a
functional cooperation between Dnmt3a and Dnmt3b for
the methylation of Oct4. The synergistic effect of Dnmt3a
and Dnmt3b is even more evident for the methylation of
the promoter of Nanog (17.2% plus 10.1% versus 59.7%)
(Fig. 4D).

Cooperation of Dnmt3a and Dnmt3b in the methylation of
Oct4 and Nanog promoters during ES cell differentiation and
embryonic development. While P19 cells may represent em-
bryonic cells from a postimplantation embryo around dpc 6.5,
mouse ES cells are generally believed to have a developmental
potential similar to that of an earlier embryo at 3.5 and 4.5 dpc.
Dnmt3L, one of the proteins stably associated with Dnmt3a
and Dnmt3b, is expressed in ES but not in P19 cells (Fig. 1;
also data not shown). To assess the functional cooperation
between Dnmt3a and Dnmt3b in the presence of different cell
line-specific factors, we extended the investigation of the meth-
ylation process of Oct4 to ES cells (Fig. 5). In wild-type ES
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distal enhancer; PE, proximal enhancer; P, promoter. (C) COBRA methylation analysis of Oct4 upon cell differentiation induced with RA.
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cells, the methylation of Oct4 was rapidly established upon RA
induction and reached a plateau by day 2 (Fig. 5B). When
either Dnmt3a or Dnmt3b was knocked out, Oct4 methylation
was substantially reduced in the first 2 days. Though methyl-
ation gradually increased in the following days, there was still
a considerable gap compared to the wild-type level (Fig. 5B).
Quantification of bisulfite sequencing data revealed that by
day 3, only 12.5% and 38.1% of CpG sites were methylated
in Dnmt3a and Dnmt3b knockout ES cells, respectively (Fig.
5C). The combined methylation levels of the two single-
knockout ES cell lines (50.6%) are much lower than that of
wild-type cells (75.0%), indicating that a lack of either para-
log affects the de novo methylation activity at Oct4 at this
time point. A similar result was seen in the analysis of

methylation at the promoter of Nanog (15.5% plus 4.5% is
<58.7%) (Fig. 5C). Methylation did not occur at all in the
absence of the two Dnmt3 enzymes, because no single sites
were found to be methylated in the double-knockout ES
cells (Fig. 5C). In contrast, the lack of the Dnmtl methyl-
transferase does not prevent the establishment of methyl-
ation (Fig. 5B). The reduction in Oct4 methylation in
Dnmtl-deficient cells was nevertheless more drastic than in
cells without Dnmt3a or Dnmt3b, presumably as a conse-
quence of the complete failure to maintain freshly estab-
lished methylation patterns in dividing cells. Interestingly,
the methylation level in Dnmtl1 '~ cells stopped rising at
day 3 and then started to drop. This is likely caused by a
passive demethylation during cell divisions in the absence of
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FIG. 6. Dnmt3a and Dnmt3b mutually stimulate de novo methyl-
ation at the Oct4 promoter in differentiating ES cells. (A) Expression
of ectopic (with gray-shadowed background) and endogenous methyl-
transferases in stably established ES cell lines by Western blotting.
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wild-type (WT) counterparts were stably introduced into Dnmt3a /",
Dnmt3b~/~, or Dnmt3a~/~3b~'~ ES cells. (B) Analysis of Oct4 meth-
ylation 3 days upon RA induction by COBRA. Each bar represents an
individual stable cell line.

Dnmtl plus insufficient de novo methylation due to the
down-regulation of Dnmt3b and Dnmt3L after day 3 in the
course of RA induction (data not shown).

The colocalization of Dnmt3a and Dnmt3b in postimplan-
tation embryos (Fig. 2C) suggests a functional cooperation of
the two enzymes in de novo methylation of Oct4 during devel-
opment. We next assessed their contribution to Oct4 methyl-
ation by analyzing knockout embryos (Fig. 5D). In wild-type
embryos, the methylation level reached 22.9% at embryonic
day 9.5 (E9.5), similar to a previous observation by Gu et al.
(26). In Dnmt3a or Dnmt3b knockout embryos, the methyl-
ation levels dropped to 8.9% and 1.8%, respectively. In dou-
ble-knockout embryos, not a single methylated site could be
detected. Similar to the situation in P19 and ES cells, far more
extensive methylation occurs in wild-type embryos than in sin-
gle-knockout embryos. The methylation level in wild-type em-
bryos exceeded by >100% the sum of methylation found in
singly knocked out embryos (compare 22.9% to 8.9% plus
1.8%). These results indicate cooperation by the two methyl-
transferases in the establishment of methylation patterns on
Oct4 during embryonic development. Interestingly, reduction
of methylation in the Dnmt3b-deficient embryo is more drastic
than that in the Dnmt3a-deficient embryo.

