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DNA Methylation-Mediated Epigenetic Control
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ABSTRACT

During differentiation and development cells undergo dramatic morphological, and functional changes without any change in the DNA
sequence. The underlying changes of gene expression patterns are established and maintained by epigenetic processes. Early mechanistic
insights came from the observation that gene activity and repression states correlate with the DNA methylation level of their promoter region.
DNA methylation is a postreplicative modification that occurs exclusively at the C5 position of cytosine residues (5mC) and predominantly in
the context of CpG dinucleotides in vertebrate cells. Here, three major DNA methyltransferases (Dnmt1, 3a, and 3b) establish specific
DNA methylation patterns during differentiation and maintain them over many cell division cycles. CpG methylation is recognized by at
least three protein families that in turn recruit histone modifying and chromatin remodeling enzymes and thus translate DNA methylation
into repressive chromatin structures. By now a multitude of histone modifications have been linked in various ways with DNA methylation.
We will discuss some of the basic connections and the emerging complexity of these regulatory networks. J. Cell. Biochem. 108: 43-51,

2009. © 2009 Wiley-Liss, Inc.
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D uring embryonic development a single cell, the zygote, gives
rise to a multitude of drastically different cell types all

carrying essentially the same genetic information. Biochemical
processes determining transcriptionally active and silent states
make it possible for the same genome to execute the many alternate
expression programs that specify all the functional and structural
diversity among the cell types produced during the lifespan of
an organism. Canonical transcription factor networks respond
to developmental signals and environmental cues and crucially
contribute to initiate specific transcriptional programs. However,
due to the complexity of genomic functions in eukaryotes,
transcription factors are not sufficient for full establishment and
long-term stability of transcriptional states. A number of additional
factors and processes contribute to the setup of specific chromatin
structures that in turn determine the transcriptional activity. These
processes include DNA methylation, histone posttranslational
modification, incorporation of specific histone variants, and
chromatin remodeling. At least for DNA methylation and some
histone modifications, the respective marks and associated
chromatin states are inherited through successive cell generations
constituting a memory system for gene expression programs. In
special cases, specific epigenetic states are even inherited through
the germ line from one generation of an organism to the next. As
these processes affect chromatin structure leaving the underlying

genomic sequence unaltered they are deemed “epigenetic” and their
comprehensive makeup across the genome is generally referred to as
the epigenome [Bird, 2007]. Although epigenetic marks function to
stabilize transcriptional states, they and their associated chromatin
states can be altered under specific conditions. Thus, epigenetic
systems allow proliferating cells to preserve their identity while
retaining the necessary plasticity to adapt to environmental
conditions or respond to developmental signals and differentiate.

DNA methylation is the longest known and perhaps most
extensively characterized epigenetic mark. We will first outline the
basic features of DNA methylation and then present an overview of
its intricate crosstalk with other epigenetic pathways. These complex
systems show clear parallels, but also distinguishing properties in
plants and animals. Here we focus on knowledge gathered from
vertebrates.

DNA methylation is a postreplicative modification that occurs
exclusively at the C5 position of cytosine residues (5mC) and
predominantly in the context of CpG dinucleotides in vertebrates.
The covalent addition of a methyl group to cytosine is catalyzed by
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DNA (cytosine-C5) methyltransferases. Vertebrate DNA methyl-
transferases (Dnmts; Fig. 1) contain a highly conserved catalytic
domain which includes 10 sequence motives also found in
prokaryotic DNA (cytosine-C5) methyltransferases [Goll and Bestor,
2005]. Therefore, it is thought that all these enzymes use the same
catalytic mechanism involving substrate recognition, flipping of the
target cytosine out of the DNA double helix, formation of a covalent
complex with C6 position of the cytosine, transfer of the methyl
group from S-adenosylmethionine to the activated C5 position and
release of the enzyme by elimination. Apart for Dnmt2 all Dnmts
comprise in addition to a C-terminal catalytic domain (CTD) also a
regulatory N-terminal region (NTR) with several distinct domains.

