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DNA methylation is one of the most stable but dynam-
ically regulated epigenetic marks that act as determin-
ants of cell fates during embryonic development through
regulation of various forms of gene expression. DNA
methylation patterns must be faithfully propagated
throughout successive cell divisions in order to maintain
cell-specific function. We have recently demonstrated that
Uhrfl-dependent ubiquitylation of histone H3 at lysine
23 is critical for Dnmt1 recruitment to DNA replication
sites, which catalyzes the conversion of hemi-methylated
DNA to fully methylated DNA. In this review, we pro-
vide an overview of recent progress in understanding the
mechanism underlying maintenance DNA methylation.
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The methylation of CpG dinucleotide in vertebrates is
implicated in several key biological processes, includ-
ing developmental Programming of gene expression,
X chromosome inactivation, genomic imprinting, and
silencing of repetitive elements (/—5). These are mainly
regulated by formation of the repressive chromatin
structure (6). CpG dinucleotides tend to cluster
within CpG islands, which preferentially localize to
transcription start sites (TSSs) of the majority of
human genes (7, 8). In embryonic cells, most of CpG
dinucleotides are methylated (9—/7). In contrast, in
somatic cells, CpG sites in CpG islands usually
remain unmethylated independently of gene expres-
sion, although most CpG sites in non-CpG islands
including repetitive elements are methylated (72).
However, regions of methylated DNA have been cor-
related with tissue- or cell-specific expression of several
genes across the genome (/3—16). In addition, DNA
methylation has been shown to be dynamic, and cap-
able of temporary change at promoter CpG sites (/7,
18). Therefore, in individual differentiated cells, regu-
lated propagation of the DNA methylation pattern

during cell proliferation is pivotal to maintaining
tissue- or cell-specific functions.

Global DNA methylation patterns appear to be
established by at least three DNA methyltransferases
(Dnmts): Dnmtl, Dnmt3A, and Dnmt3B. Dnmt3A
and 3B in association with Dnmt3L which lacks a
methyltransferase domain, are thought to function as
de novo DNMTs. Both these enzymes are responsible
for establishing the pattern of DNA methylation
during early embryonic development (/9—27). They
are highly expressed in embryonic stem cells and mark-
edly downregulated during differentiation processes
(22). Dnmt!l was originally reported by Bestor et al.
(23) and is believed to be the primary enzyme respon-
sible for copying the methylation pattern after DNA
replication. Dnmtl has the replication foci targeting
sequence (RFTS), which could ensure its localization
to replication sites (24), and interacts with proliferating
cell nuclear antigen (PCNA) (25). Dnmt1 also shows a
preference for hemi-methylated DNA in which one
strand is methylated, although it has de novo DNA
methyltransferase activity (26). This set of features is
the reason why DNMT]1 is often referred to as the
‘maintenance methyltransferase’.

There is increasing evidence that Ubiquitin-like PHD
and RING finger 1 (Uhrfl, also known as ICBP90 and
Np95) also plays a fundamental role during mainten-
ance DNA methylation (27, 28) (Fig. 2A). The Uhrfl
protein binds to hemi-methylated DNA via its SET-
and RING-associated (SRA) domain (29—37). Recent
studies revealed that Uhrfl also recognizes H3K9 tri-
methylation (H3K9me3) and unmodified H3R2
through its tandem TUDOR and plant homeodomain
(PHD) (32, 33). Furthermore, Uhrfl possesses a RING
(Really Interesting New Gene) finger domain at its carb-
oxyl terminal region, through which Uhrf1 ubiquitylates
histone H3 at K23 or K18 (34, 35). Dnmtl preferen-
tially binds to these ubiquitylations. Thus, the ability of
Uhrfl to ubiquitylate histon H3 facilitates and ensures
Dnmtl recruitment and maintenance of DNA methyla-
tion pattern (34). In this review, we summarize recent
progress in the regulation of maintenance DNA methy-
lation and discuss its possible implication in cellular
differentiation.