Dnmt3a and Dnmt3b mutually stimulate de novo methyl-
ation at the Oct4 promoter in ES cells. We have shown above
that the presence of both Dnmt3a and Dnmt3b increases their
collective methylation activity in vitro and in vivo. To further
characterize the relationship between their physical and func-
tional interactions, we introduced a catalytically inactive mu-
tant of Dnmt3b (V732G) (50) into Dnmt3b '~ ES cells and
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examined whether the mutant can stimulate de novo methyl-
ation at Oct4 by Dnmt3a. The Dnmt3b mutant was expressed
at a lower level than the endogenous protein in wild-type ES
cells (Fig. 6A) but lacked activity on its own because <5% of
methylation could be detected in DKO cells expressing the
mutant (Fig. 6B, left graph, bars 3 and 4). However, the intro-
duction of this Dnmt3b mutant into Dnmt3b /" cells increased
the methylation activity of the endogenous Dnmt3a by 25%
(from 50% to 75%) (compare bars 5 and 6 to bar 2). An
inactive mutant of Dnmt3a (E752A) stimulated Dnmt3b-me-
diated methylation at the Oct4 promoter as efficiently as the
endogenous wild-type Dnmt3a (Fig. 6B, right graph). Consis-
tent with their capacity for enzymatic stimulation, both the
Dnmt3a and Dnmt3b mutant proteins are able to interact with
their respective paralog in a coimmunoprecipitation assay
(data not shown). Taken together, we conclude that protein
interaction and reciprocal stimulation occur between the two
methyltransferases in the methylation of the Oct4 promoter
during ES cell differentiation and that this stimulation is not
dependent on the methyltransferase activity of the stimulator.

DNA methylation is required for normal progression of Oct4
and Nanog inactivation. Inactivation of Oct4 and other early
embryonic genes in development is a multistep process involv-
ing the action of transcription repressors, histone deacetylation
and methylation, and chromatin remodeling in addition to
DNA methylation. However, little is known about the precise
role of DNA methylation in the inactivation of these target
genes. We analyzed their expression in cells and embryos with
inadequate DNA methylation resulting from genetic ablation
of the de novo methyltransferases. In P19 cells, Oct4 and
Nanog are inactivated in response to treatment with the dif-
ferentiation inducer, retinoic acid (Fig. 7A). In cells depleted
of both Dnmt3a and Dnmt3b, transcription of both genes was
reactivated (Fig. 7A, DKD [double knockdown] panel) after 3
days of down-regulation. The increase in the transcription level
is unlikely to be due to an increase in the percentage of sur-
viving multipotent cells unresponsive to RA amid differentiat-
ing and dying cells. First, transcription in methylation-deficient
cells started to rise at day 4 (Fig. 7A), but severe cell death was
not observed until day 5 (data not shown). Second, some pro-
gression of neuronal differentiation occurred because the ex-
pression of the neural stem cell marker gene Brn2 and the
neuron marker gene Map2 was detectable by reverse transcrip-
tion-PCR in the cell population (Fig. 7A). Moreover, immu-
nostaining for another neuron marker, Tujl, revealed a similar
expression pattern in normal and double-knockdown P19 cells
7 days after RA induction (data not shown).

Transcriptional repression was also compromised during the
differentiation of ES cells deficient in both Dnmt3a and
Dnmt3b (Fig. 7B). Oct4 was reactivated at day 10 following
earlier repression. Though Nanog was silenced after day 6, its
reactivation was obvious at days 2 and 4. Notably, depletion of
either enzyme altered the progression course of silencing of
the two genes in both P19 and ES cells, with delayed or rela-
tively inefficient inactivation at certain time points. The timing
and degree of reactivation could also be influenced by the
presence of epigenetic modifications other than DNA methyl-
ation or a change in available transcription factors upon dif-
ferentiation.

