MOLECULAR AND CELLULAR BIOLOGY, Aug. 2003, p. 5594-5605
0270-7306/03/$08.00+0 DOI: 10.1128/MCB.23.16.5594-5605.2003

Vol. 23, No. 16

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Establishment and Maintenance of Genomic Methylation Patterns in
Mouse Embryonic Stem Cells by Dnmt3a and Dnmt3b

Taiping Chen, Yoshihide Ueda, Jonathan E. Dodge,
Zhenjuan Wang, and En Li*

Cutaneous Biology Research Center and Cardiovascular Research Center, Massachusetts General Hospital,
Harvard Medical School, Charlestown, Massachusetts 02129

Received 6 March 2003/Returned for modification 15 April 2003/Accepted 22 May 2003

We have previously shown that the DNA methyltransferases Dnmt3a and Dnmt3b carry out de novo
methylation of the mouse genome during early postimplantation development and of maternally imprinted
genes in the oocyte. In the present study, we demonstrate that Dnmt3a and Dnmt3b are also essential for the
stable inheritance, or “maintenance,” of DNA methylation patterns. Inactivation of both Dnmt3a and Dnmt3b
in embryonic stem (ES) cells results in progressive loss of methylation in various repeats and single-copy
genes. Interestingly, introduction of the Dnmt3a, Dnmt3a2, and Dnmt3b1 isoforms back into highly demeth-
ylated mutant ES cells restores genomic methylation patterns; these isoforms appear to have both common and
distinct DNA targets, but they all fail to restore the maternal methylation imprints. In contrast, overexpression
of Dnmt1 and Dnmt3b3 failed to restore DNA methylation patterns due to their inability to catalyze de novo
methylation in vivo. We also show that hypermethylation of genomic DNA by Dnmt3a and Dnmt3b is necessary
for ES cells to form teratomas in nude mice. These results indicate that genomic methylation patterns are
determined partly through differential expression of different Dnmt3a and Dnmt3b isoforms.

DNA methylation is essential for mammalian development
and plays crucial roles in a variety of biological processes, such
as genomic imprinting and X chromosome inactivation (26).
DNA methylation patterns are established during embryonic
development through a highly orchestrated process that in-
volves demethylation and de novo methylation and can be
inherited in a clonal fashion through the action of maintenance
methyltransferase activity (8, 26, 32). During preimplantation
development, both paternal and maternal genomes undergo a
wave of demethylation, which erases most of the methylation
patterns inherited from the gametes. Shortly after implanta-
tion, the embryo undergoes a wave of de novo methylation,
which establishes a genome-wide hypermethylation pattern
(19, 22, 29, 40). De novo methylation also occurs during ga-
metogenesis in both male and female germ cells and is believed
to play a critical role in the establishment of genomic imprint-
ing, an epigenetic process that results in differential modifica-
tion of paternal and maternal alleles during gametogenesis and
monoallelic expression of a small set of genes, known as im-
printed genes, in the offspring (20, 26, 33). De novo methyl-
ation activity is present mainly in embryonic stem (ES) cells
and embryonal carcinoma cells, early postimplantation em-
bryos, and developing germ cells, whereas it is largely sup-
pressed in differentiated somatic cells (22, 24, 41, 43). There-
fore, ES cells can be a good model system for studying the
mechanisms of de novo methylation.

Three active DNA cytosine methyltransferases—Dnmtl,
Dnmt3a, and Dnmt3b—have been identified in human and
mouse (4, 31, 48). Dnmt1 is ubiquitously expressed in prolif-
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erating cells and localizes to DNA replication foci (25). Puri-
fied Dnmtl protein methylates hemimethylated DNA sub-
strates more efficiently than unmethylated DNA in vitro (5).
Despite its activity in vitro, Dnmtl has not been convincingly
shown to be able to initiate de novo methylation in vivo. More-
over, inactivation of Dnmtl in ES cells and mice leads to
extensive demethylation of all sequences examined (24, 27).
All of these findings suggest that Dnmt1 functions primarily as
a maintenance methyltransferase that is responsible for copy-
ing the parental-strand methylation pattern onto the daughter
strand after each round of DNA replication. In contrast,
Dnmt3a and Dnmt3b are strongly expressed in ES cells, early
embryos, and developing germ cells but are expressed at low
levels in differentiated somatic cells (10, 31). Indeed, genetic
studies have demonstrated that Dnmt3a and Dnmt3b are es-
sential for de novo methylation in ES cells and postimplanta-
tion embryos, as well as for de novo methylation of imprinted
genes in the germ cells (18, 30). Although Dnmt3a and
Dnmt3b function primarily as de novo methyltransferases to
establish methylation patterns, they may also play a role in
maintaining methylation patterns. We have previously shown
that some genomic sequences, such as the differentially meth-
ylated region 2 (DMR?2) of Igf2 and the 5’ region of Xist, are
almost completely demethylated and an L1-like repeat is par-
tially demethylated in mutant ES cells that lack Dnmt3a and
Dnmt3b (28, 30). It is not clear, however, whether Dnmt3a and
Dnmt3b are also required for maintaining global methylation
patterns.

At least two Dnmt3a and six Dnmt3b isoforms have been
identified (see Fig. 2A) (10, 17, 31, 37, 48). Dnmt3a and
Dnmt3a2 are encoded by transcripts initiated from two differ-
ent promoters. Dnmt3a2 lacks the N-terminal region of the
full-length Dnmt3a and, as a result, they exhibit different sub-
cellular localization patterns. Whereas Dnmt3a is concentrated
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in heterochromatic foci, Dnmt3a2 localizes diffusely in the
nucleus (10). Unlike the Dnmt3a isoforms, all of the known
Dnmt3b isoforms are derived from alternative splicing.
Dnmt3b1 and Dnmt3b2 are enzymatically active, as shown by
in vitro methyltransferase assays, whereas Dnmt3b3, which
lacks part of motif IX, appears to be inactive (1, 31). Dnmt3b4,
Dnmt3b5, and Dnmt3b6 are also presumably inactive because
they lack either part of motif IX (Dnmt3b6) or both motifs IX
and X (Dnmt3b4 and Dnmt3b5) (10, 17, 37). Like Dnmt3a,
Dnmt3b1 has been shown to localize to heterochromatin (2).
These Dnmt3a and Dnmt3b isoforms show different expression
patterns during development. Dnmt3a2 and Dnmt3bl are
strongly expressed in ES cells and germ cells but are almost
undetectable in most somatic tissues, whereas Dnmt3a and
Dnmt3b3 are expressed at low levels in almost all somatic
tissues and cell lines examined (3, 10). The biochemical prop-
erties and biological functions of different Dnmt3a/3b isoforms
remain largely unknown.

