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Many paths to one goal?
The proteins that recognize methylated DNA in eukaryotes

NOBUHIRO SASAI and PIERRE-ANTOINE DEFOSSEZ*
CNRS UMR 218, Institut Curie, Paris, France

ABSTRACT DNA methylation is an epigenetically inherited chemical modification that is associ-
ated with transcriptional silencing and is essential for mammalian development. The DNA
methylation signal is read out by methyl-CpG binding proteins (MBPs) that specifically bind to
methylated DNA. Three structurally divergent families of MBPs have been identified so far: the
MBD family, the SRA family and a family of proteins with Zinc fingers. In this review, we describe
how the distinct families of methyl-CpG binding proteins have evolved, how they each recognize
and maintain the DNA methylation mark, and finally how they turn this mark into biological effect.
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Introduction

DNA methylation is an epigenetically inherited chemical modi-
fication, which can occur at the adenine or cytosine bases of DNA
molecules. Methylated DNA is found in various species from
bacteria to humans. In bacteria, the DNA methylation system is
used in combination with methylation-sensitive restriction en-
zymes primarily to protect the host genomes from invasion by
foreign DNA. In eukaryotes, the roles of DNA methylation are
much more diverse. In mammals, DNA methylation takes place
mainly on the cytosine of CpG dinucleotides and plays crucial
roles in X chromosome inactivation, genomic imprinting, genome
stability and transcriptional silencing. DNA methylation is essen-
tial for early development (Bird, 2002, Li, 2002).

The methylated DNA signal is read out by a set of proteins
which specifically recognize methylated DNA and recruit core-
pressor complexes to form transcriptionally silenced chromatin
structures. Inmammals, three structurally distinct types of Methyl-
CpG binding proteins have been identified so far: the MBD family,
the SRA family, and a group of proteins with Zinc fingers (Fig. 1).
Here, we will review the recent data addressing the roles of these
proteins in mammalian cells, and underline their similarities and
differences. We will also point out interesting aspects of the
evolution of methyl-CpG binding proteins in vertebrates and
invertebrates.

DNA methylation: an epigenetic mark found in diverse
organisms

The abundance and role of DNA methylation varies greatly
between species (Colot and Rossignol, 1999). The genomes of
vertebrates are consistently heavily methylated, whereas the
DNA methylation patterns vary to a great extent between inverte-
brate species (Table 1) (Suzuki and Bird, 2008). In mammals,
approximately 70% of CpG sequences are methylated (Bird,
2002). However, the CpG-rich stretches of DNA, mostly associ-
ated with gene promoters, that are called CpG-islands usually
escape methylation. This rule has exceptions, and some CpG
islands are known to undergo methylation during development or
in somatic cells (Shen et al., 2007, Weber et al., 2007).

DNA methylation is generated by dedicated enzymes; their
signature is a catalytic domain that is found conserved in prokary-
otic and eukaryotic organisms (Goll and Bestor, 2005). Mammals
have three types of DNA methyltransferases: DNMT1, DNMT2,
and the closely related DNMT3a and DNMT3b. DNMT1 acts
preferentially on hemi-methylated DNA and contributes to main-
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methyl-CpG binding protein; SRA, SET and ring finger-associated.
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tain the DNA methylation patterns during cell division (Bestor,
1992, Leonhardt et al., 1992). In contrast, DNMT3a and DNMT3b
are de novo methyltransferases that act on non-methylated DNA
(Okano et al., 1998a, Okano et al., 1999). DNMT2 has compara-
tively weak DNA methyltransferase activity (Okano et al., 1998b),
but instead methylates tRNA (Goll et al., 2006). An important
unresolved question is how these proteins are targeted to specific
regions to generate the required patterns of DNA methylation.

