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During early mammalian embryogenesis, the genome
undergoes global epigenetic reprogramming, losing most
of its methylation before re-establishing it de novo at im-
plantation. However, faithful maintenance of methylation
at imprinted genes during this process is vital for embry-
onic development, but the DNA methyltransferase respon-
sible for this maintenance has remained unknown. In
this issue of Genes & Development, Hirasawa and col-
leagues (pp. 1607-1616) show that Dnmtl, and not
Dnmt3a or Dnmt3b, maintains methylation at genomic
imprints during preimplantation development.

Gene regulation and DNA methylation

Genetic information alone cannot fully explain the so-
phisticated program of mammalian development, and
dynamic regulation of gene expression is necessary to
attain lineage-specific repertoires of active and silent
genes at each stage of development. Epigenetic marking
provides the main platform by which cells generate and
maintain diverse patterns of gene expression from iden-
tical genetic information. Epigenetic marks such as
DNA methylation and histone modifications influence
the binding affinity of trans-acting transcription activa-
tors/repressors and recruit chromatin remodeling en-
zymes, thus changing the structure and function of chro-
matin locally. These modifications play important roles
in biological processes such as X inactivation, genomic
imprinting, and transposon silencing. As epigenetic
modifications might be stably inherited through mitotic
division, without changes in DNA sequence, epigenetic
information can be seen as a mechanism for cellular
memory.

In mammals, DNA methylation consists in the sym-
metric methylation of cytosine at the 5’ position in CpG
dinucleotides and is generally associated with repressive
chromatin states (Bird 2002). Three main functional
mammalian DNA methyltransferases have been charac-
terized: Dnmtl, Dnmt3a, and Dnmt3b (Chen and Li 2004).
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Dnmtl is considered to be the major enzyme responsible
for maintenance of methylation during replication, given
its high affinity for hemimethylated DNA in vitro. It is
ubiquitously expressed in proliferating cells and found
associated with replication foci during S phase. The
Dnmt1 gene locus encodes two isoforms of the enzyme:
a somatic form, Dnmtls, and a oocyte-specific form,
Dnmtlo, which is 118 amino acids shorter at the amino
terminus. Although Dnmtlo is more stable than Dnmtls,
there is no functional difference between them (Ding and
Chaillet 2002). Dnmt3a and Dnmt3b are both required
for de novo methylation at repeat sequences, imprinted
genes, and developmental genes, and are highly ex-
pressed in cells where substantial de novo methylation
activity is observed; e.g., in developing germ cells and
early embryonic cells (Okano et al. 1999; Kaneda et al.
2004; Oda et al. 2006).

Epigenetic reprogramming of the genome

Genome-wide analyses of DNA methylation have re-
vealed that different tissues and cell types have distinct
profiles of DNA methylation, suggesting that methyla-
tion is important for cellular identity (Bernstein et al.
2007; Farthing et al. 2008). In mammalian development,
the global DNA methylation profile of the genome is
dynamically reprogrammed during gametogenesis and
early embryogenesis (Reik 2007). At both of these stages,
the genome first undergoes global demethylation, after
which de novo methylation occurs, thus re-establishing
global methylation levels, but in different genomic pat-
terns. Demethylation of the genome is generally corre-
lated with permissive chromatin states and the acquisi-
tion of pluripotency, and conversely, methylation is cor-
related with repressive states and loss of pluripotency
(Reik 2007).

After fertilization, the reprogramming of both mater-
nal and paternal genomes is initiated. However, different
mechanisms are involved, and while the maternal ge-
nome undergoes a stepwise, passive demethylation, the
paternal genome is rapidly demethylated before the first
cell division (Santos et al. 2002). Passive demethylation
during early embryogenesis is presumably due to the
lack of maintenance methylation activity, as Dnmtl ap-
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pears to be excluded from the nucleus during most of
preimplantation development (Howell et al. 2001).
Methylation levels in the preimplantation embryo are
typically at their lowest by the morula stage, and as the
blastocyst is being formed they start being regained, pref-
erentially in the inner cell mass (Dean et al. 2001; Santos
et al. 2002). Importantly, however, while a large part of
the genome undergoes demethylation, there are specific
sequences—including the transposon family of IAPs and
all imprinted genes studied so far—whose methylation is
maintained (Lane et al. 2003; Edwards and Ferguson-
Smith 2007).