Bioinformatic analysis suggests that Dnmt1 evolved by the fusion
of at least three ancestral genes, one contributing to the CTD and two
to the NTR [Margot et al., 2000]. Dnmt1 is ubiquitous and by far the
most abundant Dnmt in proliferating somatic cells, interacts with
the DNA replication clamp proliferating cell nuclear antigen (PCNA)
throughout S phase, displays substrate preference for hemimethy-
lated DNA and its genetic deletion results in drastic loss of DNA
methylation [Leonhardt et al., 1992; Li et al., 1992; Chuang et al.,
1997; Easwaran et al., 2004]. These properties constitute the basis for
amajor role of Dnmt1 in maintaining genomic methylation patterns
through successive DNA replication cycles. The interaction of
Dnmt1 with the DNA replication machinery points to a mechanism
coupling replication of genetic and epigenetic information.
Although this interaction likely contributes to the accurate
propagation of DNA methylation patterns, it was shown to be not
strictly required for maintaining global genomic methylation
[Schermelleh et al., 2007; Spada et al., 2007]. Recently, the SET-
and Ring-associated (SRA) domain protein Uhrf1 has emerged as an
essential cofactor for the maintenance of DNA methylation. It has
been shown that Uhrfl binds hemimethylated DNA, interacts and

N-terminal domain

colocalizes with Dnmt1 at replication foci and that its genetic
ablation leads to remarkably similar genomic hypomethylation and
developmental arrest to those observed in Dnmt1 null mice [Uemura
et al., 2000; Bostick et al., 2007; Papait et al., 2007; Sharif et al.,
2007]. In addition, crystallographic studies revealed that the SRA
domain flips the 5mC out of the DNA double helix, a mechanism first
identified with DNA methyltransferases [Arita et al., 2008;
Avvakumov et al., 2008; Hashimoto et al., 2008]. Thus, it has been
proposed that Uhrfl mediates the maintenance of genomic
methylation by recruiting Dnmtl to hemimethylated CpG sites
generated during DNA replication. Despite of two potential
mechanisms for faithful propagation of methylation patterns
(Dnmt1-PCNA and Dnmt1-Uhrf1 interactions) the overall accuracy
has been estimated only around 96% (1 error for every 25 5mCs),
which is consistent with the observed maintenance of overall
patterns and site by site variability even in clonal populations [Silva
et al., 1993; Laird et al., 2004].

Dnmt2 comprises only a catalytic domain, shows very weak
DNA methyltransferase activity and is involved in methylation of
cytoplasmic tRNA®P [Hermann et al., 2004; Goll et al., 2006].
However, Dnmt2 may be responsible for rare cytosine methylation
at sequence contexts other than CpG [Kunert et al., 2003; Mund
et al., 2004]. To date a clear phenotype after ablation or reduction of
Dnmt2 levels has been shown only in zebrafish [Okano et al., 1998;
Rai et al., 2007].

Dnmt3a and 3b are largely responsible for de novo establishment
of genomic methylation patterns during development [Okano et al.,
1999; Kaneda et al., 2004]. Dnmt3L lacks crucial catalytic motifs and
is enzymatically inactive. However, Dnmt3L interacts with Dnmt3a
and 3b, stimulates their catalytic activity and is essential for the
establishment of maternal imprints and methylation of retro-
transposable elements in the male germ line [Gowher et al., 2000;
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Fig. 1. Schematic representation of the mammalian DNA methyltransferase family. All Dnmts have a similar catalytic domain that features highly conserved motifs (I-X) also
found in prokaryotic DNA (cytosine-5) methyltransferases. The Dnmts differ, however, in their regulatory region. Dnmt1 contains the PCNA binding domain (PBD), the

pericentric heterochromatin targeting sequence (TS), a CXXC-type zinc finger motif (ZnF), and two bromo adjacent homology domains (BAH). The start codon of the long (ATG,)
and short (ATGs) isoforms, as well as the seven lysine-glycine repeat linker (KG5) are indicated. The regulatory domains of Dnmt3a and 3b comprise a PNWP domain named after

a conserved Pro-Trp-Trp-Pro motif and a plant homeodomain (PHD).
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Bourc’his et al., 2001; Hata et al., 2002; Margot et al., 2003;
Bourc’his and Bestor, 2004].