Essential roles of DNA methylation in embryonic devel-
opment

The levels of DNA methylation in mammals are regulated very
dynamically during early development. After fertilization, both
maternal and paternal genomes undergo demethylation through
mechanisms that are currently unknown. Both genomes become
methylated again after implantation (Li, 2002). Knockout of the
Dnmt1 gene causes a decrease of DNA methylation and results
in early embryonic lethality (Li et al., 1992). But is the essential
function of DNMT1 to methylate DNA? This important question
has been answered very recently: mice expressing a catalytically
inactive mutant of DNMT1 show phenotypes identical to those of
Dnmt1-null mice, proving that DNA methylation is indeed the
essential role of DNMT1 in development (Damelin and Bestor,
2007, Takebayashi et al.,2007). Combined inactivation of Dnmt3a
and Dnmt3b genes blocks de novo methylation and also results
in embryonic lethality (Okano et al, 1999). In addition to its
importance during development, DNA methylation is associated
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Fig. 1. The human proteins that bind methylated DNA. Three types of domains endow proteins with the
ability to recognize methylated DNA: the MBD domain, certain zinc fingers, and the SRA domain. We have
represented all the human proteins known to bind methylated DNA at this time. The MBD proteins contain
the MBD as well as a trans-repression domain (TRD), CXXC zinc fingers or glycosylase domain. The zinc
fingers are depicted by pink rectangles, and those that confer methyl-DNA binding are underlined. The zinc
finger family proteins also contain a BTB domain and up to 7 additional zinc fingers. The BTB domain of
ZBTB4 is disrupted by an insertion of serine rich sequences. UHRF1 and UHRF2 contain the SRA domain,

a Ubiquitin-like domain, a PHD finger and a Ring finger.

with various human diseases. Mutations in Dnmt3b cause ICF
syndrome, an autosomal recessive disorder characterized by
immunodeficiency, centromeric heterochromatin instability, and
facial abnormalities (Hansen et al., 1999, Xu et al., 1999). Defects
in genomic imprinting can also cause several human diseases
including Beckwith—Wiedemann syndrome, Prader-Willisyndrome
and Angelman syndrome, and are associated with some cancers
(Feinberg, 2007).

DNA methylation is coupled to transcriptional silenc-
ing

Many studies have established that DNA methylation is asso-
ciated with transcriptional silencing in mammalian cells. Two
complementary phenomena are involved. First, the methylation
of DNA can prevent some transcription factors from binding their
target. For instance the binding of CTCF, a chromatin insulator
protein, to its target sites is blocked by DNA methylation (Bell and
Felsenfeld, 2000, Hark et al., 2000). Second, DNA methylation
creates binding sites for proteins that specifically recognize me-
thylated DNA. These proteins, called methylated DNA binding
proteins (MBPs) (Fig. 1), recruit enzymatic cofactors that modify
histones, resulting in the establishment of heterochromatin, a
molecular environment that inhibits gene expression. DNA me-
thylation and histone modifications are tightly connected to estab-
lish and maintain a transcriptionally silenced chromatin environ-
ment (Fig. 2) (Fuks, 2005).

MBD-containing proteins: the original MBPs

The first proteins shown to specifically bind methylated DNA
belong to the MBD family (Fig. 1). Over 15 years ago, the protein
MeCP2 was identified and cloned as a component of a methyl-
CpG binding activity (Meehan et al., 1989, Lewis et al., 1992,
Meehan et al., 1992). The domain responsible for binding methy-
lated DNA was mapped, and named Methyl-CpG-binding domain
(MBD) (Nan et al., 1993). Other proteins containing this motif were
then isolated and named MBD1, MBD2, MBD3 and MBD4 (Cross
et al., 1997, Hendrich and Bird, 1998). All the MBD proteins bind
to DNA in a methylation-dependent manner viathe MBD. The only
exception is MBD3, which lacks
methyl-CpG-binding activity be-
cause of amino acid changes at
critical positions (Saito and
Ishikawa, 2002). MBD4, which con-
tains athymine glycosylase domain,
behaves as a DNA repair enzyme.
In mammalian genomes, methy-
lated cytosine is unstable and fre-
quently mutated to thymine by
deamination, generating T:G mis-
matches (Walsh and Xu, 2006).
MBD4 preferentially binds to these
T:G mismatches and repairs them,
and its deficiency results in the en-
hancement of CpG mutability and
tumorigenesis (Hendrich et al.,
1999, Millar et al., 2002).

