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Abstract Most cells in multicellular organisms contain identical genetic information
but differ in their epigenetic information. The latter is encoded at the molecular level
by post-replicative methylation of certain DNA bases (in mammals 5-methyl cytosine
at CpG sites) and multiple histone modifications in chromatin. In addition, higher-
order chromatin structures are generated during differentiation, which might impact
on genome expression and stability. The epigenetic information needs to be “trans-
lated” in order to define specific cell types with specific sets of active and inactive
genes, collectively called the epigenome. Once established, the epigenome needs to
be “replicated” at each cell division cycle, i.e., both genetic and epigenetic informa-
tion have to be faithfully duplicated, which implies a tight coordination between the
DNA replication machinery and epigenetic regulators. In this review, we focus on the
molecules and mechanisms responsible for the replication and translation of DNA
methylation in mammals as one of the central epigenetic marks.

1
Introduction

The term “post-genomic era,” which is often used to classify the present sci-
entific period, does not only stress the fact that the scientific community has
finally reached beyond the mere deciphering of genomes, it also indicates that
there is another level of genomic information apart from the one-dimensional
nucleotide sequence. This epi (above/outside) genetic information is respon-
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sible for defining a cell type-specific state of the genome with a distinct set
of active and inactive genes, the so-called epigenome. While the genome in
amulticellular organism is identical for all cell types (with minor exceptions),
the epigenome is potentially dynamic and cell type specific.

Epigenetic mechanisms have been reported to act by very different means,
and an exhaustive description of the phenomenon is far from being com-
pleted. Some of these mechanisms act at the chromatin level as the methy-
lation of DNA or the modification of histones by various functional groups
including methyl, acetyl, phosphate, ADP-ribosyl groups or even such small
proteins as ubiquitin or SUMO (reviewed, e.g., in Felsenfeld and Groudine
2003). Other epigenetic modifications of chromatin include histone variants
as well as chromatin-associated proteins like Polycomb group proteins. A dif-
ferent kind of epigenetic mechanism has been proposed to act at a global,
topological scale, through the specific position of genes within the nucleus
relative to functional nuclear subcompartments such as nucleoli, heterochro-
matin, splicing compartments, etc. (reviewed, e.g., in: Cremer and Cremer
2001; Fisher and Merkenschlager 2002; Spector 2003). An emerging view
is that the different epigenetic mechanisms can feedback onto each other,
either strengthening a specific epigenetic state or weakening it, thereby en-
abling transition between transcriptionally permissive and repressive states
of genes. In the present review we will address the propagation and translation
of epigenetic information with the focus on DNA methylation in mammals.

2
DNA Methylation

The modification of nucleotides in the DNA by covalently bound methyl
groups was already described in the late 1940s and early 1950s (Hotchkiss
1948; Wyatt 1951). In the 1960s it was proposed that DNA methylation might
be involved in a protection mechanism (1) against the integration of foreign
DNA or (2) in rendering host DNA resistant to DNAses directed against
foreign DNA (Srinivasan and Borek 1964). The latter idea went hand in hand
with the discovery of bacterial restriction enzymes, which were thought to
protect methylated bacterial host DNA from “invading” bacterial and viral
DNA by specific digestion of the unmodified “parasitic” DNA (reviewed in
Arber and Linn 1969). It was not before 1975, though, that methylation of DNA
in mammals was suggested to be connected with transcriptional regulation
(Holliday and Pugh 1975; Riggs 1975).

DNA methylation is found in many different organisms including prokary-
otes, fungi, plants, and animals, where it can serve different functions. Methyl
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groups in the DNA are found at the C* position of cytosines giving rise
to 5-methyl cytosine (5mC) or at N° position of adenines resulting in N°-
methyladenine (6mA). As already noted, methylation of DNA in bacteria
is involved in a protection mechanism in which restriction endonucleases
specifically digest foreign DNA by discriminating unmodified invader DNA
sequences from methylated host DNA. In eukaryotic cells, the majority of
methylated bases are cytosines, with only some, mostly unicellular organ-
isms, showing low levels of methylated adenines (Gorovsky et al. 1973; Cum-
mings et al. 1974; Hattman et al. 1978). Methylation levels of eukaryotic DNA
vary widely, from undetectable as in budding/fission yeast, nematodes or
in adult Drosophila melanogaster flies over intermediate levels in mammals
(2-8 mol%) up to high levels, reaching approximately 50 mol% in higher
plants (see Doerfler 1983). In humans, approximately 1% of all DNA bases
are estimated to be 5mC (Kriaucionis and Bird 2003). The sequence con-
text in which methylated bases are found in eukaryotes is also variable. In
mammals, for example, methylation is mainly found in CpG dinucleotides,
with this “mini”-palindrome methylated on both strands. In fact 60%-90% of
CpGs are methylated in mammalian genomes with the exception of so-called
CpG islands, which are stretches of roughly 1 kb that frequently coincide
with promoter regions. These sequences, which are thought to be involved in
transcriptional regulation, comprise roughly 1% of the mammalian genome.
Exceptions to the rule that CpG islands are generally unmethylated are si-
lenced genes on the inactive X-chromosome and at imprinted loci, where,
depending on the parental origin, one allele is silenced. In contrast to mam-
mals, methylation in fungi (reviewed in Selker 1997) and in plants (reviewed
in Tariq and Paszkowski 2004) is not limited to CpG sites, with also CpNpG
sequences being frequently methylated.