We then wanted to know whether deficiency in methyltrans-
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FIG. 7. Promoter hypomethylation leads to misregulation of expression of Oct4 and Nanog in differentiating cells and developing embryos.
(A) Expression of Oct4 and Nanog in P19 cells at various time points upon RA induction, measured by quantitative PCR analyses. The expression
of differentiation markers Brn2 and Map2 was examined by reverse transcription-PCR (lower panels). Labels of cell lines are as in Fig. 4.
(B) Expression of Oct4 and Nanog in ES cells at different time points upon RA induction measured by quantitative PCR analyses. Cell lines used
are as in Fig. 5A. (C) Whole-mount in situ hybridization of Oct4 and Nanog in E9.5 wild-type and double knockout (DKO) embryos.

ferases and inadequate promoter methylation could bring
about misexpression of Oct4 and Nanog in mouse embryos. By
whole-mount in situ hybridization, we observed abnormal ex-
pression of Oct4 in the anterior part and Nanog in two different
regions of E9.5 mutant embryos lacking both Dnmt3a and
Dnmt3b, while normal silencing of both target genes occurred

in wild-type embryos from the same litter (Fig. 7C). In single-
knockout embryos, no significant upregulation of the two
genes was observed (data not shown). These data, along with
the observations for P19 and ES cells, indicate that aberrant
DNA methylation can cause dysregulation of the expression of
the two pluripotency genes in development.
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DISCUSSION

DNA methylation is an epigenetic modification responsible
for transcriptional silencing of gene expression. Methylation
patterns are introduced onto the genome by the action of two
de novo methyltransferases, Dnmt3a and Dnmt3b, in embry-
onic development and are then stably maintained in cell divi-
sions. Alterations of both genome-wide and gene-specific
methylation are incompatible with normal development. For
example, aberrant hypermethylation of tumor suppressor
genes cause their inactivation, promoting carcinogenesis. The
activity of de novo methylation must therefore be tightly reg-
ulated. In this work, we demonstrate that the two de novo
methyltransferases form a complex in mammalian cells. The
two enzymes interact directly both in vitro and in vivo. The
absence of either leads to decreased methylation, which would
not be the case if they were functionally redundant. More
importantly, the two enzymes cooperate in the methylation of
the Oct4 and Nanog genes during embryonic cell differentia-
tion; disruption of either gene leads to a drastic reduction in
the methylation level and misexpression of Oct4 and Nanog.
We propose that the synergy derived from the interaction and
stimulation between Dnmt3a and Dnmt3b is a molecular
mechanism for the regulation of methyltransferase activity in
development.

Complex formation between Dnmt3a and Dnmt3b and reg-
ulation of cellular methylation activity. The expression of
Dnmt3a and Dnmt3b is developmentally regulated. Both genes
are expressed at a high level in undifferentiated cells, including
embryonic stem cells, and undergo down-regulation upon cell
differentiation (15, 49). In adult tissues, both enzymes are
undetectable or exist at a low level, in agreement with the
notion that there is no need for de novo methylation in differ-
entiated cells. Though the tissue-specific expression patterns of
the two methyltransferase genes are not fully identical, both
are expressed in somatic and germ cells undergoing de novo
methylation. Indeed, our data show that both proteins colocal-
ize in embryonic cells and form a complex by direct protein
interaction. This allows the regulatory potential for methyl-
ation activity to be extended through the selective expression
of isoforms from the two paralogous genes in a given tissue. It
is known that there are two isoforms of Dnmt3a, Dnmt3al and
Dnmt3a2, transcribed from alternative promoters (15). Both
isoforms are enzymatically active, but they may have different
properties. Dnmt3a2 lacks the N-terminal 219 amino acids and
tends to associate with euchromatin. Dnmt3b has six isoforms
that result from alternative splicing of three exons. Only the
full-length isoform 3b1 and a short isoform, 3b6, are present in
ES cells (14, 15). Dnmt3b6 lacks part of motif IX (63 amino
acids) in the catalytic domain and is enzymatically inactive.
This short form shows reduced association with small nuclear
foci and accumulation in pericentric heterochromatin (48).
However, the absence of sequences in the shorter Dnmt3a and
Dnmt3b isoforms should not influence interaction between the
two paralogous proteins (48) (data not shown). Indeed, our
work demonstrates the presence of all ES isoforms in copuri-
fied fractions (Fig. 1). Such a combinational property of the
methyltransferase complex(es) may add another layer to reg-
ulation of methylation activity in development, for example,
through selective expression of isoforms with various catalytic
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activities and subcellular targeting abilities mentioned above.
We anticipate that the characterization of the precise compo-
sition along with that of less stably associated proteins and the
determination of stoichiometry will facilitate understanding of
the regulatory mechanism of DNA methylation.