The solution structure of the MBD
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Fig. 2. Interplay between DNA methylation and histone modifications. (A) A model for histone modifications directed by DNA methylation.
Methyl-CpG binding proteins recognize methylated DNA and then recruit corepressor complexes including histone deacetylases or methyltransferases
to form heterochromatin, characterized by histone hypoacetylation and H3K9 methylation. (B) A model for histone modification-directed DNA
methylation. The protein complex including the histone-binding proteins recruits DNA methyltransferases to methylate DNA, resulting in the binding
of MBP complexes. These two mechanisms are interconnected and contribute to establish and maintain the transcriptionally silenced chromatin
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domain in complex with methylated DNA has been determined
(Ohki et al., 2001), and nothing in the structural model seemed to
indicate that the MBD proteins would recognize DNA elements
besides the methylated CpG. In other words, it seemed that the
MBD proteins would bind to all methylated DNA loci irrespective
of the sequence context. However, Adrian Bird and coworkers
found by a modified site-selection assay that MeCP2 does have
a preference for targets in which the methylated bases are
surrounded by A/T rich sequences (Klose et al., 2005). This
opened the possibility that other MBD proteins might also bind
preferentially to certain methylated targets because of the se-
quence flanking the methylated CpGs. Interestingly, domains
other than the MBD could be involved in this sequence discrimi-
nation. For instance, MBD1 has a CXXC zinc finger-like domain
that directs it towards some unmethylated CpGs (Jorgensen et
al., 2004). Also, the MBD proteins might be recruited to specific
target regions by interaction with other proteins that bind DNA in
a sequence-specific manner. For example MBD2 interacts with

MIZF, which itself recognizes a consensus DNA sequence
(Sekimata and Homma, 2004).

As the correlation between DNA methylation and gene silenc-
ing had long been known, itwas satisfying to observe that MeCP2,
MBD1 and MBD2 were transcriptional repressors (Nan et al.,
1997, Ng et al., 1999, Ng et al., 2000). An important discovery was
that DNA methylation and histone modifications are strongly
interconnected (Fig. 2). Indeed, the MBD proteins were found to
recruit corepressors that regulate gene expression by acting on
histones. These corepressors include histone deacetylases,
methyltransferases, and chromatin remodeling factors. Each
MBD interacts with several different coregulators, but it is not
always clear if all cofactors act simultaneously in a complex, or at
different times, or in different situations. For instance, MeCP2
interacts with the Sin3A/HDAC complex, the nucleosome
remodeler ATRX, and also associates with an H3K9
methyltransferase activity (Jones et al., 1998, Nan et al., 1998,
Fuks et al., 2003, Nan et al., 2007). MBD2 associates with the

TABLE 1

DISTRIBUTION OF DNA METHYLTRANSFERASES AND METHYL-CPG BINDING PROTEINS IN VARIOUS ORGANISMS

Organism metﬁyl:tion DNMT1 DNMT3 Kaiso ZBTB4 ZBTB38 UHRF1 UHRF2

Homo sapiens 41 Yes? Yes NP_006768 NP_065950 NP_001073881 NP_001041666 NP_690856

Mus musculus +++ Yes Yes NP_064652 NP_083624 NP_780746 NP_035061 NP_659122

Gallus gallus b Yes Yes NP_001073197 ND3 XP_422601 XP_418269 ooEo’\cl)%gitIE;

Xenopus tropicalis A Yes Yes ogo'\ézégs;gs ND ooEo'\(l)?)z)(sEeTaF; 3 ogo'\é%z)(g;s ooEo’\égéoE1T2P55

Takifugu rubripes A Yes Yes 00%2\10':133561 ND ooig\loﬁﬂsg;s oo%g\‘oﬁzg(; 5 oosol(’)\‘oﬁglsj:m

GENSCAN

Danio rerio 4+ Yes Yes ABI97385 ND 00000008127/ NP_998242
XP_0013391464

Ciona intestinalis ++ Yes Yes ND ND ND NP_001071846

Apis mellifera + Yes Yes ND ND ND XP_001120707

Drosophila melanogaster +5 No No ND ND ND ND

Caenorhabditis elegans - No No ND ND ND ND

Arabidopsis thaliana ++ Yes Yes ND ND ND NP_176091/NP_176779/NP_198771 6

Representative accession numbers obtained from the GenBank or Ensembl databases are indicated.

+++; global methylation, ++; patchy or specific methylation, +; low level methylation, -; no methylation. 2Yes; containing at least one protein categorized in this family. No; not found. For details, see
review (Goll and Bestor, 2005). 3ND; not detected. “DrZBTB38a and DrZBTB38b. 5This methylation occurs mainly in the CpT/A sequence context. 8 Arabidopsis has in total 14 SRA-containing proteins
including these three.
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NuRD corepressor complex (Zhang et al., 1999), and MBD1 with
the H3-K9 histone methyliransferases SETDB1 and SUV39H1,
and the heterochromatin-binding protein HP1 (Fujita et al., 2003,
Sarraf and Stancheva, 2004). Recent studies showed that MBD4
also acts as a transcriptional repressor by associating with the
Sin8A/HDAC complex (Kondo et al., 2005).