From an evolutionary point of view, DNA methylation is thought to rep-
resent an ancient mechanism, as the catalytic domain of DNA methyltrans-
ferases (Dnmts), the enzymes responsible for adding methyl groups to DNA,
appears to be conserved from prokaryotes to humans (Kumar et al. 1994).
However, in the course of genome evolution there must have been adapta-
tions concerning how methyl marks were eventually utilized, since in different
taxa DNA methylation appears to be involved in different functions. While in
prokaryotes and fungi methylation appears mainly to serve protection needs
of the host genome, in higher eukaryotes transcriptional silencing seems to
be the main, though not the only, purpose. A major change concerning the
genomic organization as well as the extent of DNA methylation is thought
to have occurred at the origin of vertebrate evolution, where DNA methyla-
tion seems to have changed from a fractional organization, to a global one
(Tweedie et al. 1997). In non-vertebrates, methylated DNA does not neces-
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sarily correlate with transposable elements or other functional chromosomal
regions and appears not to be involved in transcriptional regulation, as no
correlation could be found between transcription and methylation, neither
for housekeeping genes, nor for tissue-specific genes (Tweedie et al. 1997).
In contrast, in mammals DNA methylation is implicated in many different
aspects of transcriptional control including developmentally regulated genes,
imprinted genes, and genes affected by X-inactivation. Nevertheless, it is also
crucial for preventing spreading of potentially “parasitic” DNA elements like
transposable sequences, thereby ensuring genome stability. Defects in DNA
methylation have been shown to be involved in several pathological situa-
tions including cancer and other diseases such as Rett syndrome (RTT) or
immunodeficiency, centromere instability, facial anomalies (ICF) syndrome.

In the following sections, we will review two important aspects of DNA
methylation, with an emphasis on the situation in mammals. In the first part
we will reason how methylation marks are maintained in proliferating cells,
i.e., how they are replicated, while in the second part we will concentrate on
the question of how methylated CpGs are functionally interpreted in terms
of transcriptional regulation, i.e., how the methyl cytosine information is
translated.

3
Replication of DNA Methylation

DNA methylation represents a post-synthetic modification, i.e., nucleotides
are modified after they have been incorporated into the DNA. With respect
to their substrate preference, two different kinds of Dnmts are distinguished:
(1) de novo Dnmts, which add methyl groups to completely unmethylated
DNA and (2) maintenance Dnmts that show a higher affinity for hemimethy-
lated DNA, i.e., DNA where only one strand of the CpG palindrome is modi-
fied. Hemimethylated DNA results from the replication of methylated regions.
In both cases, the methyl-group donor is S-adenosyl-L-methionine (SAM).
The three main, catalytically active Dnmts in mammals are Dnmt1, which is
thought to serve as maintenance methyltransferase and Dnmt3a and 3b as de
novo methylating enzymes. A summary of the mouse Dnmt protein family
and their domains is shown in Fig. 1.

Dnmt2 is expressed ubiquitously at low levels, but although it is among the
most highly conserved Dnmts among different species all the way down to
fission yeast, in most organisms it could not yet be shown to possess catalytic
activity (Okano et al. 1998; Yoder and Bestor 1998; discussed in Robertson
2002). In D. melanogaster, however, Dnmt2 is responsible for the low level
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Fig.1 Organization of the mouse Dnmt protein family. Numbers represent amino acid
positions. C-rich, Cys-rich sequence; DMAP, DMAP1 binding domain; (KG)g, Lys-Gly
repeat; NLS, nuclear localization signal; PBD, PCNA binding domain; PBHD, Poly-
bromol homology domain; PWWP, Pro-Trp-Trp-Pro domain; TS, targeting sequence

DNA methylation found during embryonic stages (Kunert et al. 2003). Due
to its evolutionary conservation, Dnmt2 might well represent the ancestral
Dnmt protein.