In the present study, we introduced various Dnmt3a/3b iso-
forms individually back into Dnmt3a~'~ Dnmt3b~'~ mutant
ES cells and showed that these isoforms have both shared and
specific genomic targets. In addition, we demonstrated that
Dnmt3a and Dnmt3b are required for stable inheritance of
global DNA methylation patterns in ES cells and that mainte-
nance of genomic methylation above a threshold level, but not
the presence of Dnmt3a and Dnmt3b proteins, is essential for
ES cell differentiation and teratoma formation.

MATERIALS AND METHODS

ES cell culture. Wild-type J1 and mutant ES cells were maintained in Dul-
becco modified Eagle medium (Invitrogen) supplemented with 15% fetal bovine
serum (HyClone), 0.1 mM nonessential amino acids (Invitrogen), 0.1 mM p-mer-
captoethanol, 50 U of penicillin/ml, 50 wg of streptomycin/ml, and 500 U of
leukemia inhibitory factor (Invitrogen)/ml. The cells were normally grown on
gelatin-coated petri dishes without feeder cells. For long-term culture, the cells
were treated with trypsin and passaged every other day, and the passage numbers
were recorded.

DNA constructions. The plasmid vectors expressing Dnmtl, Dnmt3a,
Dnmt3a2, Dnmt3b1l, Dnmt3b3, and Dnmt3b1:PC (a mutant Dnmt3b1 with the
proline-cysteine dipeptide at the active site substituted with glycine-threonine)
were generated by subcloning the corresponding cDNAs into pCAG-IRESblast,
an expression vector that contains a CAG promoter (a synthetic promoter that
includes the chicken B-actin promoter and the human cytomegalovirus immedi-
ate early enhancer). pPCAG-IRESblast was constructed by replacing the EcoRI-
Xhol fragment of pCAGN2-R(H1)-S3H-I-ZF3 (gift from R. Jaenisch) with an
internal ribosome entry site-blasticidin cassette.

The Dnmt3b1 targeting vector, in which a 2-kb region containing exons 21 and
22 was replaced by the PGK-puromycin cassette, was generated by sequentially
subcloning Dnmt3b genomic fragments (the 8-kb 5" arm and 3.3-kb 3’arm were
both obtained from a bacterial artificial chromosome clone), the PGK-puromy-
cin cassette, and the PGK-DTA cassette into pBluescript II SK. The identities of
all constructs were verified by DNA sequencing.

Stable expression of DNA methyltransferases in ES cells. Expression vectors
encoding Dnmt3a and Dnmt3b isoforms or Dnmtl were electroporated into
Dnmt3a~'~ Dnmt3b~'~ or Dnmt1~'~ ES cells (24, 30), which were subsequently
selected in blasticidin-containing medium for 7 days. Blasticidin-resistant colo-
nies were examined for protein expression by immunoblotting analysis with the
following antibodies: monoclonal anti-Dnmt3a (clone 64B1446; Imgenex) (10),
polyclonal anti-Dnmt3b (10), or polyclonal anti-Dnmt1 (a gift from S. Tajima).
As loading controls, the levels of a-tubulin in these samples were determined by
immunoblotting with monoclonal anti-tubulin antibody (Ab-1; Oncogene Re-
search Products). Expression of the intended Dnmt proteins was observed in
~90% of the colonies, most of which maintained the expression level after 4
weeks of culture in blasticidin-containing medium.

Targeted disruption of Dnmt3b1 in ES cells. The Dnmt3b1 targeting vector was
transfected into Dnmt3b™'~ or Dnmt3a™'~ Dnmt3b™'~ ES cells (30) via electro-

DE NOVO AND MAINTENANCE ACTIVITY OF Dnmt3a AND Dnmt3b 5595

poration, and transfected cells were selected with puromycin. Genomic DNA
isolated from puromycin-resistant colonies was digested with EcoRV and ana-
lyzed by Southern hybridization with a probe 3’ external to the targeting con-
struct. The targeting frequencies for the wild-type alleles in Dnmt3b™/~ and
Dnmt3a~'~ Dnmit3b™*/~ cells were 4/150 and 6/200, respectively.

DNA methylation analysis. Genomic DNA isolated from various ES cell lines
was digested with methylation-sensitive restriction enzymes and analyzed by
Southern hybridization as previously described (24). Probes used for methylation
analysis include the following: pMO for endogenous C-type retroviruses (Gen-
Bank accession NC_001501) (27), pMR150 for minor satellite repeats (accession
no. X14469 and accession no. X07949) (9), intracisternal A particle (IAP; ac-
cession no. AF303453) (47), the 3’ region of B-globin cDNA (accession numbers
J00413, K01748, and K03545) (12), the 5’ region of Pgk-1 cDNA (accession no.
M18735) (12), the coding region of Pgk-2 cDNA (accession no. NM_031190)
(12), the 5" region of Xist cDNA (accession no. AJ421479, gift from T. Sado), the
H19 upstream region (accession no. U19619) (45), DMR2 or “probe 6” for Igf2
(accession no. NM_010514) (15), the Igf2r region 2 probe (accession no.
NM_010515) (44), Pegl (accession no. NM_008590) (23), Snrpn DMRI (acces-
sion no. NM_013670) (42), and an oligonucleotide probe (5'-TAT GGC GAG
GAA AAC TGA AAA AGG TGG AAA ATT TAG AAA TGT CCA CTG
TAG GAC GTG GAA TAT GGC AAG-3') specific to major satellite repeats.
Bisulfite sequencing analysis was performed as described previously (11). We
analyzed six of the eight CpG sites within the major satellite repeating unit. The
sequences of the PCR primers were: 5'-AAA TCT AGA AAT GTT TAT TGT
AGG A-3' and 5'-TTC GGA TCC TAA AAT ATA TAT TTC TCA T-3 (the
Xbal and BamHLI sites used for cloning are underlined).