A categorical distinction between maintenance Dnmtl and de
novo Dnmt3 enzymes, however, does not precisely reflect their
respective functions. On one hand, Dnmt3 enzymes seem to be
required for proper maintenance of DNA methylation in both
somatic and embryonic stem cells (ESCs) [Liang et al., 2002; Chen
et al., 2003; Dodge et al., 2005]. On the other hand, some de novo
methylation was reported in ESCs lacking both Dnmt3a and 3b,
although it is not clear whether this is due to the activity of Dnmt1 or
Dnmt2 [Lorincz et al., 2002]. Also, direct interaction of Dnmt1 with
transcription factors and its recruitment to their target sequences
suggests an involvement of Dnmt1 in de novo methylation of these
sequences [Robertson et al., 2000; Di Croce et al., 2002; Esteve et al.,
2005]. Importantly, while the evidence for interaction and
cooperation of Dnmt1 with Dnmt3 enzymes is available, the precise
mechanisms, mode of targeting, and protein complex composition
are unknown [Fatemi et al., 2001; Kim et al., 2002; Datta et al.,
2003].

Approximately 60-70% of CpG sites are methylated in
mammalian genomes. This includes all types of sequences:
single copy genes and intergenic sequences as well as all kinds
of repetitive elements, the latter displaying higher methylation
density. Conspicuous exceptions are relatively short regions
characterized by high CpG density (CpG islands) and mainly
located at promoters and first exons of housekeeping genes.
Nearly ubiquitous genomic methylation has been proposed as a
mechanism to reduce spurious transcriptional activity (transcrip-
tional noise) [Bird, 2002]. Promoters and enhancers with relatively
low CpG density are often differentially methylated in different
tissues and there is now very substantial evidence for dynamic
changes of methylation patterns at these sites during -cell
differentiation, especially at promoters of lineage-specific and
pluripotency genes [Fouse et al., 2008; Meissner et al., 2008; Mohn
et al., 2008]. However, it is still debated whether the absence of
DNA methylation only from selected regulatory regions is a mere
consequence of transcription factor occupancy or a mechanism to
favor selective binding of transcription factors to target sequences
[for detailed review, see Suzuki and Bird 2008]. Nevertheless, it is
generally accepted that DNA methylation marks these sequences
for heritable transcriptional silencing. This forms the basis for
the crucial role of DNA methylation in embryonic development,
cell differentiation, neoplastic transformation, imprinting, and
X chromosome inactivation [Bird, 2002]. However, as the net
transcriptional state is the resultant of several interconnected
epigenetic processes, cytosine methylation does not always
translate in transcriptional repression [Fouse et al., 2008]. Dense
methylation at repetitive elements is also thought to play a
crucial role in genome stability at the level of whole organisms, as
exemplified by the high tumor incidence in hypomethylated mice
due to mobilization of retrotransposons and human syndromes
resulting from hypomethylation of satellite repeats [Xu et al.,
1999; Gaudet et al., 2003]. Surprisingly though, no major genomic
alteration is apparent in cultured cells with drastically reduced or
nearly no methylation [Tsumura et al., 2006; Lande-Diner et al.,
2007].

Genomic methylation patterns are known to be actively erased
both at specific developmental stages (e.g., demethylation of sperm
chromatin upon fertilization) and during artificial reprogramming
procedures such as somatic cell nuclear transfer and fusion of
somatic and highly pluripotent stem cells. In vertebrates active
demethylation mechanisms have long been elusive and contro-
versial, but there is now increasing evidence for the enzymatic
deamination of 5mC to thymidine followed by base or nucleotide
excision repair (BER/NER) of G/T mismatches [Barreto et al., 2007;
Metivier et al., 2008; Rai et al., 2008; Schmitz et al., 2009; Ma et al.,
2009b]. Both Dnmt3 enzymes and cytosine deaminases of the
APOBEC family have been involved in 5mC deamination, while BER
is likely mediated by thymidine deglycosylases TDG and MBD4. In
order to avoid deleterious accumulation of C to T transitions, these
two processes seem to be tightly coupled by members of the Gadd45
protein family. Nonetheless, several important aspects remain to be
defined, including whether this is the only pathway for active DNA
demethylation operating in vertebrates, how many alternative and/
or additional factors are involved and how the demethylation
machinery is targeted to specific sequences.