The de novo methylating enzymes Dnmt3a and 3b are supposed to be
responsible for methylation of the embryonic genome after implantation,
i.e., after the parental genomes have been demethylated (Okano et al. 1999).
Dnmt3a and Dnmt3b have been shown to be catalytically active in vitro as
well as in vivo, and transcripts were found in embryonic stem (ES) cells, in
the early embryo as well as in adult tissue and in tumor cells (see citations in
Robertson et al. 1999). Two isoforms of Dnmt3a were described, one reported
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to bind euchromatin and the other heterochromatin (Okano et al. 1998; Chen
etal. 2002). Dnmt3a knockout ES cell lines appeared to be normal concerning
their de novo methylation potential, and null mice developed inconspicuously
until birth, but shortly after showed decreased growth and died by 4 weeks
of age (Okano et al. 1999). Dnmt3b shows at its N-terminus only little se-
quence homology to Dnmt3a, and unlike Dnmt3a, its expression is low in
most tissues, but high in testis, so that an implication in methylation during
spermatogenesis has been proposed (Okano et al. 1998; Robertson et al. 1999;
Xie et al. 1999). Its localization in centromeric regions in ES cells (Bachman et
al. 2001) and the observation that mutant Dnmt3b~'~ cells exhibit a decreased
methylation of minor satellite repeats (Okano et al. 1999) suggested a role
in centromeric satellite methylation. Dnmt3b appears to be more important
during embryonic development than Dnmt3a, since no viable null mice were
obtained (Okano et al. 1999). Mutations in Dnmt3b in humans cause so-called
ICF syndrome, where pericentric repeats are hypomethylated (Hansen et al.
1999; Okano et al. 1999; Xu et al. 1999). Several Dnmt3b splicing isoforms
have been found. The eight variants described in mouse and the five in hu-
mans are expressed in a tissue-specific manner, yet not all of them appear
to be catalytically active. Figure 1 lists only the three first-described Dnmt3b
isoforms.

Within the Dnmt3 family but more distantly related is the Dnmt3L protein
that lacks the conserved motifs of C5-methyltransferases and was found to be
highly expressed in mouse embryos and testis (Aapola et al. 2001). Dnmt3L
null mice show methylation defects at maternal imprints (Bourc’his et al. 2001)
but otherwise a normal genome-wide methylation pattern, which suggests
that Dnmt3L is involved in the establishment of maternal imprints, probably
by recruiting Dnmt3a or 3b to target loci, either directly or indirectly.

The Dnmtl enzyme was the first to be cloned (Bestor et al. 1988) and was
shown to be essential for development, since null mice die at mid-gestation
(Li et al. 1992). Interestingly Dnmt17/~ ES cells are viable and show normal
morphology and a 5mC level that is still 30% of that in wild-type cells, sug-
gesting some compensatory methylation activity (Li et al. 1992), likely due to
Dnmt3a/3b enzymes. Across various mammalian species, the N-terminus of
Dnmtl appears to be rather variable, while the catalytic C-terminus is more
conserved (Margot et al. 2000). The intracellular distribution of Dnmtl is
rather dynamic throughout the cell cycle. The enzyme is diffusely distributed
throughout the nucleoplasm during most of G1, associates with subnuclear
sites of DNA replication during S-phase (Leonhardt et al. 1992), and binds to
chromatin, with preference to pericentric heterochromatin, during G2 and M-
phases (Easwaran et al. 2004). This complex cell cycle distribution of Dnmt1
has also been exploited to construct cell-cycle marker systems (Easwaran et
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al. 2005). Since Dnmt1 messenger (m)RNA has also been found in low prolif-
erative tissue (Robertson et al. 1999), where only few cells are suspected to be
actually replicating DNA, it has been proposed that Dnmt1 might exert an ad-
ditional function beyond methylating hemimethylated DNA during S-phase.
In fact, isoforms of Dnmt1 have been found that could account for additional
functions. The originally cloned Dnmt1 (Bestor et al. 1988) was found later to
be missing a 118 amino acid sequence at its N-terminus (Tucker et al. 1996;
Yoder et al. 1996). This longer Dnmtl1 protein (Dnmt1L; 1,620 amino acids)
is expressed in most proliferating somatic cells, while the original shorter
Dnmtl protein (Dnmt1S; 1,502 amino acids) accumulates specifically during
oocyte growth (Mertineit et al. 1998). While at the protein level, two forms are
known, at the mRNA level, three isoforms with differing first exons/promoters
have been described. In addition to the predominant somatic isoform, two
sex-specific isoforms were isolated. One isoform is the only one expressed in
oocytes and corresponds at the protein level to the shorter form (Mertineit et
al. 1998). It localizes in the cytoplasm of mature oocytes, except for the 8-cell
stage, where it is transiently relocated into the nucleus (Carlson et al. 1992;
Cardoso and Leonhardt 1999). Since knockout female but not male mice were
infertile, with embryos from deficient females showing defective methylation
pattern at imprinted loci, the current idea is that oocyte Dnmtl1 and especially
itsnuclear localization at the 8-cell stage is important for maintaining imprints
(Howell et al. 2001). During mouse preimplantation development, while the
genome is globally demethylated, this Dnmtl form appears to be responsible
for keeping the retrotransposable element IAP (intracisternal A-type parti-
cle) methylated and thus silent (Gaudet et al. 2004). Silencing of such mobile
elements is thought to be crucial to prevent transcriptional activation and
potential mutagenesis by transposition. The second sex-specific isoform was
originally detected in pachytene spermatocytes (Mertineit et al. 1998). The
same isoform, however, was found also in differentiated myotubes, instead
of the ubiquitously expressed Dnmtl1, which is downregulated upon differ-
entiation (Aguirre-Arteta et al. 2000). Since myotube nuclei show no DNA
replication, this isoform might serve a function that is independent of DNA
synthesis. Both oocyte and spermatocyte/skeletal muscle mRNA isoforms
give rise to the shorter Dnmtl protein form.