The MBD proteins: dispensable or redundant?

Given the importance of DNA methylation during embryonic
development (Li et al., 1992, Okano et al., 1999), it was a surprise
to find out that not a single gene of the MBD family is essential
(Table 2). MeCP2, MBD1 and MBDZ2 have been knocked out in
mice, and the mutant animals display only mild phenotypes (see
below) (Chen et al., 2001, Guy et al., 2001, Hendrich et al., 2001,
Zhao etal.,2003). Why do the phenotypes of MBD-knockout mice
differ from those of Dnmt mutants? One possible explanation is
that the MBD genes are functionally redundant and can compen-
sate for the deletion of each other. However, the combined
knockout of MBD2 and MeCP2 does not enhance either pheno-
type (Guy et al., 2001), indicating that these two genes are not
functionally overlapping. Along the same lines, the proteins MBD1,
MBD2, and MeCP2 bind different loci in cultured human cells
(Ballestar et al., 2003, Klose et al., 2005), suggesting that the
proteins have different functions and may not be redundant. The
generation of a triple MeCP2/MBD 1/MBD2 knockout is needed to
establish if it is indeed the case.

Another explanation for the viability of MBD-knockout mice is
that DNA methylation in itself might be sufficient to silence genes
by inhibiting the binding of transcriptional activators. The MBD
proteins could be required not for the initiation of repression, but
only for its maintenance, and have only subtle effects. It is also
possible that non-MBD proteins including Zinc finger or SRA-
containing proteins are important in the recognition of methylated
DNA during early development.

Subtle roles for MBD1 and MBD2 in the regulation of
gene expression

Even though they are not essential for viability, the MBD
proteins do have some important roles in other specific contexts.
MBD1 is likely to be involved in the maintenance of genome
stability. MBD1 knockout mice show increased genomic instabil-
ity and elevated expression of the repeated element IAP (Zhao et
al., 2003). Moreover, MBD1 interacts with methylpurine-DNA
glycosylase (MPG), which excises damaged bases from sub-
strate DNA, and repairs the base damage in heterochromatic
region (Watanabe et al., 2003). These findings raise the possibil-
ity that MBD1 links genome maintenance with transcriptionally
silenced chromatin structure.

MBD2-null mice are more resistant than wild-type to intestinal
tumorigenesis when crossed with the APCM"* mouse, a model
for human familial adenomatous polyposis (Sansom et al., 2003).
This indicates that MBD2 is necessary for tumor formation,
presumably because it represses some methylated tumor-sup-
pressor genes. Interestingly, MBD2 was shown to be abundantin
the colon and repress the expression of exocrine pancreatic
genes that are not necessary for colon function in a DNA-
methylation dependent manner (Berger et al., 2007). MBD2

TABLE 2

KNOCKOUT PHENOTYPES OF MBP GENES IN THE MOUSE

Gene Phenotypes References
MeCP2 Severe neurological symptoms that mimic Rett syndrome  Chen et al., 2001,
at approximately six weeks of age Guy et al., 2001

MBD1 No detectable developmental defects

Defect in neurogenesis, spatial learning, and long-term
potentiation in the dentate gyrus of the hippocampus
Reduced neuronal differentiation and increased genomic

instability of neural stem cells

Viable and fertile

Defect in maternal behavior

Genetic interaction with MBD3

Reduced tumor formation in the APC""* background
Viable and fertile

Increased frequency of CG to TA mutations at CpG sites
Accelerated tumor formation in the APC"™* background

Zhao et al., 2003

MBD2 Hendrich et al., 2001

Sansom et al., 2003

MBD4 Millar et al., 2002

Kaiso  No detectable developmental abnormalities
No defects in neural differentiation
Resistance to intestinal tumorigenesis in the APC"™*

background

Prokhortchouk et al., 2006

UHRF1 Early gestational lethality in a similar manner to Dnmt1”
embryos
Reduced genomic DNA methylation and perturbation of
retrotransposons and imprinted genes expression

Sharif et al., 2007

knockout mice also show a maternal behavioral defect (Hendrich
et al., 2001). The reason for this is unknown, but could be linked
to the existence of many genes undergoing imprinted expression
in the brain, and that might influence behavior (Davies et al.,
2005). MBD2 is also involved in the regulation of the interleukin-
4 gene during the differentiation of T-helper cells into Th2-helper
cells (Hutchins et al., 2002). In addition, several other genes are
likely to be regulated by MBD2. A recent study indicated that
MBD2 is involved in the repression of the methylated Xistgene on
the active X-chromosome (Barr et al., 2007).