RESULTS

Inactivation of Dnmt3a and Dnmt3b results in progressive
loss of DNA methylation in ES cells. Genetic studies have
demonstrated that Dnmt3a and Dnmt3b carry out de novo
methylation of the mouse genome during early embryonic de-
velopment (30). To investigate whether these enzymes are also
involved in maintaining global DNA methylation patterns, we
cultured Dnmt3a~'~ Dnmt3b~'~ ES cells (30) continuously for
various periods of time and examined the methylation status of
various genomic sequences by using methylation-sensitive re-
striction enzymes. The endogenous C-type retroviruses and
IAP repeats, which are interspersed in the mouse genome with
about 100 and 1,000 copies per haploid genome, respectively,
are normally highly methylated in ES cells (27, 30). These
sequences became progressively demethylated in two indepen-
dent Dnmt3a~'~ Dnmt3b '~ cell lines (7aabb and 10aabb), as
indicated by increasing sensitivity to Hpall digestion (Fig. 1A).
Similar results were obtained when DNA methylation of the
major and minor satellite repeats was analyzed (Fig. 1A and
data not shown). The major and minor satellite repeats are
located in the pericentromeric and centromeric regions at copy
numbers of 700,000 and of 50,000 to 100,000, respectively.
After prolonged culture of Dnmt3a™'~ Dnmt3b~'~ ES cells for
about 5 months, DNA methylation in both repeats and unique
genes examined was almost completely depleted (see below).
No significant change in global methylation was observed when
wild-type (J1) and Dnmt3a~'~ (6aa) or Dnmt3b~'~ (8bb) sin-
gle-mutant ES cells were grown in culture for the same periods
of time (Fig. 1B; also, see below). Loss of methylation in
Dnmit3a~'~ Dnmt3b~'~ ES cells was not due to reduced ex-
pression of Dnmtl since immunoblotting analysis indicated
that early-passage and late-passage cells had similar levels of
Dnmtl protein (Fig. 1C). These results suggested that the
Dnmt3 family of methyltransferases is required for stable in-
heritance of global DNA methylation patterns in ES cells and
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FIG. 1. Inactivation of Dnmt3a and Dnmt3b results in progressive loss of DNA methylation in ES cells. (A) Genomic DNA from Dnmt3a™'~
Dnmt3b~'~ ES cells (7aabb and 10aabb) that had been grown in culture for 5 to 40 passages, as well as wild-type (J1) and Dnmtl mutant (n/n and
c/c) ES cells, was digested with Hpall and hybridized to probes for endogenous C-type retrovirus repeats (pMO), minor satellite repeats, and IAP
repeats. As a control for complete digestion, DNA from J1 cells was digested with Mspl. The Dnmt1" allele (the “n” stands for N-terminal
disruption) is a partial loss-of-function mutation (27) and the Dnmt1°¢ allele (the “c” stands for disruption of the catalytic or C-terminal domain)
is a null mutation (24). (B) Genomic DNA from J1, Dnmt3a~'~ (6aa), or Dnmt3b~'~ (8bb) ES cells that had been grown in culture for 5 to 25
passages, as well as 7aabb (P40), was digested with Hpall and hybridized to the pMO probe. (C) Lysates from the indicated ES cell lines were

immunoblotted with anti-Dnmt1 and anti-tubulin antibodies.

that Dnmt3a and Dnmt3b have largely redundant functions in
this respect.

Stable expression of Dnmt3a and Dnmt3b in Dnmt3a™'~
Dnmt3b~'~ ES cells restores DNA methylation. Dnmt3a and
Dnmt3b isoforms show distinct expression profiles and cellular
localization patterns (2, 10), raising the possibility that they
may methylate different sets of sequences in the genome. To
investigate whether the demethylated state of the Dnmt3a ™'~
Dnmt3b~'~ ES cell genome is reversible and whether different
Dnmt3a and Dnmt3b isoforms have distinct specificities in
reestablishing methylation patterns, we introduced cDNAs en-
coding Dnmt3a, Dnmt3a2, Dnmt3bl, Dnmt3b3, and
Dnmt3b1:PC (Dnmt3b1 with its PC motif mutated) into late-
passage 7aabb ES cells (30) by random integration. Each
cDNA was subcloned in a plasmid vector in which a CAG
promoter drives the expression of a bicistronic transcript that
encodes both the intended Dnmt protein and the selection
marker, blasticidin S deaminase (Fig. 2B, top panel). After