An In Vitro Cell-Free System Using Xenopus
Egg Extracts is a Powerful Tool for
Biochemical Analysis of Epigenetic
Regulation During Cell Cycle Progression

In vitro cell-free systems using Xenopus egg extracts
are frequently applied to analyze stable genomic in-
heritance such as cell cycle progression (36, 37),
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DNA replication (38), and activation of checkpoints
(39), and have provided marked insights into the
molecular basis of these mechanisms. However, it has
not been clear whether these in vitro systems are useful
for the analysis of epigenetic inheritance. Recently, we
established a cell-free system using Xenopus interphase
egg extracts for analysis of maintenance DNA methy-
lation (40). When demembranated sperm chromatin
was incubated with egg extracts in the presence of
[*H]-labeled S-adenosyl methionine as a donor of
methyl group, a marked accumulation of radioactivity
in sperm DNA was observed, suggesting that
sperm DNA was actually methylated. Importantly,
when DNA replication was blocked by the addition
of DNA replication inhibitors, accumulation of radio-
activity in sperm DNA was almost completely abro-
gated, suggesting that this type of DNA methylation is
dependent on ongoing DNA replication. Under these
conditions, Uhrfl and Dnmtl bound to replicating
chromatin in a DNA replication-dependent manner
(Fig. 1). Immunodepletion of Uhrfl from egg extracts
using specific antibodies against Uhrfl resulted in a
marked suppression of DNA methylation, likely due
to impaired recruitment of Dnmtl to the chromatin.
Taken together, the results indicated that incorpor-
ation of radioactivity in sperm DNA corresponds to
bona fide maintenance DNA methylation and that this
maintenance is successfully reproduced in this cell-free
system. Our results also highlight the possibility that
cell-free system would be a powerful tool for the bio-
chemical analysis of epigenetic regulation including
DNA methylation and histone modification during
cell cycle progression as predicted by Banaszynski
et al. (41).

Role of Uhrf1 in the Coupling of DNA
Replication with DNA Methylation

Uhrfl was first identified as a nuclear phosphoprotein
(a phosphorylated protein localized in nucleus) whose
expression was regulated in a cell cycle-dependent
manner (42). It was also reported to colocalize with
PCNA during S phase (43) and its expression was
markedly high in various cancer cells (44), suggesting
its role in the regulation of cell proliferation and
tumorigenesis. Later, Uhrfl was found to be essential
for the maintenance DNA methylation through the
recruitment of Dnmtl to DNA replication sites
(27, 28) (Fig. 2A). Although Uhrfl contains multiple
functional domains (Fig. 2B), its unique ability is con-
ferred by its SRA domain. Uhrfl shows preferential
affinity for hemi-methylated DNA via the SRA
domain. With respect to Dnmtl recruitment, Uhrfl
was reported to bind to Dnmtl, but this interaction
is contestable because the Dnmtl-binding domain of
Uhrfl has not been incontrovertibly determined
(28, 45). In addition, from the structures of SRA-
hemi-methylated DNA and Dnmtl-hemi-methylated
DNA complexes (29—31, 46, 47), when Uhrfl binds
to hemi-methylated DNA, it appears unlikely that
Dnmtl catalyzes the conversion of hemi-methylated
DNA to fully methylated DNA because unmethylated
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target cytosine is preferentially recognized by the NRK
finger of the SRA domain. Therefore, it is highly pre-
dictable that once Uhrfl detects hemi-methylated
DNA, an unidentified ‘message’ would be transmitted
to Dnmtl, allowing the dissociation of Uhrfl from
hemi-methylated DNA. It should be noted that
recent studies have proposed a role for Dnmt3A and
3B in maintenance DNA methylation patterns in som-
atic cells, especially in terms of repeat regions and
imprinted genes (48, 49)

In addition to the SRA domain, tandem TUDOR
and PHD domains of Uhrfl also play an essential role
in maintenance DNA methylation (50, 57). These
domains function as a single functional unit and pro-
vide a defined readout of H3K9 methylation (52).
Uhrf1 binding to methylated-H3K9 during mitosis tar-
gets it to chromatin and maintains the stability of
Dnmtl, ensuring the maintenance DNA methylation.
Intriguingly, either hemi-methylated DNA or methy-
lated H3K9 binding of Uhrfl can target Dnmtl for
maintenance DNA methylation and the collaboration
of both forms of binding further ensures high fidelity
maintenance DNA methylation (57). Thus, although
the structural basis of collaboration of the SRA, and
tandem TUDOR and PHD domains remains elusive,
histone codes appear to play fundamental role in the
regulation of maintenance DNA methylation.