Functions of the MBD proteins in the nervous system

DNA methylation is important for neurogenesis. One well-
established case is that it regulates the timing of astrocyte
differentiation (Kondo, 2006). For example, methylation in the
CpG site withinthe STAT3-binding sequence located in the GFAP
promoter is a critical determinant for astrocyte differentiation in
the fetal brain (Takizawa et al., 2001). Correspondingly, the MBD
proteins appear to play important roles in the brain. MBD1 is
highly expressed in the hippocampus and a subpopulation of
immature cells, and MBD1-deficient neural stem cells show
reduced neuronal differentiation (Zhao etal.,2003). MBD1knock-
out ES cells or mice display decreased neurogenesis and deficits
in spatial learning and dentate gyrus-specific long-term potentia-
tion. Although the precise molecular mechanism by which MBD1
regulates these pathways is still unclear, MBD1 appears to play
important roles in the epigenetic regulation in the function of
Central Nervous System (CNS).

Mutations in the MeCP2 gene are associated with Rett syn-
drome, an X-linked human neurological disorder that occurs
almost exclusively in females (Amir et al., 1999). The MeCP2
mutant mouse also shows similar phenotypes (Chen et al., 2001,
Guy et al.,, 2001), indicating that MeCP2-deficient mouse is a
model system for human Rett syndrome. As MeCP2 functions as
atranscriptional repressor, itis considered that expression levels
of specific target genes of MeCP2 are impaired in the patients of



Rett syndrome or MeCP2-null mice. Although initial experiment
by microarray analysis with wild type and MeCPZ2knockout brains
failed to detect global changes of gene expression (Tudor et al.,
2002), recent studies identified several candidate MeCP2 target
genes (Kriaucionis et al., 2006; Chahrour et al., 2008). Impor-
tantly, one of the target genes of MeCP2 is the neurotrophic factor
BDNF, which is repressed by the MeCP2/Sin3A complex but
activated by Ca?* signaling (Chen et al., 2003, Martinowich et al.,
2003). MeCP2is alsoinvolved in the regulation of neuronal genes
by cooperating with REST (Ballas et al., 2005) and of the im-
printed genes DIx5 and DIx6 (Horike et al., 2005). Recently, a
brain-specific micro RNA, miR-184, was shown to be regulated by
MeCP2 (Nomura et al., 2008). However, the mechanism of target
gene regulation by MeCP2 is still not fully understood, and it could
act by mechanisms other than the repression of transcriptional
initiation (Bienvenu and Chelly, 2006). Indeed MeCP2 regulates
splicing by interacting with the RNA-binding protein YB1 (Young
etal.,2005). Furthermore, a genome-wide analysis with ChIP-on-
chip technology in the neuroblastoma cells identified MeCP2
binding sites exclusively in expressed genes, but notin repressed
genes as was expected (Yasui et al., 2007). Further analysis is
required to understand the role of MeCP2 in Rett syndrome. A
recent interesting discovery in the field is that the phenotype
caused by lack of MeCP2 is reversible if the protein is supplied
back to mutant neurons (Guy et al., 2007).

Methyl-CpG binding proteins of the Zinc finger family

Three proteins are known to recognize methyl-CpG via zinc
fingers: Kaiso, ZBTB4 and ZBTB38.