The marked preference of Dnmt1 for hemimethylated DNA together with
its specific association with replication machinery during S-phase via binding
to proliferating-cell nuclear antigen (PCNA) (Leonhardt et al. 1992; Chuang
etal. 1997; Easwaran et al. 2004) make it a strong candidate for mediating the
propagation of the DNA methylation pattern at each cell division cycle. As
shown in Fig. 2, during replication of DNA, the hemi-methylated CpG sites in
the newly synthesized strand are post-replicatively modified by the activity
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of Dnmtl. Since Dnmtl is a catalytically slow enzyme (Pradhan et al. 1997),
its prolonged association in G2 and M-phases with chromatin could allow
sufficient time for full methylation of all hemimethylated sites, in particu-
lar at heavily methylated heterochromatic sequences (Easwaran et al. 2004).
In addition, Dnmtl has been reported to interact with histone deacetylases
(HDACs) (Fuks et al. 2000; Robertson et al. 2000; Rountree et al. 2000) and
might serve as a loading platform for these chromatin modifiers. Concomi-
tantly, methyl-CpG-binding domain (MBD) proteins, recognizing the newly
generated modified CpGs, have been also shown to recruit HDACs (Jones et al.
1998; Nan et al. 1998; Ng et al. 1999) and can thereby further contribute to the
replication of the histone modifications upon DNA replication. In this regard,
there is increasing evidence of crosstalk between histone modifications and
DNA methylation. In parallel to these mechanisms for replication of epigenetic
information, the random distribution of “old” histones between the two repli-
cated DNA strands implies that modifications such as histone methylation are
passed onto the nucleosomes assembled at the newly replicated strands. Fac-
tors such as HP1, which recognizes specific methylation forms of histone H3
(Lachner et al. 2001), can then bind the replicated chromatin, recruit histone
methyltransferases (HMTs) (Lehnertz et al. 2003) and “spread” the histone
methylation marks onto the adjacent, previously deacetylated histones.

Although many enzymes have been described that can actually add methyl
groups to the DNA, much less is known about DNA demethylases. The exis-
tence of such enzymes, however, is almost certain, since active demethylation
of the paternal genome during preimplantation development has been ev-
idenced (Mayer et al. 2000). Similarly, there must be demethylases, which
can remove imprints in the course of germ cell development, in order to set
the novel parental identity. Candidate enzymes for DNA demethylation in-
clude, on the one hand, glycosylases, which in effect resemble a “base excision
DNA repair activity” where the methylated cytosines are removed, result-
ing in an abasic site and single strand breaks that have to be consecutively
repaired (Jost et al. 2001; Vairapandi 2004). Another proposed mechanism
includes direct demethylation of 5mC, via the methylated CpG binding pro-
tein MBD2 (Bhattacharya et al. 1999). Since MBD2 has also been reported
to be involved in 5mC-dependent transcriptional repression (Hendrich and
Tweedie 2003) (see following section), it was proposed that it might exert
a dual, promoter-specific role as a repressor through binding of 5mC and as
an activator through active DNA demethylation (Detich et al. 2002). However,
the demethylating activity of MBD2 could not yet be reproduced and is hence
disputed (Vairapandi 2004).
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Fig.2a,b Replication of epigenetic information. a A replication fork is shown where
Dnmtl associated with the replication machinery (green box) is copying the methy-
lation mark () at hemimethylated CpG sites, which are then recognized and bound
by methyl-CpG-binding domain (MBD) proteins. Both MBD proteins and Dnmt1 re-
cruit histone deacetylases (HDACs), thereby maintaining the deacetylated chromatin
state. b The same replication fork is shown from a nucleosomal view. Nucleosomes
are shown as blue circles, with methylated histone H3 tails as filled yellow squares and
5mC as red dots. Histones bearing repressive methylated lysine residues are distributed
randomly onto replicated daughter strands. Binding of HP1 to methylated histones
can recruit histone methyltransferase (HMT) that modify lysine residues of the newly
incorporated histones (light blue circles)
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4
Translation of DNA Methylation

