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Cell type-specific DNA methylation patterns are established
during mammalian development and maintained in adult
somatic cells. Understanding how these patterns of 5-methylcy-
tosine are established and maintained requires the elucidation
of mechanisms for both DNA methylation and demethylation.
The enzymes involved in the de novo methylation of DNA and
the maintenance of the resulting methylation patterns have
been fairly well characterized. However, important remaining
challenges are to understand how DNA methylation systems
function in vivo and in the context of chromatin. In addition, the
enzymes and mechanisms for demethylation remain to be elu-
cidated. There is still no consensus as to how active enzymatic
demethylation is achieved in mammalian cells, but recent stud-
ies implicate base excision repair for genome-wide DNA de-
methylation in germ cells and early embryos.

5-Methylcytosine (5mC)? in the DNA of mammalian so-
matic cells is found almost entirely within CpG dinucleotides
(1). Approximately 70— 80% of cytosine in CpG dyads is meth-
ylated on both strands in human somatic cells. In general, CpG
methylation is highly prevalent in repetitive sequences and in
gene bodies but rare at CpG islands within housekeeping pro-
moters. Recent data have established that, opposite of expecta-
tion based on early models (2, 3), the methylation of gene bodies
is positively correlated with transcription (4—6). On the other
hand, the methylation of promoters and enhancers is consistent
with expectation. For these elements, almost all experimental
data support the concept that DNA methylation functions to
stabilize or lock in the silent state (7). DNA methylation is also
involved in several other fundamental processes, such as
genomic imprinting, X chromosome inactivation, and suppres-
sion of retrotransposon elements (1), and is essential for normal
development (8, 9). Consistent with its functional importance,
the patterns of DNA methylation are non-random, well regu-
lated, and tissue-specific (10, 11).

Experimental evidence has confirmed, for the most part, the
maintenance methylase model (2, 3) outlined in Fig. 1. How-
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ever, it is now recognized that maintenance methylation is not
perfect, and preservation of methylation patterns requires de
novo methylation (Ref. 12; see Ref. 13 for a recent review).
Although methylation patterns are largely maintained through
somatic cell divisions, changes in methylation patterns occur
during mammalian development and cell differentiation. In
mice, dramatic reprogramming with waves of demethylation
and then remethylation occurs in germ cells and early embryos
(14). After fertilization, most of the paternal genome is rapidly
demethylated before DNA replication begins, indicative of
active enzymatic demethylation (15, 16). On the other hand, the
maternal genome undergoes apparently passive, replication-
dependent demethylation during subsequent cleavage divi-
sions (15). After implantation, a wave of global de novo meth-
ylation re-establishes the DNA methylation patterns that will
be maintained, in large part, in somatic tissues. Genome-wide
demethylation also occurs in primordial germ cells (PGCs)
around embryonic days (E) 11.5-12.5 (14, 17), and then de novo
methylation establishes a gamete-specific methylation pattern,
different for egg and sperm. In addition to these global changes,
gene-specific de novo methylation and demethylation occur
during lineage-specific differentiation, such as during differen-
tiation of hematopoietic progenitors (18).

It is clear that understanding how methylation patterns are
regulated requires elucidating the mechanisms for de novo
DNA methylation and demethylation, as well as mainte-
nance methylation. A recent article by Jones and Liang (13) is
recommended for a review of maintenance methylation.
Here, we will focus on de novo methylation in the context of
chromatin and on the mechanisms potentially involved in
active demethylation.