Kaiso was originally identified by yeast two-hybrid screeningin
a search for proteins that interact with the p120 catenin (Daniel
and Reynolds, 1999). Kaiso contains three tandem zinc fingers at
the C terminus and a BTB domain at the N terminus (Fig. 1). As
p120 catenin is similar to the cell adhesion cofactors B-catenin
and plakoglobin, Kaiso is speculated to be a downstream effector
of B-catenin and p120 catenin signaling (van Roy and McCrea,
2005). Kaiso was also independently identified as a component of
a protein complex that binds to a region of the mouse S7100A4
gene in a methylation-dependent manner (Prokhortchouk et al.,
2001). Whereas MBD proteins recognize a single methylated
CpG, Kaiso requires two consecutive symmetrically methylated
CpG sequences for optimal binding. Kaiso was also biochemi-
cally identified from HelLa cell nuclear extracts as a component of
the NCoR corepressor complex including HDAC3, GPS2 and
TBL1/TBLR1 (Yoon etal., 2003). Kaiso directly binds to NCoR via

b
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its BTB domain; this type of interaction with corepressors involv-
ing the BTB is a common feature of BTB-zinc finger transcription
factors (Collins et al., 2001). Kaiso recruits the NCoR complex to
the MTA2 promoter in a DNA methylation-dependent manner,
resulting in hypoacetylation and methylation at K9 of H3 at the
promoter region (Yoon et al., 2003). Therefore, this establishes
that Kaiso is a DNA methylation-dependent transcriptional re-
pressor of the MTA2 gene (Fig. 3). However, as the cultured cells
do not reflect the normal patterns of DNA methylation, it remains
unknown whether MTAZ2is an actual target of Kaiso in normal cells
and at present there is no information about methylated target
genes of Kaiso in normal cells.

The human genome encodes two proteins that have Kaiso-like
Zinc fingers: ZBTB4 and ZBTB38 (Filion et al., 2006). Both
proteins contain a BTB domain, and they are longer and more
complex than Kaiso, notably because they have additional Zinc
fingers (Fig. 1). These two proteins were shown, like Kaiso, to bind
methylated DNA thanks to their three Kaiso-like Zinc fingers.
However, in contrast to Kaiso, they can bind to a single methy-
lated CpG sequence. ZBTB4 and ZBTB38 repress transcription of
methylated promoters in a reporter assay, and localize to densely
methylated pericentromeric heterochromatin regions in mouse
cells in a DNA methylation-dependent manner. All these findings
support the idea that ZBTB4 and ZBTB38 are bona fide methyl-
CpG-binding proteins. As for Kaiso, however, their target genes
in normal cells are unknown at this point.

Bimodal DNA binding activity of Kaiso and ZBTB4

In addition to binding methylated DNA, Kaiso was shown by a
site-selection strategy to bind with high affinity to the DNA se-
quence TCCTGCNA, which is not methylated. This sequence has
been named Kaiso-binding sequence or KBS (Daniel et al., 2002).
A KBS is present in the promoter of matrilysin, a target of the Wnt/
beta-catenin/TCF. It is bound by Kaiso, which seems to repress
its transcription in vivo (Fig. 3) (Spring et al., 2005). In addition,
Kaiso binds to the 5' beta-globin insulator that contains the KBS
in vivo (Defossez et al., 2005). ZBTB4 also can bind to the KBS,
atleast in vitro, but ZBTB38 cannot (Filion et al., 2006). Of course
the Kaiso-like zinc fingers of ZBTB38 may bind a different
unmethylated consensus sequence that is unknown.

How do the same three Zinc fingers direct Kaiso (and ZBTB4)
to methylated DNA or to unmethylated consensus sequences?
Our detailed sequence analysis shows that the third finger is the
least evolutionarily conserved, whereas the first and second
fingers show high homology among Kaiso, ZBTB4 and ZBTB38

Fig. 3. Mechanisms of Kaiso-
mediated transcriptional re-
pression. Kaiso binds to the KBS
of target promoters and re-
presses their transcription by re-
cruiting a corepressor complex
including HDAC3and NCoR (left).

Kaiso also represses methylated
) promoters via recruitment of the

NCoR complex
HDAC3
NCoR

Kaiso
00 (1]

Matrilysin CTGCNA

Wnt11
Siamois

NCoR complex (right). The bind-
MTA2 ing of Kaiso to these sequences
is inhibited by direct interaction
of p120 catenin with the zinc
finger region of Kaiso.