The precise mode of action of how DNA methylation modulates transcription
is far from being understood. In fact, different mechanisms could account
for controlling gene expression at different loci. Though DNA methylation
in general is associated with transcriptional silencing, in some cases methy-
lation has been shown to induce expression. This has been demonstrated
for the imprinted Igf2 locus, where methylation of a differentially methy-
lated region (DMR) on the maternal chromosome prevents binding of CTCF
(CCCTC-binding factor), which results in a positive enhancer function (Bell
and Felsenfeld 2000; Hark et al. 2000; Kanduri et al. 2000; Szabo et al. 2000).
Transcriptional silencing mediated by methylation of CpGs near promoter
regions is thought to occur by at least two different mechanisms. One pos-
sibility is that methylation of specific target sites simply abolishes binding
of transcription factors or transcriptional activators by sterical hindrance.
Another increasingly important mechanism involves the specific recogni-
tion and binding of factors to methylated DNA, triggering different kinds of
downstream responses, entailing (or not) further chromatin modifications.
In mammals, there are several known methyl-CpG-binding proteins. The
MBD protein family members share a conserved methyl-CpG-binding domain
(MBD) (Hendrich and Bird 1998). While MeCP2, MBD1, and MBD2 have been
shown to act as transcriptional repressors, MBD4 appears to be involved in
reducing the mutational risk from potential C—T transitions, which result
from deamination of 5mC. A fifth member of the MBD family, MBD3 does not
bind to methylated DNA (Hendrich and Tweedie 2003), but is a constituent of
the NuRD (nucleosome remodeling and histone deacetylation) corepressor
complex. A further, recently detected 5mC-binding protein is Kaiso, which
shows no sequence conservation with MBD proteins but also functions as
a transcriptional repressor (Prokhortchouk et al. 2001). In contrast to MBDs,
Kaiso appears to bind via a zinc-finger motif in a sequence-specific manner at
sequences containing two symmetrically methylated CpGs. A recent study in
Xenopus revealed an essential role of Kaiso as a methylation-dependent global
transcriptional repressor during early development (Ruzov et al. 2004).

In mammals, the MBD family comprises five members: MBD1-4 and
MeCP2. All of them except MBD3 share a functional MBD that is responsible
for targeting the proteins to 5mC sites. In mouse cells this can be readily seen
by the increased concentration of MBD proteins at pericentric heterochro-
matin, which is highly enriched in 5mC (Lewis et al. 1992; Hendrich and Bird
1998). A summary of the mouse MBD protein family and their domains is
shown in Fig. 3.
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Fig.3 Organization of the mouse MBD protein family. Numbers represent amino acid
positions. coRID, corepressor interacting domain; CXXC, Cys-rich domain; (E);2, Glu
repeat; (GR)1, Gly-Arg repeat; MBD, methyl-CpG-binding domain; HhH-GPD, DNA
N-Glycosylase domain; TRD, transcriptional repressor domain

MBD?2 and 3 show a high conservation, sharing the same genomic struc-
ture except for their intron length (Hendrich et al. 1999a). Since homologous
expressed sequence tags (ESTs) for MBD2/3 were also found in invertebrates,
it is thought to represent the ancestral protein from which all other family
members have been derived (Hendrich and Tweedie 2003). The increase in
number of 5mC binding proteins from invertebrates to vertebrates is believed
to have paralleled the increase in DNA methylation (see Sect. 2, “DNA Methy-
lation”), as this would have enabled a fine-tuning of methylation-dependent
silencing on the one hand, as well as lowered the mutational risks emerging
from spontaneous deamination on the other (Hendrich and Tweedie 2003).

In mammals, MBD3 does not bind to methylated CpGs due to two amino
acid substitutions within the MBD (Saito and Ishikawa 2002). Other verte-
brates, however, such as frogs, have two MBD3 forms, one of which retains a
5mC-binding ability (Wade et al. 1999). Sequence homology predicts a similar
situation for the pufferfish and the zebrafish (Hendrich and Tweedie 2003).
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MBD3 in mammals is a constituent of the NuRD corepressor complex. NuRD
is found in many organisms including plants and plays an important role in
transcriptional silencing via histone deacetylation. Though MBD3 has been
shown to be essential for embryonic development (Hendrich et al. 2001), its
function within the NuRD multiprotein complex has still to be clarified. MBD2
interacts with the NuRD complex making up the MeCP1 complex (methyl-
CpG-binding protein), which was actually the first methyl-CpG-binding ac-
tivity isolated in mammals (Meehan et al. 1989). In spite of the many potential
binding sites of MBD?2, it does not appear to act as a global transcriptional
repressor. In fact, only one target gene of MBD2 has been described until now,
and that is I/4 during mouse T cell differentiation (Hutchins et al. 2002). Here
loss of MBD2 has been shown to correlate with a leaky instead of a complete
repression. Consequently, it has been hypothesized that MBD2 might rather
act in “fine-tuning” transcriptional control by reducing transcriptional noise
at genes, which are already shut off (Hendrich and Tweedie 2003). Alterna-
tively, the lack of a global de-repression of methylated genes upon MBD2
loss could be explained by redundancy among MBD family members. Studies
abrogating several MBD proteins at the same time will help to answer this
question. An interesting phenotype of MBD2™/~ mice is that affected female
animals neglect their offspring due to an unknown neurological effect (Hen-
drichetal.2001). MBD2b is an isoform that is generated by using an alternative
translation start codon generating a protein that lacks 140 N-terminal amino
acids (Hendrich and Bird 1998). Surprisingly, it has been reported to possess
a demethylase activity (see previous section and Bhattacharya et al. 1999). In
gene reporter assays, it was even shown to act as a transcriptional activator
(Detich et al. 2002). Thus, it has been proposed that MBD2 could act as both
a transcriptional repressor and stimulator. It should be added, though, that
other groups have not been able to reproduce the demethylase activity of
MBD2b, so the existence of this activity is still controversial (discussed in
Wade 2001).