Control of imprinted gene expression

Genomic imprinting plays important roles in develop-
ment, especially in fetal and postnatal growth, as well
as in the development and function of the placenta (Con-
stancia et al. 2004). Many imprinted genes in the genome
are clustered, and their cluster-wide allele-specific expres-
sion depends on cis-acting elements named imprinting
control regions (ICRs) (Edwards and Ferguson-Smith 2007).
ICRs acquire differential DNA methylation between pater-
nal and maternal alleles, and thus DNA methylation acts
as a primary mark for imprinting. During gametogenesis,
imprinted methylation at ICRs is erased by an unknown
but potentially active mechanism at around embryonic
day 11.5 (E11.5), after primordial germ cells have arrived
in the genital ridges (Hajkova et al. 2002, 2008; Lee et al.
2002), and subsequently methylation of ICRs is re-estab-
lished in a sex-specific fashion. Both Dnmt3a and Dnma3],
which is a member of Dnmt3 family but lacking cata-
lytic activity, are essential for the establishment of meth-
ylation at imprinted genes in the germ cells (Bourc’his et
al. 2001; Kaneda et al. 2004). In post-implantation em-
bryos and somatic cells, maintenance of methylation at
imprinted genes depends on Dnmt1 (Li et al. 1993).

During early embryogenesis, although global epige-
netic reprogramming occurs, imprinted methylation is
resistant to the demethylation process. It has been shown
previously that the oocyte-specific Dnmtlo maintains im-
prints during one cell cycle alone, as mouse embryos from
Dnmtlo-null females lost roughly half of their imprints
(Howell et al. 2001). In accordance with this observation,
Dnmtlo was found excluded from nuclei at most preim-
plantation stages, with the exception of the eight-cell
stage, when it translocated into the nucleus for one cell
cycle (Carlson et al. 1992; Howell et al. 2001; Ratnam et
al. 2002). No Dnmtls was detected at least until the
blastocyst stage, and therefore the question of which
methyltransferase maintained genomic imprints in pre-
implantation stages other than the eight-cell stage re-
mained open (Howell et al. 2001; Ratnam et al. 2002). In
this issue of Genes & Development, Hiroyuki Sasaki’s
group addresses and convincingly answers this question
(Hirasawa et al. 2008).

A job for de novo DNA methyltransferases?

Although Dnmt3a and Dnmt3b have been mainly impli-
cated in de novo DNA methylation during gametogen-
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esis and early embryogenesis, there is evidence that they
also help to maintain overall methylation levels, includ-
ing at imprinted genes (Okano et al. 1999; Chen et al.
2003; Jackson et al. 2004). In their study, Hirasawa et al.
(2008) first explored the possibility that Dnmt3a and
Dnmt3b were involved in the maintenance of methyla-
tion at genomic imprints during the epigenetic repro-
gramming that occurs in early embryogenesis. Previous
studies suggested that while mRNAs of Dnmt3a and
Dnmt3b were only detected at relatively low levels be-
fore the morula stage (Ko et al. 2005; Vassena et al. 2005),
immunostaining experiments seemed to indicate that
the respective proteins were present at most stages of
preimplantation development (Ko et al. 2005). Hirasawa
et al. (2008) have now clarified the expression of the de
novo methyltransferases in early embryogenesis (sum-
marized in Fig. 1). By using knockout embryos for Dnmt3a
and Dnmt3b, the investigators demonstrate the specificity
of the antibodies used, thus convincingly revealing the
expression pattern of the proteins. Dnmt3a expression is
relatively high in the growing oocyte and fertilized em-
bryo and then becomes progressively lower until virtu-
ally no protein is detected in the blastocyst, while con-
versely, Dnmt3b expression is very low in the oocyte and
one- to two-cell embryo and increases throughout sub-
sequent stages, being highly expressed in both lineages of
the early blastocyst. Notably, upon expansion and im-
plantation of the blastocyst, Dnmt3b becomes restricted
to the inner cell mass (Watanabe et al. 2002). In a series
of elegant experiments, Hirasawa et al. (2008) further
determine where and when the de novo methyltransfer-
ase genes are first transcribed by using tissue-specific
Cre recombinases that knock out the respective gene
conditionally in either the male or female gametes.
The investigators show that, in accordance with their
expression pattern, Dnmt3a in the embryo is mainly in-
herited from the oocyte, while Dnmt3b is a result of
embryonic transcription, which initiates at the two-cell
stage.