DNA Methylation Machinery

The mammalian DNA (cytosine-5) methyltransferases
(DNMTs) that catalyze the transfer of a methyl group from
S-adenosyl-L-methionine to cytosine (19) are shown in Fig. 2.
Among the three enzymatically active DNMTs, DNMT1 is
thought to function as the major maintenance methyltrans-
ferase (Fig. 1). This enzyme has a preference for hemimethyl-
ated CpQG sites, such as those generated by DNA replication
(20), and is responsible for copying pre-existing methylation
patterns to the newly synthesized strand (21), probably with the
help of UHRF1, which also recognizes hemimethylated sites
(22, 23). DNMT3A and DNMT3B are de novo methyltrans-
ferases active on unmethylated DNA (Fig. 1). Both of them have
no preference for hemimethylated CpG substrates in vitro (24,
25) and are responsible for establishing methylation patterns
during early development (9). De novo methylation by
DNMT3A/3B also contributes to the maintenance of DNA
methylation patterns (26, 27), possibly by methylating CpG
sites missed by DNMT1 (12, 13).

Dnmt3a and Dnmt3b have distinct functions during devel-
opment, as evidenced by the fact that knock-out mice lacking
either of them exhibit different defects and die at different
developmental stages (9). In germ cells, for example, Dnmt3a,
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FIGURE 1. Overview of mechanisms involved in DNA methylation and demethylation in mammals. A, DNMTs catalyze the covalent addition of a methyl
group to C-5 of cytosine. B, most of the cytosine methylation occurs within CpG dinucleotides, and a distinction can be made between two DNMT activities: de
novo and maintenance methylation. Methylation patterns are established during early development by de novo methyltransferases DNMT3A and DNMT3B and
maintained through somatic cell divisions by maintenance methyltransferase DNMT1, which acts preferentially on the hemimethylated CpG sites generated
by DNA replication. DNA demethylation can be achieved either passively, by the failure of maintenance methylation after DNA replication, or actively, by

replication-independent processes. The enzymes responsible for active demethylation have not been conclusively identified in mammals.

NLS RFT Zn-binding BAH BAH Catalytic domain
DNMT1 I [ [ [ [ T1 [ [T 11 [T ] (1616aa)
[ \YAY/| IX X
PWWP PHD Catalytic domain
DNMT3A I [ T T T TT TI 2aa)
I IV VI IXX
PWWP  PHD Catalytic domain
DNMT3B | [ I T T TT 10| (853aa)
I IV VI IXX
PHD
DNMT3L [ I (387 aa)

FIGURE 2. Schematic structure of human DNMTs and DNMT3-like protein. Conserved methyltransferase motifs in the catalytic domain are indicated in
Roman numerals. NLS, nuclear localization signal; RFT, replication foci-targeting domain; BAH, bromo-adjacent homology domain; PWWP, a domain containing
a conserved proline-tryptophan-tryptophan-proline motif; PHD, a cysteine-rich region containing an atypical plant homeodomain; aa, amino acids. DNMT3L

lacks the critical methyltransferase motifs and is catalytically inactive.

but not Dnmt3b, is essential for de novo methylation of most
imprinted loci (28-30). Establishing methylation at most
imprinted loci also requires Dnmt3L (28, 31, 32), a protein that
was identified on the basis of sequence similarity to the plant
homeodomain (PHD) and catalytic domains of Dnmt3a/3b
(Fig. 2) (33). Although DNMT3L lacks critical methyltrans-
ferase motifs and is catalytically inactive, it can stimulate the
activity of DNMT3A/3B (34, 35). Structural analysis indicated
that the C-terminal domains of Dnmt3a and Dnmt3L form a
tetrameric complex (3L-3a-3a-3L) with two active sites (36),
which preferentially methylate two CpGs separated by 8 —10 bp
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in vitro (36, 37). CpG periodicities within the 8 —10-bp range
have been observed in maternally imprinted loci (36) and in
many other regions of the genome (38, 39), but such periodici-
ties do not fully explain why de novo methylation is targeted to
specific sequences (39). As will be discussed below, interaction
between Dnmt3L and histone H3 tails that are unmethylated at
Lys-4 could have a role in targeting methylation to imprinted
regions.