MBD1 is exceptional among the transcriptionally repressive MBDs, since it
can suppress transcription from both methylated and unmethylated promot-
ers in transient transfection assays (Fujita et al. 1999). Four splicing isoforms
have been described in humans (Fujita et al. 1999) and three in mouse (Jor-
gensen et al. 2004), with the major difference being the presence of three
versus two CXXC cysteine-rich regions (see Fig. 3). The presence of the most
C-terminal CXXC motifs in mouse was shown to be responsible for its binding
to unmethylated sites (Jorgensen et al. 2004) and for its capacity to silence un-
methylated reporter constructs (Fujita et al. 1999). The repression potential of
MBD1 seems to rely on the recruitment of HDACs, although, most probably,
different ones from those engaged in MBD2 (and MeCP2) silencing (Ng et



Replication and Translation of Epigenetic Information 33

al. 2000). Similar to MBD2, MBD1~/~ mice exhibit neurological deficiencies,
as they show reduced neuronal differentiation and have defects in spatial
learning as well as in hippocampus long-term potentiation (Zhao et al. 2003).

MBD4 is the only member within the MBD family that is not involved
in transcriptional regulation. Instead, it appears to be implicated in reduc-
ing the mutational risk that is imminent in genomes with high methylation
levels, by transitions of 5mC— T via deamination. This transition poses a big-
ger problem for the DNA repair machinery than C—U transitions, which
result from the deamination of unmethylated cytosines, since the former re-
sults in G-T mismatches, in which the mismatched base (G or T) cannot
readily be identified. In contrast, uracil in G-U mismatches can easily be
pinpointed as the “wrong” base, since it is not a constituent of DNA. Accord-
ingly, MBD4 possesses a C-terminal glycosylase moiety that can specifically
remove Ts from G-T mismatches (Hendrich et al. 1999b; see Fig. 3). In fact,
its preferred binding substrate is 5SmCpG/TpG, i.e., the deamination product
of the 5mCpG/5mCpG dinucleotide. Indeed mutation frequency analysis in
MBD4 ™'~ mice revealed an approximately threefold increase in C—T tran-
sitions at CpGs compared to wild-type cells (Millar et al. 2002; Wong et al.
2002), which supports the idea of MBD4 being a mutation attenuator.

Since MeCP2 was the first methyl-CpG-binding protein to be cloned and
the second methylated DNA binding activity to be isolated after MeCP1, it
is often referred to as the founding member of the MBD family. A single
methylated CpG dinucleotide has been shown to be sufficient for binding
(Lewis et al. 1992). In transient transfection assays with methylated gene re-
porter in Xenopus and in mice it was demonstrated that MeCP2 functions
as a transcriptional repressor, at least in part via interaction with the Sin3
corepressor complex, which contains histone deacetylases 1 and 2 (Jones et
al. 1998; Nan et al. 1998). An approximately 100-amino-acid-containing tran-
scriptional repression domain (TRD) in the middle of the protein has been
shown to be critical for transcriptional silencing (Nan et al. 1997). Apart from
the recruitment of HDACs, MeCP2 has been shown to associate with a histone
methyltransferase activity specifically modifying histone H3 at lysine 9, which
is known to represent a transcriptionally repressive chromatin label (Fuks et
al. 2003). In addition, MeCP2 has recently been found to interact with com-
ponents of the SWI/SNF-related chromatin-remodeling complex, suggesting
a novel potential MeCP2-dependent silencing mechanism (Harikrishnan et
al. 2005). Moreover, MeCP2 can induce compaction of oligonucleosomes in
vitro, which could additionally suppress transcription in vivo through a dense
chromatin conformation that is incompatible with the binding of factors rel-
evant for transcriptional activation (Georgel et al. 2003). In summary, MeCP2
could translate the DNA methylation mark directly by preventing the access
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of transcriptional activators to promoters/enhancers or indirectly by either
recruiting modifiers of histones such as histone deacetylases (see also Fig. 2)
and methyltransferases or by compacting chromatin.