DNA methylation-mediated transcriptional repression is thought to
occur through at least two types of mechanism. The methylation
mark can directly prevent the binding of transcription factors when
present at their target sites, as it is the case for CTCF binding at
the H19/Igf2 imprinting control region [reviewed in Bird, 2002].
Alternatively, methylated CpG sites (mCpGs) are specifically
recognized by mCpG binding proteins (MBPs) that recruit repressive
chromatin modifiers and remodeling complexes. At least three types
of domains and corresponding MBP families have been shown to
bind mCpGs: the methyl-CpG binding domain (MBD), the UHRF, and
the Kaiso protein familes (Fig. 2).

Four out of five members of the mammalian MBD family
specifically bind mCpGs, the exception being MBD3 due to sequence
divergence in its MBD [Hendrich and Tweedie, 2003]. Apart from the
above-mentioned MBD4, all other MBDs form complexes with
histone deacetylase (HDAC) and nucleosome remodeling activities
(such as MeCP1 and NuRD) associated with transcriptional silencing
[reviewed in Hendrich and Tweedie, 2003]. MBD1 also interacts
with histone H3 lysine 9 methyltransferase (H3K9MT) SetDB1 to
enforce silencing (Fig. 3A) [Sarraf and Stancheva, 2004]. Interest-
ingly, both MBD1 and MeCP2 have been found to bind DNA and
induce chromatin compaction independently of DNA methylation
[Georgel et al., 2003; Jorgensen et al., 2004; Nikitina et al., 2007].
Surprisingly, a large-scale survey indicated that the majority of
MeCP2 target genes in neurons are transcriptionally active [Yasui
et al., 2007]. The relatively mild phenotypes of mice lacking
individual MBD members have been taken to suggest a high extent
of functional redundancy. However, this is in contrast with the lack
of sequence and structural similarity among MBD family members
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Fig. 2. The three classes of mCpG binding proteins (MBPs). The ability to recognize methylated CpG sites is mediated by different modules, the methyl-CpG binding domain
(MBD), the SET- and Ring-associated (SRA) domain, or zinc finger (ZnF) motifs. MBD proteins are shaded in yellow. In addition to the MBD, MBD1, MBD2, and MeCP2 contain a
trans-repressor domain (TRD). The MBD1c isoform is shown. Amino acid repeats (GR and E) are depicted in orange. Uhrf1 and the very similar Uhrf2 (shaded in blue) recognize
methylated DNA via the SRA domain and contain, in addition, an Ubiquitin-like (Ubl) motif, a Tudor domain, a plant-and homeodomain (PHD), and a Ring finger. The third class
of MBPs (Kaiso, Kaiso-like, and ZBTB38) is characterized by several zinc finger motifs. Binding to methylated DNA is mediated by a C2H2 zinc finger motif (yellow). The broad

complex, tramtrack, and bric a brac (BTB/POZ) domain is depicted in gray.

outside the MBD. Taken together, these studies suggest that the
function of MBD proteins is highly context dependent and that they
are not global effectors of DNA methylation.

As mentioned above, it has been proposed that Uhrf1 contributes
to the maintenance of DNA methylation patterns by recruiting
Dnmt1 to asymmetrically mCpGs through its SRA domain (Fig. 3B).
Uhrf1 and its homolog Uhrf2 are the only SRA domain containing
proteins that have been shown to be expressed in mammalian cells.
However, plants express several SRA containing proteins, including
two with H3K9MT activity [Johnson et al., 2007]. Intriguingly, Uhrf1
was reported to interact with the H3K9MT G9a and HDAC1 and was
involved in the silencing of tumor suppressor genes [Unoki et al.,
2004; Kim et al., 2009]. Several observations suggest additional
roles of Uhrf1/2 in linking CpG methylation with histone
modification. Uhrfl and 2 contain a plant homeodomain (PHD)
that has been involved in binding to histone H3 and hetero-
chromatin decondensation and PHD domains in other proteins can
discriminate the methylation state of H3K4 [Citterio et al., 2004;
Papait et al., 2008]. Available crystallographic data show a snug fit
of a trimethylated H3K9 peptide in a hydrophobic cage within the
tandem Tudor domain of Uhrf1 (PBD 3DB3). The Ring domain of

Uhrf1 has been shown to mediate ubiquitination of histone H3 in
vitro [Citterio et al., 2004]. However, the exact mechanisms and
specificity of Uhrf proteins in connecting DNA methylation to
repressive chromatin states are still to be resolved.