Dnmt3a and Dnmt3b are often found to have overlap-
ping functions and even exhibit synergism (Okano et al.
1999; Kato et al. 2007; Li et al. 2007). Thus, to test whether
the presence of these enzymes in the pre-implantation
embryo was needed for the maintenance of genomic im-
prints, Hirasawa et al. (2008) generated double knockout
embryos for both de novo methyltransferases by crossing
heterozygous males with homozygous females express-
ing the appropriate Cre recombinase. As Dnmt3a estab-
lishes maternal imprints de novo during oogenesis,
knockout of the gene in the oocyte leads to a failure to
establish these imprints (Kaneda et al. 2004), and there-
fore only paternally inherited methylation could be stud-
ied in the early double knockout embryo. The investiga-
tors found that parent-specific methylation of H19 and
DIk1/GIt2 was faithfully maintained in the absence of
both Dnmt3a and Dnmt3b, showing that the de novo
methyltransferases were dispensable for the mainte-
nance of paternal imprints during epigenetic reprogram-
ming of the embryo. Interestingly, another paternally
methylated locus, Rasgrf1, lost some of its methylation



Figure 1. Expression and action of DNA methyltransferases
during epigenetic reprogramming in the early mouse embryo.
Throughout pre-implantation development, most of the ge-
nome’s methylation (green line) is erased and later re-estab-
lished in a different pattern at the blastocyst stage by the action
of the de novo methyltransferases Dnmt3a and Dnmt3b. These
enzymes have opposing expression patterns, with the oocyte-
generated Dnmt3a becoming less expressed throughout cell di-
visions, and the zygote-generated Dnmt3b becoming more ex-
pressed. Activity of both enzymes is required for de novo meth-
ylation around implantation. Imprinted genes, which are vital
for the development of the embryo, are resistant to demethyl-
ation (blue line). Hirasawa et al. (2008) show that the mainte-
nance of methylation at imprints during preimplantation devel-
opment is the responsibility of Dnmtl. This action is mainly
carried out by the somatic form (Dnmtls), but the oocyte form
(Dnmtlo) is also necessary. However, conflicting results on the
localization of Dnmtlo at the 8-cell stage make it unclear at
which stage this form of the enzyme is required.

in the double knockout, suggesting that Dnmt3a and
Dnmt3b may play a role in maintaining imprints at this
particular locus. Hirasawa et al. (2008) suggest that the
unusual repeat structure of the RasgrfI DMR may be the
reason for the different requirement in methyltransfer-
ases.

Finding Dnmtls

The initial suggestion that Dnmtlo was localized inside
the nucleus for only one cell cycle during pre-implanta-
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tion development, and that Dnmtls was undetectable,
seemed to exclude the possibility that Dnmtl could be
involved in the maintenance of imprinted methylation
(Carlson et al. 1992; Howell et al. 2001; Ratnam et al.
2002). However, two recent studies have argued against
these earlier findings, suggesting that Dnmtls could be
the imprinting maintenance enzyme researchers had
been looking for (Cirio et al. 2008; Kurihara et al. 2008).
By using antibodies specific for the longer somatic form
of Dnmtl, both studies revealed that Dnmtls is present
in nuclei of preimplantation embryos, but that it is far
less abundant (~1/2000th) than the oocyte form, which is
mainly localized in the cytoplasm. However, while Cirio
et al. (2008) do not detect Dnmtls within pronuclei,
Kurihara et al. (2008) find the maternal pool of Dnmtls
associated with chromatin as early as the unfertilized
egg. The cell cycle-dependent localization of the enzyme
may explain these disparate results (Kurihara et al. 2008).
Hirasawa et al. (2008) now confirm that Dnmtls is in-
deed expressed at low levels during preimplantation de-
velopment and, as Kurihara et al. (2008), find no evidence
for the translocation of Dnmtlo to the nucleus at the
eight-cell stage. Notably, the difference in results from
previous studies (Carlson et al. 1992; Howell et al. 2001)
could not be attributed to a difference in the antibody
used. These conflicting and puzzling observations will
require further investigation. Using conditional knock-
out lines, Hirasawa et al. (2008) further show that
Dnmtls is mainly of zygotic origin, whereas, as ex-
pected, Dnmtlo originates from the oocyte. However, a
more detailed analysis by Cirio et al. (2008) has shown
that a maternal pool of Dnmtls remains in the embryo
until the two-cell stage, after which the embryonic pool
takes over.

Dnmtls takes care of imprints

The presence of Dnmtls in the nucleus of preimplanta-
tion embryos reopened the possibility that Dnmtl is in-
volved in maintaining the parent-specific methylation
state of imprinted genes. In fact, Kurihara et al. (2008)
had shown in their study that microinjection of anti-
Dnmtls antibodies or specific siRNAs into the one-cell
embryo partially reduced methylation at the imprinted
H19 locus. Hirasawa et al. (2008) show conclusively that
Dnmtl indeed maintains DNA methylation at genomic
imprints. The investigators found that knockout of
Dnmt1 (both lo and 1s forms) in embryos leads to a
complete loss of methylation at both paternally and ma-
ternally methylated DMRs. Notably, Rasgrf1 also lost all
of its methylation, suggesting that if Dnmt3a and
Dnmt3b have a role in methylation maintenance at this
locus, it is dependent on Dnmtl activity. Conditional
knockout of maternal Dnmt1 resulted in a partial loss of
imprinting, similar to that observed previously for em-
bryos from Dnmtlo-null females (Howell et al. 2001).
However, as Hisawara et al. (2008) did not specifically
knock out the somatic or oocyte forms of Dnmtl in their
experiments, and given the presence of maternal
Dnmtls until the two-cell stage (Cirio et al. 2008), it is