In addition to Dnmt3L, a number of other factors are in-
volved in de novo methylation at specific genomic regions. It
has been found that the Piwi-interacting small RNA pathway is
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essential for de novo methylation of retrotransposons in fetal
male germ cells, although the underlying mechanism is not
clear (40, 41). At the imprinted Gnas locus, transcription across
differentially methylated regions is required for the establish-
ment of their maternal methylation marks in oocytes (42).
Moreover, as reviewed below, specific histone modifications
and histone-modifying enzymes have an important role in
establishing DNA methylation patterns in mammals.

De Novo DNA Methylation in the Context of Chromatin

So far, the best studied histone mark linked to DNA methyl-
ation is the unmethylated histone H3 Lys-4 (H3K4me0).
Genome-wide analyses have revealed a strong inverse correla-
tion between H3K4 methylation and DNA methylation,
suggesting that H3K4 methylation may protect DNA from de
novo methylation (43, 44). Indeed, the PHD-like domain of
DNMT3L interacts with histone H3 tails unmethylated at
Lys-4, and this interaction is abolished by methylation at H3K4
(45, 46). DNMT3L also interacts with DNMT3A (34, 35), and
both are required for establishing methylation at most
imprinted loci in germ cells (30); therefore, it has been pro-
posed that DNMT3L triggers de novo DNA methylation by
recruiting DNMT3A2, a germ cell-specific isoform of
DNMTS3A, to nucleosomes that contain unmethylated H3K4
(36, 45). In support of this hypothesis, knock-out of mouse
KDM1B, a histone H3K4 demethylase, results in a significant
increase in H3K4 methylation and failure to establish DNA
methylation at a subset of imprinted genes in oocytes (47).
These findings suggest that demethylation of H3K4 is critical
for de novo DNA methylation of some imprinted regions in
germ cells.

Interestingly, recent biochemical and structural studies
revealed that, even without any accessory proteins, the PHD
domain (also known as ADD domain) of DNMT3A can directly
interact with H3 tails unmethylated at Lys-4 in vitro (46, 48). In
addition, the PWWP domain of DNMT3A was found to specif-
ically interact with H3 tails containing the trimethylated Lys-36
(H3K36me3) in vitro (49). Both interactions increase the activ-
ity of DNMT3A2 on chromatin-bound DNA as measured by in
vitro assays (48, 49). Thus, it is likely that DNMT3A recognizes
specific histone modifications and preferentially methylates
associated DNA. Recent genome-wide studies are consistent
with this notion; H3K36me3 is located mainly in the bodies of
active genes (50, 51), and the distribution of this modification is
positively correlated with DNA methylation (50, 52). In addi-
tion to H3K4me0 and H3K36me3, histone H4 tails containing
symmetrically dimethylated Arg-3 (H4R3me2s) have been
reported to interact with the PHD domain of DNMT3A, and
this interaction is required for DNA methylation at the human
v-globin promoter (53). However, the DNMT3A-H4R3me2s
interaction could not be detected in two recent studies (46, 48);
hence, further research is needed to clarify this discrepancy.
Although the in vivo roles of these direct interactions between
DNMTS3A and histone tails remain to be determined, they raise
the interesting possibility that DNMT3 methyltransferases
themselves can “read” specific histone codes. These histone
modifications, many of which may change rapidly, might thus
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be translated into more long-term stable DNA methylation
patterns.