The RING Finger Domain of Uhrf1 is
Required for the Ubiquitylation of H3K23 in
a DNA Replication-Dependent Manner,
which is Prerequisite for the Recruitment of
Dnmt1 to DNA Sites

As described above, in order to identify the ‘message’
from hemi-methylated DNA-bound Uhrfl to Dnmtl,
we further analyzed maintenance DNA methylation
using a cell-free system. Intriguingly, Uhrfl ubiquity-
lated H3K23 and this ubiquitylation was dramatically
enhanced by Dnmtl depletion (34). Dnmtl is directly
capable of binding to ubiquitylated H3 through an
RFTS domain previously identified as a region
required for the colocalization of Dnmtl to DNA rep-
lication sites (24), suggesting its role in the recruitment
of Dnmtl to hemi-methylated DNA regions. Similar
Uhrfl-mediated ubiquitylation of H3 was also
observed in mammalian cells (34). Consistent with re-
sults from the in vitro cell-free system, the RING finger
domain of Uhrfl is indispensable for H3K23 ubiqui-
tylation and the recruitment of Dnmtl to DNA repli-
cation sites and for the maintenance of global DNA
methylation as well as that at retrotransposons in
mammals (34, 35). Very recent study has identified
an ubiquitin-interacting-motif (UIM) in RFTS of
Dnmtl (35). The ubiquitin binding ability of UIM is
required for Dnmtl recruitment to DNA replication
foci, consistent with idea that Dnmtl is tethered to
DNA methylation sites through regulatory ubiquityla-
tion of H3 by Uhrfl. In this study, Uhrfl was reported
to ubiquitylate H3 at K18 as well as K23. Taken
together, our results suggest an attractive model for
the regulation of maintenance DNA methylation as
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Fig. 1 DNA replication and Uhrfl-dependent chromatin loading of Dnmtl1 in Xenopus egg extracts. Schematic representation of Geminin and p27
functions in DNA replication. ORC: origin recognition complex, Pre-RC: pre-replication complex, MCM: minichromosome maintenance (upper
panel). Meiotic metaphase II (MII) arrested cytostatic factor (CSF) extracts were incubated with demembraned Xenopus sperm (XSP) nuclei to
assemble mitotic chromatin for 30 min. The extracts arrested in MII were released into interphase by addition of CaCl,, leading to degradation of
mitotic cyclins by the APC/C, exit from mitosis and initiation of DNA replication (middle panel). Loading of Dnmtl and Uhrf1 is dependent on
DNA replication. DMSO (Control), Geminin or GST-p27 were added to the activated CSF extracts for inhibition of DNA replication. Sperm
chromatin fractions at the indicated times and mitotic chromatin (-Ca>") were analyzed by immunoblotting (IB) H3 Ser10-P: phosphorylation of

H3 at Ser 10, a marker of mitosis (lower panels).

follows (Fig. 3). Fully methylated DNA cannot be
precisely replicated during S phase and generates
hemi-methylated DNA after DNA replication. Uhrfl
specifically binds to hemi-methylated DNA regions
generated after DNA replication and ubiquitylates
H3K23 or H3K18. Dnmt] then directly binds to ubi-
quitylated H3K23 or H3K 18, on recruitment to DNA
replication sites. The recruited Dnmtl catalyzes the
conversion of hemi-methylated DNA to fully methy-
lated DNA. This model suggests the existence of regu-
latory mechanisms of passive DNA demethylation by
blocking methylation of newly synthesized DNA
through acetylation or methylation at H3K23 or
H3KI18 thereby antagonizing ubiquitylation at the
same sites and thus suppressing maintenance DNA
methylation.