GENES & DEVELOPMENT 1569



Branco et al.

possible that the maternal Dnmtls may also play a role
in the maintenance of imprints. This question also be-
comes pertinent in light of the new evidence that
Dnmtlo does not seem to translocate to the nucleus at
the eight-cell stage (Hirasawa et al. 2008; Kurihara et al.
2008). Therefore, if Dnmtlo is necessary to maintain im-
prints for one cell cycle, then it is more likely to do so at
the one-cell stage, before transcription of embryonic
Dnmtls occurs. Although Dnmtlo appears to be ex-
cluded from the nucleus at this stage, it is possible that,
similar to Dnmtls, the nuclear pool of Dnmtlo is simply
less abundant than the cytoplasmic one. The question of
when Dnmtlo is active could be answered by thorough
stage-by-stage analyses of imprinted methylation of em-
bryos from Dnmtlo-null females. This would be ex-
pected to reveal a 50% loss of methylation at imprints
one cell division after the stage at which Dnmtlo is ac-
tive. Notably, Hisawara et al. (2008) did not always ob-
serve a 50% loss of methylation in the conditional ma-
ternal Dnmtl knockout, probably because the analyses
were performed at the blastocyst stage, and clonal selec-
tion could occur due to the fact that different blasto-
meres inherited distinct methylation patterns.

The new questions

Apart from the question of the timing of Dnmtlo action
in the preimplantation embryo, the study by Hirasawa
et al. (2008) opens up exciting new questions about the
role and regulation of Dnmtl during early embryogen-
esis. Namely, is Dnmtls also the enzyme responsible for
maintaining methylation at other sequences that are re-
sistant to reprogramming such as IAPs (Lane et al. 2003)?
Previous studies suggest that this is so and that Dnmtlo
may also be involved in the process (Gaudet et al. 2004;
Kurihara et al. 2008), but conclusive evidence such as the
one presented here by Hirasawa et al. (2008) on genomic
imprints would be desirable.

More importantly, and as Hirasawa et al. (2008) point
out, the main question now is how specificity is con-
ferred to Dnmtls’s activity such that methylation is
maintained at genomic imprints, but not at other se-
quences; namely, single-copy genes (Oswald et al. 2000)
and L1 repeats (Lane et al. 2003). We have only begun to
understand how Dnmtl is targeted to hemimethylated
DNA, but recent work has shown that the protein Np95
(or Uhrfl) is key to this process (Bostick et al. 2007;
Sharif et al. 2007). Np95 binds to hemimethylated DNA
and forms complexes with Dnmtl and PCNA, thus tar-
geting Dnmtl activity to replication forks (Bostick et al.
2007; Sharif et al. 2007). Furthermore, it has been sug-
gested that the fact that Np95 forms complexes with
multiple other chromatin modifiers may provide a sens-
ing mechanism for particular chromatin states, such that
maintenance of methylation would be selective for these
epigenetic environments (Sharif et al. 2007). Dnmt]1 it-
self also interacts with various histone modifiers and
chromatin remodelers, suggesting that its activity is
likely to be dependent on previously established chro-
matin modifications (Burgers et al. 2002; Robertson 2002;
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Esteve et al. 2006; Myant and Stancheva 2008). None-
theless, it remains to be seen what is epigenetically
unique to imprinted regions that distinguishes them
from other regions that become demethylated. Another
clue may come from the protein Stella, which has been
shown to protect the maternal genome, and in particular
imprinted genes and IAPs, from active demethylation at
the one-cell stage (Nakamura et al. 2007). Although the
unspecific binding of Stella to the genome suggests that
other proteins are necessary for its protective role, it
would be interesting to test whether Stella may also pro-
tect imprints from the passive demethylation that oc-
curs throughout the first cell divisions of embryogenesis.

Our basic knowledge of the mechanisms involved in
the methylation cycle of imprinted genes is now nearly
complete, at least at the level of the enzymatic activities
involved. Previous work had shown that imprints were
established de novo in the germline by the action of
Dnmt3a (Kaneda et al. 2004), and that after implantation
of the embryo they were maintained by Dnmt1 (Li et al.
1993). Hirasawa et al. (2008) have now filled in the gap
between fertilization and implantation, showing that
maintenance of imprinted methylation during this phase
of development is also carried out by Dnmtl. A key mys-
tery that remains to be solved is how methylation is
erased in primordial germ cells.
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