selection with blasticidin, we were able to obtain individual
clones that express various levels of Dnmt3a or Dnmt3b pro-
teins, as determined by immunoblotting analysis (Fig. 2B). The
monoclonal Dnmt3a antibody, which recognizes the C-termi-
nal region of Dnmt3a (Fig. 2A), strongly reacts with Dnmt3a
and Dnmt3a2 and weakly reacts with Dnmt3b1 and Dnmt3b2
but not the other Dnmt3b isoforms (10). The polyclonal
Dnmt3b antibody, which was raised against the N-terminal
region of Dnmt3b (Fig. 2A), is Dnmt3b specific and recognizes
all known Dnmt3b isoforms (10). For each construct, we chose
two independent clones for methylation analysis. The relative
levels of Dnmt3a/3b proteins expressed in these clones, com-
pared to the levels of the corresponding endogenous
Dnmt3a/3b isoforms in wild-type ES cells (J1, 100%), were
roughly estimated based on the intensity of the bands: Dnmt3a
(clone 1, 500%; clone 2, 200%), Dnmt3a2 (clone 1, 150%;
clone 2, 200%), Dnmt3b1l (clone 1, 150%; clone 2, 80%),
Dnmt3b3 (clone 1, 400%; clone 2, 500% [compared to endog-
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FIG. 2. Stable expression of Dnmt3a and Dnmt3b isoforms in late-
passage 7aabb cells. (A) Schematic diagram of Dnmt3a and Dnmt3b
isoforms. The conserved PWWP and PHD domains, the methyltrans-
ferase motifs (I, IV, VI, IX, and X), and the sites of alternative splicing
are indicated (the C-terminal 45 amino acids of Dnmt3b5 are out of
frame and shown as an open bar). The locations of the epitopes for the
Dnmt3a and Dnmt3b antibodies are also shown. (B) cDNAs encoding
Dnmt3a/3b isoforms were subcloned in an expression vector (schemat-
ically shown at the top), and these constructs were individually elec-
troporated into late-passage (P70) 7aabb cells, which were subse-
quently selected in blasticidin-containing medium for 7 days.
Blasticidin-resistant clones were analyzed with immunoblotting with
anti-Dnmt3a (middle panel) or anti-Dnmt3b (bottom panel) antibod-
ies. As a loading control, the same membranes were immunoblotted
with anti-tubulin antibody.

7aabb

enous Dnmt3b6]), and Dnmt3b1:PC (clone 1, 80%; clone 2,
50% [compared to endogenous Dnmt3b1]) (Fig. 2B). We also
confirmed by immunoblotting analysis that there was no cross-
contamination between the control ES cell lines (J1, 6aa, 8bb,
and 7aabb) during the course of long-term passage (Fig. 2B,
middle and bottom panels, lanes 1 to 4).

We first examined whether repetitive elements could be
remethylated by the expressed Dnmt3a/3b proteins in 7aabb
cells. As shown in Fig. 3A to D, expression of Dnmt3a,
Dnmt3a2, or Dnmt3b1 substantially restored the methylation
levels of the endogenous C-type retroviral DNA, the IAP re-
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peats, and the major and minor satellite repeats, whereas ex-
pression of Dnmt3b3 or Dnmt3b1:PC had no effect. Although
the two Dnmt3a isoforms showed similar efficiency in methy-
lating these repetitive sequences, Dnmt3a/3a2 and Dnmt3bl
exhibited distinct sequence preferences. Compared to
Dnmt3a/3a2, Dnmt3bl was substantially more efficient in
methylating the minor satellite repeats and less efficient in
methylating the major satellite repeats and the endogenous
C-type retroviral DNA. These enzymes were equally efficient
in methylating the IAP repeats and restored the methylation
level to normal. To confirm these results, we analyzed genomic
DNA from late-passage 6aa and 8bb ES cells and showed that
the methylation patterns in these sequences were consistent
with those observed in the corresponding Dnmt3a/3b stable
clones. The results were further verified with bisulfite sequenc-
ing analysis (Fig. 3E). The unit sequence of the major satellite
repeats consists of 234 bp and contains eight CpG sites. We
examined the methylation status of six of these sites (the other
two sites were not in the amplified region). In wild-type J1
cells, 85% of the analyzed CpG sites were methylated. Only
18% of these sites remained methylated in 7aabb cells. Expres-
sion of Dnmt3a, Dnmt3a2, and Dnmt3b1 in 7aabb cells re-
stored the methylation levels to 93, 92, and 63%, respectively,
whereas expression of Dnmt3b3 had no effect (21%).

To determine whether expression of Dnmt3a/3b proteins in
7aabb cells also affects methylation of unique genes, a number
of specific genomic loci were examined. B-globin and the phos-
phoglycerate kinase 2 (Pgk-2) gene are highly methylated au-
tosomal genes that show tissue-specific expression patterns.
Pgk-1 and Xist, two other highly methylated genes, are located
on the X chromosome. The methylation-sensitive sites exam-
ined were located in the 5’ region (Pgk-1 and Xist), the coding
region (Pgk-2), or the 3’ region (B-globin) of the genes. All four
loci were highly methylated in the wild-type ES cells (J1) and
became substantially demethylated in late-passage 7aabb cells
(Fig. 3F to I). With expression of Dnmt3a, Dnmt3a2, or
Dnmt3b1, but not of Dnmt3b3 or Dnmt3b1:PC, in 7aabb cells,
the examined regions in B-globin, Pgk-1, and Pgk-2 genes were
completely or partially remethylated. These results were in
agreement with the fact that methylation of these loci was
maintained in 8bb and 6aa cells (Fig. 3F to H). Interestingly,
Dnmt3a or Dnmt3a2 was able to restore methylation of the
Xist promoter region to normal, but Dnmt3b1 was not (Fig.
3I). Consistently, inactivation of Dnmt3a alone in ES cells
(6aa) resulted in demethylation of the Xist promoter region,
whereas inactivation of Dnmt3b alone (8bb) had no effect (Fig.
3I), suggesting that Dnmt3a, but not Dnmt3b, can establish
and is required for maintaining methylation of this particular
region. Taken together, these data demonstrate that methyl-
ation of the highly demethylated genome of Dnmt3a™'~
Dnmt3b~'~ ES cells can be largely reestablished by Dnmt3a
and Dnmt3b and that these enzymes have both shared and
specific DNA targets.