mCpG
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A ZF1 ZF2 ZF3
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MrKai so NI HS WAKK YBCY CDKVF gL AEYRTKHE!
GgKai so ANV HS WaAKK Y PCRlY CBKVF gL AE YRTKHEI
Fig. 4. Evolutionarily conserved XtKai so [ANVHS KKYPCYCERVFLAEYRTKHEI
methyl-CpG-binding zinc fingers. DrKaiso NS
(A) Multiple alignments of methyl- Hs ZBT B4 E IRSYVTLSSLKR NVHS WRRKY P (| YCEKVFALAEYRTKHEVV\HTGERRYQCI FCRETFMTY YL KFHQREF H
CpG binding zinc fingers of Kaiso, MhZBTB4 @RS YVTLSSLKRHINVHS WRRKYP(| YCEKVFALAEYRTKHEVV\HTGERRYQCI FCRBTFMTY YL KEHOREF H
7BTB4 and ZBTB38 from human (TFA: 30 E TSV CKRS YVTLSSLRRHEANVHS WRRISY PCHY CNKVF AL AE YRTRHE | WHTGERRYQCI FCETFMTYYI LK|
) VOV EE I C| \VCKRS YVTLSSLRRHANVHS WRRIEY PCHY CNKVF AL AE YRTRHEI WHT GERRYQCI FCETFMTYY! LK
(Homo sapiens), mouse (Mus muscu- ey ) EE I C| \VCKRS YVTLSSLRRHEINVHS WRRJY P CHY CINKVF AL AEYRTRHEI WHT GERRYQC! FCRETFNTYYI LK
lus), chicken (Gallus gallus), frog (Xe- NP4 31 ET I C| VCKRINYVTLSSLRRHYNVHS WRKSY P CHY CIKVF AL AE YRTKHEI WHTGBRRYQC! FCETFMTYYI LK
nopus tropicalis) and zebrafish (Danio Dr ZBTB38a CVCKRYVTLSSLKR N Hs WERIY PCHY CRKVF ALAEYRTKHE | WHTGERRYQC! FCETFITYYI LK
rerio). We searched for proteins that DA ETT I SV (3RS YIVT L 5 S L KRHYNVHS WRRKYPCHECBKVF AL AE YRTKHE MWHT GERRYQCI FCIERFETYY]
contain three methyl-binding zinc fin-
ger motifs in the NCBI and Ensembl
databases. Based on their structure B
and sequences, the proteins were BTB Zinc Finger
classifiedas orthologs of Kaiso, Z8TB4 ~ HsZBTB38 [ ]
or ZBTB38. The alignment was per- (1195 a.a.) —
formed using the Clustal W algorithm. F-box
(B) The domain structures of human  DrZBTB38a . om
(HsZBTB38) and two zebrafish (1410 a.a.) —
ZBTB38 proteins (DrZBTB38a and
DrZBTB38b). The methyl-binding zinc  DrZBTB38b
fingers are indicated by bold lines. (1619 a.a.)
I

from various species in vertebrates (Fig. 4). It suggests that these
two fingers play important roles in the recognition of DNA, yet it
could also be that they are involved in the interaction with partner
proteins. Although Kaiso, ZBTB4, and ZBTB38 have been shown
to bind to various methylated probes in vitro (Prokhortchouk et al.,
2001, Filion et al., 2006), it is unknown whether their binding is
influenced by the sequences flanking the methylated CpGs, as is
the case of MeCP2 (Klose et al., 2005).

Mechanism of transcriptional repression by Kaiso-like
proteins

Kaiso represses transcription by recruiting the NCoR complex,
but ZBTB4 and ZBTB38 behave differently. ZBTB38 is likely to
recruit a complex containing the corepressor protein CtBP: the
mouse ortholog of ZBTB38 interacts with the two closely related
proteins CtBP1 and CtBP2 and recruits them to the densely
methylated pericentromeric heterochromatin (Sasai et al., 2005).
CtBP is involved in the repression of epithelial and proapoptotic
genes and knockdown of CiBP results in apoptosis in a p53-
independent manner (Grooteclaes et al., 2003, Zhang et al.,
2003). Furthermore, CtBP1 and CtBP2 have overlapping and
unique roles during development and knockout of both genes
results in embryonic lethality (Hildebrand and Soriano, 2002).
CtBP associates with many transcription factors and cofactors
(Chinnadurai, 2002), and ZBTB38 may be one of them. The CtBP
complex includes histone deacetylases, methyltransferases and
a demethylase (Shi et al., 2003), and it is quite possible that
ZBTB38 recruits these enzymes to repress methylated target
genes.