In Neurospora crassa, histone H3 Lys-9 trimethylation
(H3K9me3) is required for DNA methylation (54). H3K9me3 is
recognized by HP1 (heterochromatin protein 1), which directs
DNA methylation by recruiting the DIM-2 DNA methyltrans-
ferase. In mammals, histone H3K9 methyltransferases, such as
G9a and Suv39h, have been implicated in the regulation of
DNA methylation, but the mechanism of this process appears
to be somewhat different from that in N. crassa. Mouse embry-
onic stem (ES) cells lacking G9a show a significant reduction of
DNA methylation at G9a target promoters, retrotransposons,
and major satellite repeats (55, 56). Knock-out of G9a also
impairs de novo DNA methylation of a set of embryonic genes
during ES cell differentiation (57). Surprisingly, however, DNA
methylation appears normal in G9a /~ cells expressing a G9a
mutant that is defective in the methylation of H3K9, suggesting
that H3K9 methylation per se is not required for DNA methyl-
ation (55—57). G9a interacts with Dnmt3a and Dnmt3b, and it
has therefore been proposed that G9a mediates de novo
methylation by directly recruiting Dnmt3 methyltransferases
to the promoters (57). In addition, double knock-out of hetero-
chromatin-associated H3K9 methyltransferases Suv39h1 and
Suv39h2 results in loss of methylation at pericentric major sat-
ellite repeats in mouse ES cells (58). How Suv39h1 and Suv39h2
contribute to DNA methylation is not clear, although correla-
tive evidence suggests that the in vivo targeting of Dnmt3b to
pericentric regions may depend on Suv39h-mediated H3K9
trimethylation (58). Given that SUV39HI1 interacts with
DNMTs (59), it is possible that, similar to G9a, DNA methyla-
tion can be mediated by SUV39H1 itself. The same may also be
true for histone H3 Lys-27 (H3K27) methyltransferase EZH2,
which interacts with DNMTs and facilitates their binding to
EZH2 target promoters (60). It thus seems likely that recruit-
ment of DNMTs by histone methyltransferases may represent
one mechanism for targeting DNA methylation to specific
genomic regions.

In somatic cells, a strong interaction of nucleosomes with
DNMT3A/3B has been observed, but this interaction did not
involve binding of DNMT3A/3B to histone H3 and did not
require the presence of several known DNMT3A/3B-interact-
ing chromatin proteins, such as EZH2 and HPla (61). It
remains to be determined how this interaction occurs, although
it was shown to require an intact nucleosomal structure (61).
Interestingly, DNMT3A/3B preferentially bound to nucleo-
somes associated with highly methylated genomic regions,
including the methylated CpG islands and repetitive DNA ele-
ments (61). This suggests that de novo methylation in somatic
cells is restricted mainly to methylated genomic regions, which
is consistent with the proposed role of DNMT3A/3B in restor-
ing methylation at CpG sites missed by DNMT1 during repli-
cation (12, 13).

Mechanisms of Active DNA Demethylation

DNA demethylation can be achieved either passively, by sim-
ply not methylating the new DNA strand after replication, or
actively, by a replication-independent process (Fig. 1B). Passive
demethylation probably occurs during mammalian develop-
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FIGURE 3. Models for DNA demethylation mechanisms involving BER. In plants, the 5mC base can be directly removed by the DME/ROS1 family of 5mC DNA
glycosylases, resulting in an abasic site that is repaired by the BER process. In mammals, no efficient 5mC glycosylases have been conclusively identified, and
an alternative pathway initiated by deamination of 5mC has been proposed. Candidate deaminases include AID and APOBEC1, which convert 5mC to thymine.
The resulting thymine could be repaired by BER initiated by a T-G mismatch glycosylase such as MBD4 or TDG. Recently, it has been shown that mouse and
human TET family proteins can catalyze conversion of 5mC to 5hmC, a new modified base found in mammalian DNA. It is tempting to speculate that 5hmC
could be repaired by a BER process, although, so far, no 5hmC DNA glycosylases have been identified.