Kaiso and Kaiso-like proteins ZBTB4 and ZBTB38 share a three
zinc finger motif and a broad complex, tramtrack, and bric a
brac (BTB)/POZ domain at the C-terminus and are differentially
expressed in mouse tissues [Yoon et al., 2003; Filion et al., 2006]. In
vitro and in vivo studies showed that Kaiso binds methylated DNA
through the zinc finger motif, but in contrast to the MBD and
UHRF families, it requires two consecutive mCpGs for efficient
binding. Biochemical analyses revealed a direct interaction of Kaiso
with the repressive NCoR complex, which also contains HDAC and
remodeling activities, again linking methylated DNA sequences with
a deacetylated and highly structured chromatin states (Fig. 3C). In
parallel with another MBD proteins, Kaiso was reported to bind a
consensus sequence devoid of CpG sites, suggesting also in this case
complex, context-dependent functions.

It is important to realize that in addition to DNA methylation
being translated into repressive chromatin structures, DNA
methylation and chromatin modification and remodeling pathways
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Fig. 3.  Molecular links between DNA methylation, histone modification and chromatin structure. A: MBD1 binds methylated DNA via the MBD domain and recruits the lysine

methyltransferase SetDB1 to enforce silencing. B: Replication-coupled maintenance of DNA methylation and histone modification. PCNA serves as a loading platform for
Dnmt1 and Uhrf1. Uhrf1 recognizes hemimethylated CpG sites via the SRA domain, interacts with Dnmt1 and thus allows maintenance of genomic methylation. Interacting
chromatin modifying enzymes such as HDAC1, HDAC2 (deacetylation), G9a (dimethylation of H3K9), or Suv39h1 (trimethylation of H3K9) enforce gene silencing by removing
permissive acetyl-groups or introducing repressive lysine methylation on histones. C: Kaiso binds pairs of methylated CpG sites via the zinc finger motif. Interaction with the
NCoR repressive complex and HDAC3 (deacetylation) promotes repression of transcription. D: De novo methylation requires the DNA methylatransferases Dnmt3a and 3b.
Dnmt3L serves as a regulatory factor and via its plant homeodomain (PHD) mediates the interaction with unmethylated histone H3 lysine 4 (H3K4) generated by LSD1.

E: Binding of HP1 mediates long-term silencing of chromatin regions. A positive feedback loop is created by HP1 recruiting Suv39H1 that trimethylates H3K9 generating

additional binding sites for HP1.

reciprocally affect each other in multiple ways. An example is the
demethylation of H3K4 by LSD1. This creates a binding site for the
PHD of Dnmt3L, which in turn recruits the Dnmt3a, linking
the H3K4 methylation state to DNA methylation (Fig. 3D) [Jia et al.,
2007]. However, LSD1 also controls maintenance of DNA methyla-
tion by demethylating Dnmt1, as Dnmt1 methylation drastically
decreases its stability [Wang et al., 2009]. Dnmt1 and/or Dnmt3
enzymes have been shown to interact directly with SNF2H, an
ATPase subunit common to several chromatin remodeling com-
plexes, the H3K9MTs Suv39h1, SetDB1 and G9a, components of the
Polycomb repressive complex 2, heterochrmatin protein 1 (HP1),
and HDACs [Fuks et al., 2000, 2001, 2003; Robertson et al., 2000;
Geiman et al., 2004; Li et al., 2006; Vire et al., 2006; Epsztejn-Litman
et al., 2008; reviewed in Cedar and Bergman, 2009]. While G9a and
the PRC2 complex have been proposed to recruit Dnmts at their
target genes, no functional hierarchy has been established in other
cases. Nevertheless, the interaction network formed by Dnmts,
MBPs, H3K9MTs, HP1, and HDACs (and including HP1 binding to

H3K9MTs, methylated H3K9 and MeCP2) suggests the existence
of positive feedback loop mechanisms stabilizing and possibly
spreading silent chromatin states (Fig. 3E) [Lachner et al., 2001;
Nielsen et al., 2002; Agarwal et al., 2007]. In addition, direct
interaction between Dnmt1 and G9a at replication foci was proposed
as a mechanism coupling maintenance of DNA and H3K9 methyl-
ation (Fig. 3B) [Esteve et al., 2006].