Most recently, Dnmt3L was reported to form a complex with
Dnmt3a and to direct DNA methylation through binding to
unmethylated lysine 4 on the histone H3 tail (29, 43). Since
Dnmt3a and Dnmt3b are coexpressed with Dnmt3L in pluri-
potent and germ line cells, the relationship between these
three proteins in complexes needs to be characterized to un-
derstand the mechanism of de novo methylation.

Significance of functional interaction between Dnmt3a and
Dnmt3b in development. Cell differentiation during early em-
bryonic development depends on the transcriptional activation
of lineage-specific genes as well as inactivation of genes that
specify proliferative characteristics of embryonic stem cells
(46). Oct4 and Nanog are the two most important genes for the
self-renewal and maintenance of the undifferentiated state of
ES cells and are down-regulated with the initiation of cell
differentiation. The inactivation of Oct4 is a multistep program
involving recruitment of transcriptional repressors, alterations
in chromatin structure, acquisition of histone H3K9 methyl-
ation, and DNA methylation at their promoters (20, 26). The
detailed mechanism and the relative contribution of DNA
methylation to the regulation of Oct4 and Nanog are not un-
derstood. We have addressed these points by analyzing pro-
moter methylation and transcription of Oct4 and Nanog genes
in the differentiation of cultured EC cells and ES cells and in
the development of early mouse embryos which are deficient in
DNA methylation. One major finding is a clear physical and
functional cooperation between the two de novo methyltrans-
ferases for the proper methylation of Oct4 and Nanog in early
development. Though methylation still proceeds with one en-
zyme, the efficiency is much reduced, resulting in partial or
delayed methylation. The cooperative action between the two
enzymes may not be restricted to Oct4 and Nanog. It may
rather extend to the methylation of other genes or sequences,
including those in the heterochromatin, since both enzymes are
expressed and show a colocalized subcellular distribution in
early postimplantation embryos known to undergo genome-
wide de novo methylation (Fig. 2C). The functional interde-
pendency required to achieve full methylation may provide a
mechanistic explanation for why both methyltransferase genes
are required for normal development in mice and humans
(40, 51).

Our second finding is the role of DNA methylation in the
transcriptional control of Oct4 and Nanog during mouse em-
bryonic development. While localized overexpression is evi-
dent in mutant embryos deficient in both methyltransferases,
up-regulation does not occurs when one of the enzymes is
absent (Fig. 7C), irrespective of the defective methylation state
of their promoters (Fig. 5D). This baffling inconsistency might
be explained by overcompensation through a drastic increase
in the expression of the remaining paralogous enzyme and
Dnmt3L in the mutant embryos. Indeed, Dnmt3L expression
increases by fivefold in Dnmt3b knockout embryos (unpub-
lished data). The recruitment of these up-regulated factors to
the promoters may exert transcriptional repression indepen-
dently of cytosine methylation (1, 2). Overcompensation of
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transcriptional regulation can also arise through epigenetic
mechanisms other than DNA methylation, such as histone
methylation in the embryonic tissues. We propose that a subtle
change, including up- and down-regulation of developmentally
important genes such as Oct4 and Nanog in early embryonic
stages, may have a long-lasting impact on development. This
possibility could be of particular relevance for the interpreta-
tion of the late lethality of Dnmt3a null mice. The mutant
animals can develop to term but die a few weeks after birth,
with no detectable hypomethylation in the genome (40). Thus,
some of the developmental defects seen in the adult mice could
be a result of misexpression of pluripotency genes in early
stages of embryonic development in a manner similar to that in
EC and ES cells as we have observed.

Consistent with the importance of DNA methylation in em-
bryos, derepression of Oct4 in association with promoter hy-
pomethylation has been found in the in vitro differentiation of
pluripotent cells deficient in the histone methyltransferase G9a
and the orphan receptor GCNF (20, 26). All these observa-
tions suggest that DNA methylation is essential for establishing
a spatially and temporally correct expression pattern for the
target genes crucial for normal development. This is particu-
larly important in somatic cloning, which requires timely reac-
tivation and subsequent resilencing of Oct4 and Nanog (8, 47).
In light of the essential function of DNA methylation in tran-
scriptional repression of Oct4 and Nanog and the well-estab-
lished roles of these two genes in specifying toti-/pluripotency
(32), we suggest that the state of DNA methylation is an
important determinant and indicator of cellular developmental
potential.
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