With the idea in mind that MeCP2 might act as a global transcription
repressor, it was very surprising that an expression profiling analysis com-
paring MeCP2 null mice with normal animals revealed only subtle changes in
the mRNA profiles of brain tissues (Tudor et al. 2002). This apparent lack of
global de-repression in the absence of MeCP2 resembles a similar situation
as described for MBD2 ™/~ mice (as discussed earlier in this section). Possible
reasons for this observation could be either that other MBD proteins can
compensate for the loss of MeCP2, or that the changes in transcription levels
induced by MeCP2 deficiency are so small that they are undetectable with
current microarray technology. This supports the rationale that MBDs might
act as reducers of transcriptional noise rather than to shut down active genes
(Hendrich and Tweedie 2003). On the other hand, it could well be that MeCP2
represses genes in a tissue- and/or time-specific fashion. Matarazzo and Ron-
nett, for example, using a proteomic approach, found substantial differences
in protein levels between MeCP2-deficient and wild-type mice (Matarazzo
and Ronnett 2004). Importantly, they showed that the degree of differences
varied depending on the analyzed tissue (olfactory epithelium vs olfactory
bulb) and the age of the animals (2 vs 4 weeks after birth). Apart from a po-
tential global effect, MeCP2 has recently been linked to the regulation of two
specific target genes. The genes of Hairy2a in Xenopus (Stancheva et al. 2003)
and brain-derived neurotropic factor (BDNF) in rat (Chen et al. 2003) and
mice (Martinowich et al. 2003)—both are proteins involved in neuronal devel-
opment and differentiation—have methylated promoters with bound MeCP2,
which is released upon transcriptional activation. Recently MeCP2 was shown
to be involved in the transcriptional silencing of the imprinted gene DIx5 via
the formation of a chromatin loop structure (Horike et al. 2005).

MeCP2 is expressed ubiquitously in many tissues of humans, rats, and
mice, although at variable levels. Several lines of evidence argue that MeCP2
expression increases during neuronal maturation and differentiation (Shah-
bazian et al. 2002b; Jung et al. 2003; Balmer et al. 2003; Cohen et al. 2003;
Mullaney et al. 2004). In a recent study, it was shown that MeCP2 and MBD2
protein levels increase also during mouse myogenesis along with an increase
in DNA methylation at pericentric heterochromatin (Brero et al. 2005). More-
over, it was demonstrated that MeCP2 and MBD2 are responsible for a major
reorganization of pericentric heterochromatin during terminal differentia-
tion that leads to the formation of large heterochromatic clusters (Brero et
al. 2005). This finding provides the link between a protein(s) (MeCP2/MBD2)
and chromatin organization and assigns it a direct role in changes of the
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3D chromatin topology during differentiation. The latter represents yet an-
other level of epigenetic information beyond the molecular composition of
chromatin.

In agreement with its substrate specificity, MeCP2 localizes mainly at heav-
ily methylated DNA regions. In mouse nuclei, for example, MeCP2 intensely
decorates pericentric heterochromatin (Lewis et al. 1992). In human cells,
however, the intranuclear distribution of MeCP2 was found to deviate from
the pattern in mouse, in that it did not strictly colocalize with methylated
DNA, pericentric satellite sequences, or heterochromatic regions [visual-
ized by intense 4’-6'-diamidino-2-phenylindole (DAPI) staining; Koch and
Stratling 2004]. Intriguingly, the authors found an additional binding affinity
of MeCP2 for TpG dinucleotides and proposed a sequence-specific binding de-
fined by adjacent sequences. By using an immunoprecipitation approach, they
revealed an association of MeCP2 with retrotransposable elements, especially
with Alu sequences, and with putative matrix attachment regions (MARs). In
this respect, it should be added that the MeCP2 homolog in chicken (named
ARBP) was originally isolated as a MAR binding activity (von Kries et al.
1991), even before rat MeCP2 was actually described for the first time (Lewis
etal. 1992), yet its homology to the rat protein was noticed only later (Weitzel
et al. 1997). Interestingly, ARBP/MeCP2 binding in chicken appears not to
be dependent on CpG methylation (Weitzel et al. 1997). Since the results in
human cells were obtained using a breast cancer cell line (MCF7), it will be
interesting to investigate further human cell types, including primary cells,
to further clarify MeCP2 binding specificity in human cells.