Methylation of imprinted genes. We have previously shown
that methylation of some imprinted genes, such as H19 and the
Igf2 receptor gene (Igf2r), is maintained in early-passage
Dnmt3a~'~ Dnmt3b~'~ ES cells (30). To determine whether
methylation imprints can be stably maintained, the methylation
status of a number of imprinted genes was examined at their
differentially methylated regions (DMRs) by using genomic
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FIG. 3. Expression of Dnmt3a/3b proteins in 7aabb cells restores DNA methylation. (A to D) Methylation of repetitive sequences. Genomic
DNA from the indicated ES cell lines was digested with Hpall (A to C) or Maell (D) and hybridized to the indicated probes. DNA from J1 cells
digested with Mspl was used as a control for complete digestion. (E) Analysis of the methylation status of the major satellite repeating unit by
bisulfite sequencing. Genomic DNA from J1 and 7aabb cells, as well as from stable cell lines expressing Dnmt3a, Dnmt3a2, Dnmt3b1, and
Dnmt3b3, was analyzed. The methylation status of six CpG sites from 8 to 12 individual clones is shown schematically (black circles represent
methylated sites), and the percentages of methylated CpG sites are indicated in parenthesis. (F to I) Methylation of unique genes. The genomic
DNA samples described in panels A to D were digested with BamHI and Hhal (F and H), EcoRI and Hpall (G), or EcoRV and Hhal (I) and
hybridized to probes corresponding to the 3 region of B-globin (F), the 5' region of Pgk-1 (G), an exon of Pgk-2 (H), or the 5" region of Xist (I).
DNA from J1 cells digested with BamHI alone (F and H) or EcoRI alone (G) was used as controls.

DNA from late-passage 7aabb cells. As shown in Fig. 4, all
examined loci, including the 5’ upstream region of H79, region
2 of Igf2r, the DMR of Pegl, and DMR1 of Snrpn, became
completely demethylated in late-passage 7aabb cells but not in
wild-type (J1), 6aa, or 8bb cells. These observations suggested
that Dnmt3a and Dnmt3b not only are involved in de novo
methylation of imprinted genes in male and female germ cells
but may also play a role in maintaining the methylation im-
prints in the zygote.

We then examined whether expression of Dnmt3a/3b pro-

teins in 7aabb cells could restore methylation imprints. The 5’
upstream region of H19, which includes the DMR that regu-
lates expression of Igf2 and H19, is methylated when it is
inherited from the father but unmethylated when it is inherited
from the mother. Digestion with the methylation-sensitive en-
zyme Hhal resulted in a fully methylated paternal band and
several weaker undermethylated smaller bands from the ma-
ternal allele in wild-type (J1) ES cells. Demethylation of this
region in 7aabb cells resulted in several lower-molecular-
weight bands. We found that Dnmt3a2 almost fully remethyl-
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FIG. 4. Expression of Dnmt3a and Dnmt3b proteins in 7aabb cells
fails to restore maternal methylation imprints. The same DNA samples
described in Fig. 3 were digested with Sacl and Hhal (A), BamHI and
Hpall (B), Pvull and Hpall (C and D), or Xbal and Hhal (E) and
hybridized to probes corresponding to the 5" upstream region of H19
(A), the DMR?2 of Igf2 (B), region 2 of Igf2r (C), the DMR of Pegl (D),
or the DMR1 of Snrpn (E). As controls, DNA from J1 cells was
digested with the corresponding enzymes without Hhal or Hpall. The
fragments derived from the paternal (p) and maternal (m) alleles are
indicated.