ment, e.g. in the maternal genome during pre-implantation
growth (15), and it has long been known that inhibition of
DNMTT1 results in hypomethylated DNA (62). In this minire-
view, we will focus on active enzymatic demethylation. Consid-
erable evidence supports the existence of genome-wide active
demethylation in zygotes (15, 16) and PGCs (14, 17) and locus-
specific active demethylation in somatic cells, such as neurons
(63) and T lymphocytes (64). However, the mechanism(s) of
active demethylation remain poorly understood. A number of
mechanisms for the enzymatic removal of the 5-methyl group
of 5mC, the 5mC base, or the 5mC nucleotide have been pro-
posed (three are shown in Fig. 3), but, so far, none of them have
been conclusively proven. Most early work is controversial and
has been reviewed by Ooi and Bestor (65). There is likely to be
more than one mechanism. For example, global demethylation
may involve mechanisms different from those involved in
locus-specific demethylation. Also, the recent discovery of a
new modified base, 5-hydroxymethylcytosine (5hmC), in mam-
malian DNA is likely to have important implications for the
mechanisms of active demethylation and open new avenues of
research. We will next review several possible mechanisms for
active demethylation, with emphasis on recent findings.
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Only in plants is there firm evidence for the direct removal of
the 5mC base, and this is accomplished by a 5mC-specific gly-
cosylase (reviewed in Ref. 66). In Arabidopsis, a family of four
5mC DNA glycosylases (ROS1, DME, DML2, and DML3) that
have a preference for 5mC in double-stranded DNA has been
identified, and there is strong biochemical and genetic evidence
that these enzymes are necessary for active demethylation of
specific genes (66). For example, ROS1 is a bifunctional glyco-
sylase with apurinic/apyrimidinic lyase activity, so it first
removes the base and then cleaves the abasic site, leaving a nick,
which is rapidly repaired (66). This process is like base excision
repair (BER), a process well established in mammals for mis-
match repair and removal of alkylated bases. Accumulating evi-
dence has suggested a role for BER in active demethylation in
mammals, but the enzymes and mechanisms involved in initi-
ating this process appear to be different from those in
Arabidopsis.

So far, no mammalian homolog of the DME/ROS] family of
glycosylases has been found, and only weak 5mC glycosylase
activity has been reported for thymine DNA glycosylase (TDG)
and methyl-CpG-binding domain protein 4 (MBD4) (67, 68).
For both of these glycosylases, activity toward 5mC is 30 —40
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times lower than their T-G mismatch glycosylase activity (67,
68); thus, it is doubtful that they are genuine 5mC DNA glyco-
sylases (69). Consistent with this notion, Mbd4 is not required
for global demethylation of the paternal genome in zygotes (70),
and Mbd4 knock-out mice are viable and fertile (71). However,
its role as a 5mC DNA glycosylase in locus-specific demethyla-
tion cannot be completely ruled out. As shown in a recent study
(72), hormone-induced phosphorylation of MBD4 significantly
stimulates its glycosylase activity toward 5mC, leading to active
demethylation of the CYP27B1 gene promoter.

Other proposed mechanisms for active DNA demethylation
also involve BER, but only after modification of the 5mC base. A
leading candidate mechanism is deamination of 5mC to thy-
mine, followed by BER of the resulting T-G mismatch (Fig. 3,
left). Activation-induced cytosine deaminase (AID) and apoli-
poprotein B mRNA editing enzyme, catalytic polypeptide 1
(APOBEC1) can deaminate 5mC, potentially resulting in T-G
mismatches, although these enzymes strongly prefer single-
stranded DNA (73). Both enzymes are expressed in mouse
oocytes, and Aid expression has also been detected in PGCs,
suggesting a possible role in global DNA demethylation (73).
These findings led to the hypothesis that demethylation in
mammals might be achieved by deamination followed by BER
initiated by T-G mismatch glycosylases, such as MBD4 and
TDG (73). In support of this hypothesis, studies in zebrafish
embryos indicated that overexpression of AID and MBD4
together, but not either alone, can lead to demethylation of
DNA (74). In addition, two recent studies have provided evi-
dence that AID is involved in active DNA demethylation in
mammals (75, 76). Using heterokaryons made by fusion of
mouse ES cells with human fibroblasts, Bhutani et al. (75) dem-
onstrated that AID is required for active demethylation of the
OCT4 and NANOG promoters during reprogramming of a
fibroblast genome by cell fusion. Another study analyzed
genome-wide DNA methylation in PGCs from wild-type and
Aid knock-out mice (76). In comparison with their wild-type
counterparts, Aid '~ PGCs at E13.5 show higher levels of
methylation throughout the genome (76). However, the meth-
ylation levels in Aid '~ PGCs are still low, so significant dem-
ethylation still occurs even in the absence of AID (76). Impor-
tantly, there are no obvious developmental defects in Aid ™/~
mice, and they are fertile (77). Hence, other factors must also be
involved in global demethylation in PGCs, and further studies
are needed to determine whether AID plays a major role in this
process.