Two studies have lately reported a second MeCP2 splicing isoform, which
yields a protein with a slightly different N-terminal end, due to the utiliza-
tion of an alternative translation start codon (Kriaucionis and Bird 2004;
Mnatzakanian et al. 2004; Fig. 3). Surprisingly this new MeCP2 mRNA ap-
pears to be much more abundant in different mouse and human tissues than
the originally described isoform. Fluorescently tagged fusions of both pro-
teins, though, show the same subnuclear distribution in cultured mouse cells
(Kriaucionis and Bird 2004). An antibody raised against the “old” isoform
was shown to recognize also the novel variant (Kriaucionis and Bird 2004).
Consequently, in previous immunocytochemical studies most probably both
isoforms have been detected. The differences between both isoforms are only
subtle, with the new protein having a 12 (human) and 17 (mouse) amino acid
longer N-terminus followed by a divergent stretch of 9 amino acids. Since
neither the MBD nor the TRD are affected by the changes, both proteins are
anticipated to be functionally equivalent.

As already noted, MeCP2 expression appears to be correlated with dif-
ferentiation and development. Its implication in neuronal differentiation is
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further supported by its involvement in a human neurodevelopmental dis-
order called Rett syndrome (RTT). The syndrome was originally described
in 1966 by the Austrian pediatrician Andreas Rett, but its genetic basis was
revealed only recently (Amir et al. 1999). At least 80% of RTT cases are caused
by spontaneous mutations in the MeCP2 gene (see Kriaucionis and Bird 2003),
which is localized on Xq28 (Amir et al. 1999). RTT is the second most frequent
form of female mental retardation after Down syndrome, and its incidence
is approximately twofold higher than phenylketonuria (Jellinger 2003). RTT
is diagnosed in 1:10,000-1:22,000 female births, with affected girls being het-
erozygous for the MeCP2 mutation (Kriaucionis and Bird 2003); consequently,
the phenotype is caused by the cells that do not express functional protein
due to random inactivation of the X chromosome containing the wild-type
copy of MeCP2. Most mutations found in RTT patients are located within the
functional domains, i.e., within the MBD and the TRD of MECP2, but several
mutations have also been found in the C-terminal region, where no concrete
function has yet been assigned.

Recently, however, it was shown that the C-terminal domain of MeCP2 is
crucial at compacting oligonucleosomes into dense higher order conforma-
tions in vitro (Georgel et al. 2003). Interestingly, this activity was found to
be independent of CpG methylation of the oligonucleosomal arrays, which
parallels the findings in human and chicken where MeCP2 binding was also
found at non-methylated sites (see above) (Weitzel et al. 1997; Koch and
Stratling 2004). Moreover, the C-terminal domain of MeCP2 was found to
specifically bind to the group II WW domain found in the splicing factors
formin-binding protein (FBP) and HYPC (Buschdorf and Stratling 2004). Al-
though the functional role of this association has yet to be unraveled, various
mutations within this C-terminal region were shown to correlate with a RTT
phenotype. In mouse models for RTT, animals carrying mutations in the
C-terminus generally exhibit a less-severe phenotype than those with a null
mutation (Shahbazian et al. 2002a). Mice where MeCP2 was conditionally
knocked out only in brain tissue yielded the same phenotype as that where
the whole animal was affected, suggesting that the observable phenotype is
largely due to a failure of proper brain development (Chen et al. 2001; Guy
et al. 2001). Mutations in MeCP2, moreover, have been shown to correlate
with phenotypes containing clinical features of X-linked mental retardation
(Couvert et al. 2001), Angelman syndrome (Watson et al. 2001), and autism
(Carney et al. 2003; Zappella et al. 2003). In conclusion, RTT is a good example
illustrating that not only are the establishment and replication of methylation
marks pivotal for a normal development—as is shown by the severe pheno-
types caused by loss of Dnmt functions—but the correct translation of DNA
methylation marks is a critical prerequisite for normal ontogeny.
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5
Outlook

The establishment and stable maintenance of epigenetic marks on the genome
at each cell division as well as the translation of this epigenetic information
into genome expression and stability is crucial for development and differ-
entiation. This role of epigenetic regulatory mechanisms in the realization of
the genome has been clearly established by the finding of mutations affect-
ing epigenetic regulators in human diseases (RTT and ICF syndrome) and
the severity of phenotypes in animal models carrying mutations in the dif-
ferent components of these pathways. In addition, global and local changes
in methylation patterns of the genome are found in most tumors and have,
therefore, triggered intense research into their usage as new tumor diagnostic
tools and therapeutic targets.

Another recently emerging and exciting area of research where manipulat-
ing epigenetic information is of fundamental importance is stem cell therapy
and animal cloning. In a reversed way to differentiation, resetting or repro-
gramming of the epigenetic state of a differentiated donor cell appears to be
one of the major difficulties in animal cloning by nuclear transfer (reviewed,
e.g., in Shi et al. 2003). Besides having a fundamental impact for basic re-
search, understanding the nature of epigenetic information and its plasticity
in (adult/embryonic) stem cells is a key prerequisite for successful clinical
applications of cell replacement therapies in regenerative medicine.
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