ated this region, whereas Dnmt3a and Dnmt3b1 caused only
minimal remethylation, and Dnmt3b3 and Dnmt3bl:PC
showed no activity at all (Fig. 4A). Using similar strategies, we
examined several other imprinted genes. DMR2 of Igf2, an-
other paternally methylated region, was fully or partially rem-
ethylated by Dnmt3a, Dnmt3a2, or Dnmt3b1 but not remethy-
lated by Dnmt3b3 or Dnmt3b1:PC (Fig. 4B). The intensity of
the methylated and unmethylated bands suggested that one
allele (presumably the paternal allele) was remethylated and
the other allele remained unmethylated, although we could not
rule out the possibility that the methylated band resulted from
partial methylation of both alleles. In contrast to H/9 and Igf2,
none of the maternally methylated genes (Igf2r, Pegl, and
Snrpn) could be remethylated at their DMRs by overexpres-
sion of Dnmt3a/3b proteins (Fig. 4C to E). These observations
indicate that the maternal methylation imprints, once lost,
cannot be restored in ES cells by de novo methylation.
Dnmt3b6 has no enzymatic activity in vivo. Consistent with
previous results from in vitro DNA methyltransferase assays
(1, 31), our rescue experiments showed that Dnmt3b3 had no
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enzymatic activity. We predict that Dnmt3b4, Dnmt3b5, and
Dnmt3b6 are also enzymatically inactive because, like
Dnmt3b3, they all lack part of the conserved motif IX due to
alternative splicing of exons 21 and 22 (Fig. 2A). To determine
whether these isoforms have any activity in vivo, we deleted
exons 21 and 22 from the wild-type allele in Dnmt3b™/~ and
Dnmt3a~'~ Dnmt3b™'~ ES cells (30) by gene targeting. A
PGK-puromycin cassette was inserted in the opposite orienta-
tion of Dnmt3b transcription to avoid truncation of the
Dnmt3b transcripts (Fig. SA). Since the major Dnmt3b iso-
forms expressed in ES cells are Dnmt3b1 and Dnmt3b6 (10),
we expected that removal of exons 21 and 22 would eliminate
Dnmt3b1 but not Dnmt3b6. A number of clones with a dele-
tion of the wild-type allele were obtained from both
Dnmt3b*'~ and Dnmt3a~'~ Dnmt3b™'~ cells, and these clones
were referred to as Dnm3b1¥?~ and Dnmt3a”’~
Dnmt3b1%°'~ respectively (Fig. 5B). Immunoblotting analysis
confirmed that Dnmt3b1 protein was abolished and, concom-
itantly, the level of Dnmt3b6 protein increased in these cells
(Fig. 5C). We examined the methylation status of various re-
petitive sequences and unique genes in these cells. Unlike the
parental Dnmt3b™'~ cell line, Dnmt3b1%°'~ cells showed sig-
nificant demethylation of the minor satellite repeats and the
methylation pattern was identical to that in Dnmt3b~'~ cells
(Fig. SE). Similarly, all sequences examined showed substantial
loss of methylation in Dnmt3a~'~ Dnmt3b1%?'~ cells and ex-
hibited methylation patterns indistinguishable from those ob-
served in Dnmt3a~'~ Dnmt3b~'~ cells (Fig. 5D and E and data
not shown). In addition, Dnmt3a~'~ Dnmt3b15?"~ cells failed
to methylate newly integrated proviral DNA after infection
with a recombinant retrovirus, MoMuLV?*"P-1, whereas the
parental Dnmt3a '~ Dnmt3b™'~ cell line showed efficient de
novo methylation activity (data not shown). These data provide
genetic evidence that exons 21 and 22 are essential for Dnmt3b
activity. We conclude that all Dnmt3b isoforms that lack motif
IX have no methyltransferase activity in vivo.
Dnmt3a/3b-induced remethylation rescues the capacity of
Dnmt3a™'~ Dnmt3b~'~ ES cells to form teratomas in nude
mice. It has been reported that DnmtI-null ES cells die upon
induction of differentiation and cannot form teratomas (24,
46). It is not known, however, whether the differentiation de-
fects are caused by loss of methylation or lack of Dnmtl pro-
tein. Unlike Dnmtl-null cells, which lose methylation very
quickly, Dnmt3a~'~ Dnmt3b~'~ ES cells show gradual de-
methylation during the course of continuous passage, which
makes it possible to address the relationship between genomic
methylation and cellular differentiation. We injected early-pas-
sage (passage 10 [P10]) and late-passage (P70) 7aabb cells into
nude mice and tested their ability to induce teratomas. While
late-passage cells failed to form palpable teratomas (0 of 3)
within 4 weeks, early-passage cells retained the ability to in-
duce teratomas (2 of 3) despite their much smaller size com-
pared to those induced by wild-type J1 cells (3 of 3) (Fig. 6A
and B). These results indicated that the ability of ES cells to
form teratomas is dependent on the level of genomic methyl-
ation, but not the presence of Dnmt3a and Dnmt3b proteins.
We then asked whether expression of Dnmt3a/3b proteins in
late-passage 7aabb cells could rescue the capacity of these cells
to induce teratomas. Consistent with their methylation level,
stable lines expressing Dnmt3a (3 of 4), Dnmt3a2 (4 of 4), or
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FIG. 5. Dnmt3b6 has no enzymatic activity in vivo. (A) Strategy of targeted deletion of Dnmt3b exons 21 and 22. The top line shows the Dnmt3b
genomic structure with exons represented by vertical bars. The targeting vector (second line) was constructed by replacing exons 21 and 22 with
a PGK-puromycin cassette. A PGK-DTA cassette was introduced for negative selection to increase the targeting frequency. (B) Southern analysis
of the genotype of ES cell lines. Genomic DNA was digested with EcoRV and hybridized to a 3’ external probe, as shown in (A). The 16-kb
wild-type allele, the 5-kb Dnmt3b1 targeted allele, and the 14-kb Dnmt3b null allele (30) are indicated. (C) Lysates from the indicated cell lines
were immunoblotted with anti-Dnmt3b (top), anti-Dnmt3a (middle), and anti-tubulin (bottom) antibodies. (D and E) Genomic DNA from the
indicated ES cell lines was digested with Hpall and hybridized to probes for endogenous C-type retrovirus repeats (D) and minor satellite repeats

(E).

Dnmt3b1 (4 of 4) were able to induce teratomas in nude mice,
whereas those expressing Dnmt3b3 (0 of 4) or Dnmt3b1:PC (0
of 4) were not (Fig. 6A). Although the teratomas induced by
these stable lines did not reach the size of those induced by J1
cells (presumably because expression of any one isoform could
not fully restore the methylation level), histological analysis

revealed that all of these teratomas contained multiple differ-
entiated cell types (epithelial tissue, cartilage, muscle, etc.)
with no obvious differences (Fig. 6B).

Overexpression of Dnmt1 fails to restore global DNA meth-
ylation in the absence of Dnmt3a and Dnmt3b. It has been
recently reported that overexpression of Dnmtl in ES cells
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FIG. 6. Active Dnmt3a/3b isoforms rescue the capacity of late-passage 7aabb cells to form terotomas in nude mice. (A) The indicated ES cell
lines were injected into nude mice subcutaneously on both sides (three to four mice for each cell line, 5 X 10° cells per site), and the mice were
examined for teratomas after 4 weeks. A typical representation of the size of the teratomas derived from each cell line is shown. (B) Histological
sections of teratomas derived from J1, early-passage (P10) 7aabb, and Dnmt3a, Dnmt3a2, and Dnmt3b1 stable clones showing the presence of
multiple types of differentiated cells.
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(top), anti-Dnmt3a (middle), and anti-tubulin (bottom) antibodies. (B and C) Genomic DNA from the indicated ES cell lines was analyzed for
methylation of repetitive sequences (B) and unique genes (C) with the indicated probes.

results in genomic hypermethylation (6). To determine
whether Dnmt1 could induce de novo methylation in the ab-
sence of Dnmt3a and Dnmt3b, we overexpressed Dnmtl in
late-passage 7aabb cells and, as a control, in DnmtI-null (c/c)
ES cells (Fig. 7A). As shown in Fig. 7B and C, introduction of
Dnmtl back into DnmtI-null cells significantly restored meth-
ylation of all repetitive sequences and single-copy genes exam-
ined except for the maternally imprinted gene Igf2r, a finding
consistent with previous observations (6, 46). However, over-
expression of Dnmtl in 7aabb cells had little effect on global
methylation compared to the parental cell line, although meth-
ylation of a few CpG sites may have occurred in the 5’ region
of HI19. In contrast, overexpression of Dnmt3a in Dnmtl-null
cells resulted in slight (but significant) increases in methylation

of all sequences examined except for imprinted genes, suggest-
ing that Dnmt3a is able to induce de novo methylation in the
absence of Dnmtl, but it cannot maintain methylation at high
levels. Taken together, these data provide strong evidence that
Dnmtl alone is not capable of methylating genomic DNA de
novo, and both Dnmtl and Dnmt3 families of methyltrans-
ferases are required for the establishment and stable mainte-
nance of hypermethylation of the genome.