In addition to BER, another major DNA repair pathway,
nucleotide excision repair (NER), has been implicated in active
demethylation. Using an expression cloning approach, Barreto
et al. (78) identified Gadd45a as a protein factor capable of
promoting global active demethylation in cultured mammalian
cells. The Gadd45a-mediated demethylation was proposed to
involve NER based on the observation that it was accompanied
by DNA synthesis and required the presence of the NER endo-
nuclease XPG, which directly bound to Gadd45a (78). How-
ever, this finding could not be confirmed by another study (79),
and no increase in either global or locus-specific methylation
was observed in Gadd45a~'~ mice (80). Nevertheless, a role for
Gadd45 family proteins in locus-specific DNA demethylation
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has received some support (63, 81). It has been reported that
active demethylation at the rRNA gene promoter is mediated
by Gadd45a and the NER machinery (81). Another member of
the Gadd45 family, Gadd45b, was also found to be required for
demethylation of specific gene promoters in mature hippocam-
pal neurons in response to neuronal activity (63). The
Gadd45b-dependent DNA demethylation appeared to be
highly locus-specific, as significant demethylation occurred at
specific regulatory regions of Bdnfand FgfI, two genes critical
for adult neurogenesis, but no global demethylation was
observed (63).

Recently, the discoveries of 5hmC in mammalian cells and of
enzymes responsible for converting 5mC to 5hmC have sug-
gested new possibilities for demethylation. 5mC has long been
thought to be the only naturally occurring modified base in
mammalian DNA, but recently, substantial amounts of 5hmC
have been detected in mouse Purkinje neurons (82) and in ES
cells (83). By searching for mammalian homologs of the
trypanosome thymidine hydroxylases, Tahiliani ez al. (83) iden-
tified three human TET family proteins, TET1, TET2 and
TET3, and further demonstrated that TET1 can catalyze con-
version of 5mC to 5hmC in vitro and in cultured cells. All three
mouse Tet proteins can catalyze a similar reaction, and Tetl
was found to play an important role in ES cell self-renewal and
specification of the inner cell mass (84). In mouse ES cells, Tetl
was shown to be required for keeping the Nanog promoter in a
hypomethylated state, suggesting a role for Tetl in regulating
DNA methylation (84). It remains unknown whether 5hmC can
be an intermediate in active demethylation, but one postulated
mechanism (Fig. 3, right) involves BER initiated by a 5hmC-
specific DNA glycosylase (83). It is noteworthy that glycosylase
activity toward 5hmC has been reported in calf thymus extracts
(85).

BER Activity in Mammalian Germ Cells and Zygotes

The possible mechanisms of active demethylation, as re-
viewed above, were proposed based mainly on studies using in
vitro assays and cultured cells. It is only recently that attempts
have been made to directly investigate the molecular basis of
global active demethylation in zygotes and PGCs.