Finally, the remodeling factors of the SNF2H ATPase family Lsh
and ATRX have been involved in the control of DNA methylation.
ATRX mutations affect DNA methylation at rDNA loci and other
repeats and ATRX interacts with HP1, MeCP2, and the PRC2
component Ezh2 [Gibbons et al., 2000; Nan et al., 2007]. Genetic
targeting of Lsh resulted in global genomic hypomethylation and
Lsh was shown to be required for de novo DNA methylation [Dennis
et al., 2001; Zhu et al., 2006]. However, involvement of Lsh in
chromatin remodeling has been questioned and Lsh was shown to
mediate silencing of Hox loci by associating with both Dnmt3b and
PRC1 [Xi et al., 2007; Myant and Stancheva, 2008].
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The formation of highly condensed pericentromeric hetero-
chromatin domains (chromocenters) in mouse ESCs is clearly not
affected by severe genomic hypomethylation and even near absence
of DNA methylation [Tsumura et al., 2006; Gilbert et al., 2007].
However, there is still some discrepancy concerning the effect of
hypomethylation on global levels of histone modifications. Severe
genomic hypomethylation in ESCs was also reported to increase the
clustering of chromocenters, whereas a modest increase in 5mC
content at these domains, together with higher MBD proteins levels,
resulted in increased clustering during differentiation of myoblasts
to myotubes [Brero et al., 2005; Gilbert et al., 2007]. In addition,
severe genomic hypomethylation was shown to restrict the
mobility of linker histones H1 and H5 in ESCs [Gilbert et al.,
2007]. Conversely, simultaneous genetic deletion of three histone
H1 gene variants was reported to reduce methylation and alter the
expression of some imprinted and X chromosome-linked genes,
while leaving global DNA methylation patterns unaltered [Fan et al.,
2005]. Thus, although DNA methylation has been shown to have
some impact on higher order chromatin structure there is no clear
consensus on the underlying mechanisms and direction of these
effects.

A major unresolved issue about the DNA methylation system (as
well as other epigenetic pathways) concerns target specificity. Only
few interactions between Dnmts and sequence-specific factors have
been described and it cannot be excluded that most have gone
undetected due to their sheer numbers and transient nature. Another
possibility is that structural chromatin features, i.e., other epigenetic
marks, generate a spectrum of affinity sites for Dnmt complexes. An
example is demethylation of H3K4 by LSD1, which creates an
affinity site for the PHD of Dnmt3L and thus may recruit the
Dnmt3a-Dnmt3L complex. However, this only shifts the question of
specificity to other epigenetic pathways. An exciting alternative is
provided by small noncoding RNAs. While RNA-directed DNA
methylation is well established in plants, a similar mechanism has
only been recently described in mammalian cells for Piwi protein
family-associated RNAs (piRNAs) involved in de novo methylation
and silencing of transposable elements during differentiation of
the male germ line [Kuramochi-Miyagawa et al., 2008]. However,
the precise mechanism by which piRNAs direct de novo DNA
methylation is not currently known. Also, changes in promoter
methylation have been associated with small RNA-mediated
transcriptional gene silencing in mammalian cells, but it is not
clear whether these RNAs are actually guiding de novo methylation
to the target sequence or methylation is a consequence of the
silencing process [reviewed in Guil and Esteller, 2009].

Currently, complete epigenomes of a variety of different cell types
are being established that include detailed information on genome
wide DNA methylation, histone modifications, and nucleosome
positioning as well as binding of regulatory factors and noncoding

RNAs. In parallel, a rapidly growing number of factors, post-
translational modifications and interactions are being identified that
establish, maintain, and modify these epigenomes. The ultimate
challenge for the next decades is to understand how these regulatory
epigenetic networks change during development and disease and
explain in quantitative terms their effect on gene expression
patterns. Given the number of factors involved and the complexity
of their interactions, it is clear that any comprehensive under-
standing of these epigenetic networks will require sophisticated and
powerful bioinformatics tools.
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