Possible Implications of Regulation of
Maintenance DNA Methylation in Cellular
Differentiation

One possible explanation for the acquisition of site-
specific hypomethylation patterns during cellular
differentiation would be that DNA demethylation
occurs preferentially at defined regions, while ignoring
the remaining portions of the genome. This site-specific
DNA demethylation could be mediated by DNA-
binding transcription factors and chromatin modifiers

that reduce local accesses of Dnmtl or Uhrfl during
DNA replication through antagonized modification of
H3K23 or H3K 18 against ubiquitylation. Intriguingly,
in plants, histone acetyltransferase IDM1/ROS4 tar-
gets H3K23 and H3KI18 to promote active DNA
demethylation (52, 53), suggesting that acetylated
H3K23 and H3K18 marks have a critical role in the
prevention of maintenance of DNA methylation at a
subset of genomic regions. It has been reported that
K23 is a major acetylated site of H3 in mammalian (54)
and Drosophila cells (55) whose acetylation was pre-
dominantly detected in actively transcribed regions
that are poor in the active marks acetyl-H3K9,
acetyl-H3K 16, and tri-methyl H3K4 in Drosophila
(55). Interestingly, acetylation of K23 is reported to
be catalyzed by p300/CBP and GCNS5, both of which
are sequence-specific transcription factor-associated
co-activators (56, 57), suggesting that extra-cellular
or intrinsic differentiation signals may lead to site-
specific DNA demethylation. In mammalian cells,
K23 is also a site subjected to propionylation (58). In
addition, it is tempting to surmise that acetylated
H3K23 or H3KI18 binding protein(s) might also
play a counteracting role together with Ubhrfl-
dependent H3 ubiquitylation in disrupting the mech-
anism of maintenance DNA methylation. Taken
together, elucidation of the regulatory mechanisms
underlying post-translational modifications at H3K23
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Fig. 2 Uhrf1 plays an essential role in the recruitment of Dnmt1 to hemi-methylated DNA regions during DNA replication. (A) Methylated cytosine
cannot be replicated by DNA replication machinery, generating hemi-methylated DNA. Uhrf1 could specifically bind to hemi-methylated DNA.
Uhrfl then recruits Dnmtl around the sites of hemi-methylated DNA although molecular mechanism underlying this recruitment remains to be
elusive. The recruited Dnmtl then catalyzes the conversion of himi-metylated DNA to full methylated DNA. (B) Uhrf1 contains various unique
domains. TUDOR and PHD domains function as a single unit for readout of H3K9 methylation. SRA domain is a hemi-methylated DNA
binding domain, flipping 5-methylcytosine out of the DNA helix. The carboxyl-terminal RING finger domain ubiquitylates H3K23 in a DNA
replication-dependent manner. The amino-terminal ubiquitin like domain (UBQ) presents a highest homology with ubiquitin molecule, but its
function remains elusive.

Fig. 3 A proposed model of the regulation of maintenance DNA methylation through Uhrfl-mediated H3K23 and/or H3K18 ubiquitylations. After
DNA replication, existing fully methylated DNA cannot be replicated by a canonical DNA replication system, generating hemi-methylated
DNA. Uhrfl specifically binds to hemi-methylated DNA and ubiquitylates H3K23 and/or H3K18. Ubiquitylations of H3K23 and/or H3K 18
specifically recruit Dnmtl at the sites of DNA replication. The recruited Dnmtl then catalyzes the conversion of hemi-methylated DNA to fully
methylated DNA.

or H3K 18, including ubiquitylation, acetylation, pro-
pionylation, and possibly methylation may provide key
clues to understanding the regulation of cellular
differentiation.

Another unsolved question is a physiological
importance of deubiquitin enzymes (DUBs) involved
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in the removal of ubiquitin from H3 in maintenance
DNA methylation. Candidates for such DUBs include
Usp7 (Ubiquitin specific processing protease 7) that
forms a complex with Dnmtl as well as Uhrfl and
stabilizes these proteins by suppressing polyubiquityla-
tion and following proteasomal degradation (59, 60).



One could expect that Usp7 also deubiquitylates H3 to
regulate Dnmtl binding to chromatin at DNA methy-
lation sites. Thus, it should be cue to identify DUBs
responsible for deubiquitylation of H3 for better
understanding the mechanisms underlying dynamics
of proper recruitment of Dnmtl to sites of mainten-
ance DNA methylation during DNA replication.
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