Two recent studies have provided several lines of evidence to
support a role of BER in active demethylation of the paternal
genome in mouse zygotes (86, 87). First, high levels of BER
components PARP1, APE1, and XRCC1 were seen in zygotic
pronuclei. In contrast, NER components ERCC1 and chroma-
tin-bound XPA were almost undetectable throughout zygotic
development (86). Second, XRCC1, a single-strand break (SSB)
sensor protein, bound only to chromatin in the paternal pronu-
cleus, but not in the maternal pronucleus, and the presence of
chromatin-bound XRCC1 coincided with the timing of active
DNA demethylation (86). Another SSB sensor protein, PARP1,
was also detected predominantly in the paternal pronucleus
(86, 87). Third, a modified nick translation assay detected SSBs
only in the paternal DNA at early pronuclear stage 3, in which
active demethylation occurs (87). Finally, inhibition of BER
resulted in a significantly higher level of DNA methylation in
the paternal genome, indicating a critical role of BER in active
demethylation in zygotes (86). Global demethylation in PGCs
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may also be mechanistically linked to the BER pathway, as it has
been shown that expression of BER factors, such as Parpl,
Apel, and Xrccl, is up-regulated in PGCs at E11.5, coincident
with the time when genome-wide DNA demethylation occurs
(86).

These recent studies suggest a link between BER and active
demethylation in PGCs and zygotes. If so, how is BER triggered
during this process? BER triggered by AID-mediated deamina-
tion of 5mC is not likely to play a major role in demethylation
during gametogenesis and early development because Aid ™'~
mice are normal and fertile; hence, it is possible that BER is
initiated by other mechanisms. Recently, it was found that Tet1
is significantly expressed in E11.5 PGCs (86), and Tetl protein
is present in the nuclei of one-cell embryos (84). Therefore, it
will be of great interest to investigate whether 5hmC is present
in the paternal genome in zygotes and in PGCs at a time when
global demethylation occurs. As mentioned previously, 5hmC
has been proposed to be a direct target for BER, although, so far,
no 5hmC-specific glycosylases have been identified.

Further research is needed to firmly establish the role of BER
in genome-wide DNA demethylation. However, irrespective of
whether BER is involved, it is conceivable that global demethyl-
ation is a highly regulated process that involves many factors.
To identify molecular components required for paternal
genome demethylation in zygotes, Okada et al. (88) recently
developed a novel assay using GFP fused to a protein that has
high affinity for unmethylated CpG. This allowed them to mon-
itor paternal genome demethylation by live-cell imaging. Using
this assay together with siRNA knockdown, they screened a
dozen candidate genes and found that knockdown of Elp3, a
component of the elongator complex, impaired DNA demethyl-
ation in paternal pronuclei. Knockdown of two other elongator
subunits, Elp1 and Elp4, also impaired demethylation, suggest-
ing that the entire transcription elongator complex may be
required for the demethylation process. Although the molecu-
lar mechanism for elongator complex-mediated DNA de-
methylation has yet to be elucidated, Elp3 has a Fe-S radical
S-adenosylmethionine (SAM) domain, suggesting an oxidative
mechanism with 5hmC as an intermediate (89).

Future Directions

It has become increasingly clear that histone modifications
and chromatin-associated factors can have a profound effect on
the establishment and maintenance of DNA methylation. One
theme emerging from recent in vitro studies is that DNMT3A
methyltransferase can directly interact with specifically modi-
fied histone tails. It will be of interest to examine whether
such interactions could modulate the enzymatic activity of
DNMTS3A and/or whether they are involved in the recruitment
of DNMTS3A. A challenge for future research will be to under-
stand at a mechanistic level how de novo DNA methylation
occurs within a chromatin context in vivo. On the other hand,
research on active DNA demethylation is gaining momentum.
Although there is still no consensus on the mechanisms of
active demethylation in mammals, emerging evidence suggests
that it may involve BER. As definitive proof for BER involve-
ment requires genetic evidence, it will be critically important in
future studies to identify the involved BER factors and use
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knock-out mice to examine their roles in active demethylation.
In addition, it is likely that the newly discovered 5hmC base in
mammalian DNA will be the subject of intense study in the
coming years, and it will be of particular interest to determine
whether it plays a role in the DNA demethylation process.
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