DISCUSSION

Maintenance methylation is a key process that ensures stable
inheritance of tissue-specific DNA methylation patterns from
cell to cell during mitosis. It was previously thought that



VoL. 23, 2003

o000 O O

| I 111 L1 )

T 111 | P |

0O000 O O
De novo

methylation | (1)
Dnmt3a/3b

DNA
???* , , Replication
L ]

TITT g

LY YY) e e @

4 FIIII;‘IQ gz;_tls ; (4) Maintenance
proof-reading ethylati
Dnmt3a/3b m D:"mon

[ 1 Jof ] coe

i 111 @ 11 ,
T 11

L-T:-11 ‘ ‘

FIG. 8. Model for the distinct roles of Dnmt1 and Dnmt3a/3b in de
novo and maintenance methylation. (Step 1) Dnmt3a and Dnmt3b
establish new DNA methylation patterns by de novo methylation of
symmetric CpG dinucleotides (lollipops). (Step 2) Upon DNA repli-
cation, the new synthesized DNA becomes hemimethylated at CpG
sites. (Step 3) Dnmtl, which is localized to the replication complex
(RQC), restores full methylation by methylating hemimethylated DNA.
However, some CpG sites are left untouched by Dnmt1 and remain
hemimethylated. (Step 4) Dnmt3a and Dnmt3b, which may also local-
ize to the RC, recognize unmethylated CpG sites and restore methyl-
ation via de novo methylation. In summary, Dnmtl is the major main-
tenance methyltransferase, and it has little or no de novo methylation
activity in vivo. Dnmt3a and Dnmt3b possess active de novo methyl-
transferase activity in vivo and are essential for the establishment and
maintenance of DNA methylation patterns.

Dnmtl is solely responsible for the maintenance of DNA
methylation patterns since Dnmt1 has strong preference for
hemimethylated CpG sites and is localized to DNA replication
foci, and inactivation of DnmtI by gene targeting in mice re-
sults in genome-wide loss of methylation (24, 27). However,
there is no evidence that Dnmt1 alone is sufficient to maintain
all methylation in the genome. In contrast, our initial studies of
ES cells lacking the Dnmt3 family methyltransferases suggest
that maintenance of methylation of some sequences such as
the DMR?2 region of Igf2 and the 5’ region of Xist requires
Dnmt3a and Dnmt3b (30). In the present study, we extended
our findings and showed that Dnmt3a and Dnmt3b are in-
volved in maintaining global DNA methylation patterns. We
demonstrated that inactivation of Dnmt3a and Dnmt3b in ES
cells resulted in progressive demethylation of all sequences
examined, including repetitive elements, imprinted genes, and
nonimprinted genes. These results indicate that Dnmtl alone
is not sufficient for stable inheritance of DNA methylation
patterns in ES cells.

We propose that Dnmtl1 is the major maintenance methyl-
transferase which, in association with the DNA replication
machinery, methylates hemimethylated CpG sites with high
efficiency but not absolute accuracy, while Dnmt3a and
Dnmt3b, via their de novo methylation activity, function as
“proofreaders” to fill the gaps of the hemimethylated CpG
sites missed by Dnmt1 (Fig. 8). Consistent with this model is
the observation that Dnmtl ~'~ and Dnmt3a™'~ Dnmt3b~'~ ES
cells exhibit very different kinetics of demethylation. Complete
inactivation of DnmtlI resulted in an almost 90% reduction of
total methyl CpG in the genome immediately after Dnmtl '~
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cell lines were established (at 10° cells or the first passage)
(24). In contrast, inactivation of Dnmt3a and Dnmt3b resulted
in gradual loss of methylation in most genomic sequences, and
it took more than 70 passages to reach a 90% reduction of
global methylation.

Recent studies have created controversies with regard to the
roles of DNMTI and DNMT3B genes in maintaining methyl-
ation patterns in human cancer cell lines. Rhee et al. showed
that targeted disruption of DNMTI or DNMT3B in HCT116
colorectal carcinoma cells caused only minor reduction in CpG
methylation, whereas disruption of both DNMTI and
DNMT3B resulted in severe loss of methylation (34, 35), sug-
gesting that the two enzymes have redundant functions in
maintaining CpG methylation. In contrast, Robert et al.
showed that selective depletion of DNMTI alone by using
antisense or siRNA in HCT116 and other human cancer cell
lines resulted in global and gene-specific demethylation (36), a
finding consistent with the current view that DNMT1 is the
major maintenance enzyme. In the present study, we demon-
strated that both Dnmtl and Dnmt3 families of methyltrans-
ferases are required for stable maintenance of global methyl-
ation patterns in mouse ES cells. Our observation that neither
overexpression of Dnmt1 in Dnmt3a~'~ Dnmt3b~'~ cells nor
overexpression of Dnmt3a in Dnmtl /'~ cells could restore
methylation to normal levels suggests that these two types of
enzymes have distinct and nonredundant functions and that
they act cooperatively to maintain hypermethylation of the
genome. It also confirms that Dnmt1 has little or no de novo
methylation activity in vivo.

How DNA methylation patterns are generated during de-
velopment remains a mystery. Since the Dnmtl and Dnmt3
families of methyltransferases do not appear to have any se-
quence specificity beyond CpG dinucleotides (14, 31, 49), sev-
eral chromatin-based mechanisms have been proposed to ex-
plain how DNA methyltransferases may find their targets in
the genome (7). One explanation is that chromosomal regions
are not equally accessible to DNA methyltransferases. Consis-
tent with this notion, recent studies of two SNF2 family heli-
cases, ATRX and Lsh, have shown that proteins with chroma-
tin remodeling and DNA helicase activities can modulate
DNA methylation in mammalian cells (12, 16). Similarly, the
SNEF2-like protein DDM1 has been shown to be essential for
methylation of both CpG and CpNpG sites in the plant Ara-
bidopsis thaliana (21). Another explanation is that accessory
factors (proteins, RNA, etc.) recruit DNA methyltransferases
to specific genomic sequences or chromatin structures. A num-
ber of proteins, including PCNA, DMAP1, HDACI1, HDAC2,
and pRB, have been shown to interact with Dnmtl and may
recruit Dnmtl to highly methylated heterochromatin during
the late S phase (38). The PML-RAR fusion protein and
Dnmt3L have been shown to interact with Dnmt3a and may
recruit this enzyme to RAR response elements and imprinted
genes, respectively (13, 18). In the present study, we provide
the first evidence that DNA methylation patterns could also be
regulated by expressing different isoforms of Dnmt3a and
Dnmt3b. We showed that various Dnmt3a and Dnmt3b iso-
forms appear to have both common and preferred DNA tar-
gets during the process of reestablishing DNA methylation
patterns in highly demethylated Dnmt3a™'~ Dnmt3b~'~ mu-
tant ES cells. Dnmt3a, Dnmt3a2, and Dnmt3b1 exhibited sub-
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stantial activity toward all of the repetitive sequences exam-
ined, but they clearly had sequence preferences, with Dnmt3a/
3a2 and Dnmt3bl preferentially methylating the major and
minor satellite repeats, respectively. These enzymes also
showed notable differences in methylating certain unique
genes. Dnmt3a and Dnmt3a2 were able to methylate the 5’
region of Xist, but Dnmt3b1l was not. Similarly, Dnmt3a2 al-
most fully restored the methylation status of the 5’ region of
HI19,whereas Dnmt3a and Dnmt3b1 showed little effect. Given
that Dnmt3a and Dnmt3b isoforms show distinct cellular lo-
calization patterns (2, 10), their preferences for different
genomic sequences may reflect their differences in chromatin
accessibility. It is also conceivable that other factors may in-
teract with various Dnmt3a and Dnmt3b isoforms and target
them to different genomic regions. It should be noted that the
target specificity of different isoforms was determined by over-
expression of each isoform in ES cells, although the results are
largely consistent with those obtained from Dnmt3a™'~ or
Dnmt3b~'~ single-mutant cells. Genetic studies by inactivating
specific isoforms in mice will be necessary to confirm their
specificity in development.

During development, both the overall level of Dnmt3a/3b
proteins and the ratio between different isoforms show dy-
namic changes. In early embryos, Dnmt3a and Dnmt3b are
highly expressed, and the major isoforms are Dnmt3a2 and
Dnmt3bl, respectively. In most somatic tissues, Dnmt3a and
Dnmt3b are expressed at low levels, and the only detectable
isoforms are usually Dnmt3a and Dnmt3b3 (10). We speculate
that Dnmt3a2 and Dnmt3b]1 carry out de novo methylation in
early postimplantation embryos to establish the initial methyl-
ation pattern, and Dnmt3a, in cooperation with Dnmtl, is
involved in maintaining tissue-specific methylation patterns.
Although Dnmt3b3 has no enzymatic activity, it may function
as a regulator of DNA methylation in normal and tumor cells.
A recent study has shown that overexpression of Dnmt3b4,
another “inactive” isoform, may lead to hypomethylation of
pericentromeric satellite regions in human hepatocellular car-
cinoma (39).

Genetic studies have shown that Dnmt3a and Dnmt3b are
involved in the establishment of methylation imprints during
gametogenesis (18). Our finding that late-passage 7aabb cells
show complete loss of methylation of DMRs of imprinted
genes suggests that these enzymes may also play a role in the
maintenance of imprinted methylation patterns during embry-
ogenesis. Compared to repetitive sequences, imprinted genes
were more resistant to demethylation caused by inactivation of
Dnmt3a and Dnmt3b (data not shown). It is possible that main-
tenance methylation by Dnmtl is more accurate for single-
copy genes than for repetitive elements. While the paternally
imprinted H79 and Igf2 genes are susceptible to remethylation
by ectopically expressed Dnmt3 proteins in mutant ES cells,
maternally imprinted genes are completely resistant to rem-
ethylation. We speculate that some essential factors required
for the establishment of maternal imprints are present in fe-
male germ cells but not in ES cells.

An interesting observation is that early-passage Dnmt3a ™'~
Dnmt3b~'~ ES cells, which still contain significant levels of
DNA methylation, are capable of forming teratomas in nude
mice, whereas late-passage cells, which are more extensively
demethylated, completely lose this capacity. This clearly indi-
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cates that the presence of Dnmt3a and Dnmt3b methyltrans-
ferases (and, thus, de novo methylation activity) is not required
for ES cell differentiation and subsequent cellular prolifera-
tion. Rather, these processes are dependent on the level of
DNA methylation. In keeping with this notion, expression of
enzymatically active Dnmt3 proteins (Dnmt3a, Dnmt3a2, and
Dnmt3bl), but not the inactive forms (Dnmt3b3 and
Dnmt3b1:PC), rescued the capacity of late-passage mutant
cells to form teratomas. Our results are consistent with previ-
ous studies showing that DnmtI mutant ES cells undergo ap-
optosis upon differentiation (24, 46). Failure to differentiate
and proliferate may account, at least in part, for the early
embryonic lethality observed in Dnmtl- and Dnmt3a/3b-null
mutant embryos. A threshold level of DNA methylation may
be required for some essential developmental processes. Fur-
ther studies are necessary to determine how DNA methylation
regulates cell proliferation and differentiation.
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