ZBTB4is also atranscriptional repressor, butits mode of action
is unknown and likely be different from that of Kaiso or ZBTB38.
Indeed, we found that the CtBP-interaction motifs found in ZBTB38
do not existin ZBTB4. And the BTB domain, which isimportant for
repression by Kaiso, is not required for repression by ZBTB4

(Filion et al., 2006). In fact, the BTB domain of ZBTB4 is disrupted
by a long serine-rich insertion and might have lost its repressive
function (Perez-Torrado et al., 2006). Recently, ZBTB4 was
shown to associate with the Sin3/HDAC complex to repress the
p21 promoter, although the repression is not dependent on
binding to methylated DNA (Weber et al., 2008).

Kaiso is essential for amphibian development

The Xenopus genome encodes a Kaiso homolog, xKaiso (Kim
et al., 2002). Depletion of xKaiso by morpholino oligos results in
embryonic lethality with failure of gastrulation, premature activa-
tion of zygotic genes before the mid-blastula transition, and
apoptosis (Kim et al., 2004, Ruzov et al., 2004). xKaiso has been
proposed to repress several genes in the Wnt pathway that
contain KBSs in their promoters (Wnt11 (Kim et al., 2004),
Siamois, c-Fos, Cyclin-D1,and c-Myc (Park et al., 2005)), and this
could explain this effect. Interestingly, however, the xKaiso knock-
down phenotypes are quite similar to those of hypomethylated
embryos in which the DNA methyltransferase xDnmt1 is depleted
(Stancheva and Meehan, 2000, Stancheva et al., 2001). How-
ever, DNMT1 seems to have multifunctional non-enzymatic roles
in development and recent report shows that xDNMT1 functions
as a transcriptional repressor independent of its catalytic activity
during early development (Dunican et al., 2008). Nevertheless,
Richard Meehan and coworkers showed very recently that the
phenotypes of xKaiso-depletion were rescued by zebrafish Kaiso,
which binds to methylated DNA but not to the KBS (Ruzov et al.,
2009b). These findings suggest that the KBS-binding function of
Kaiso is not required for Xenopus development.

Functional redundancy among Kaiso family proteins?

Given the possible involvement of Kaiso in repressing genesin
the Wnt pathway, and the importance of xKaiso in amphibians,



mouse Kaiso was expected to be important for embryonic devel-
opment. However, surprisingly, the knockout of mouse Kaiso
caused no overt phenotype (Table 2) (Prokhortchouk et al., 2006).
The expression of proposed Kaiso target genes such as MTA2,
S100A4 and Wnt11 was also unaltered in kaiso-deficient mouse
tissues.

Why does Kaiso deficiency have different outcomes in Xeno-
pus and in mouse? One possible explanation is that the roles of
DNA methylation in controlling the zygotic gene program are
different between mice and frogs (Prokhortchouk et al., 2006).
This is also suggested in the case of MeCP2, which is not
essential forembryonic developmentin mouse (Chen etal., 2001,
Guy etal.,2001), but regulates expression of Hairy2ain Xenopus.
Accordingly, depletion of MeCP2 in Xenopus results in severe
defects in neurogenesis during development (Stancheva et al.,
2003). In addition, it is also important to note the possibility that
Kaiso is functionally overlapping with ZBTB4 and ZBTB38 or with
MBD family proteins. A recent study indicated that Kaiso, MBD2
and MeCP2 are not redundant during embryogenesis, but have
an overlapping function in neural differentiation (Martin Caballero
et al., 2009). Given the similar DNA binding properties of Kaiso
and ZBTB4, these two proteins may be functionally redundant
(Filion et al., 2006). ZBTB4 may be the factor that rescues Kaiso
deficiency in mouse, the absence of a ZBTB4 counterpart in
Xenopuswould also explain the presence of a phenotype in frogs.

Although the expression patterns of Kaiso, ZBTB4and ZBTB38
are overlapping in several adult mouse tissues (Daniel and
Reynolds, 1999, Sasai et al., 2005, Filion et al., 2006), the degree
of redundancy between Kaiso, ZBTB4, and ZBTB38, is unknown
and will only be clarified after the generation of mutant mice for all
three genes. At present, the most likely prediction is that the
genes have some overlapping, and some non-overlapping func-
tions. Firstly, p120 catenin seems to regulate Kaiso: the Kaiso-
p120 catenininteraction abolishes binding of Kaiso to DNA (either
methylated or not) and inhibits its repressive action (Daniel et al.,
2002, Kelly etal.,2004). ZBTB4 and ZBTB38, in contrast to Kaiso,
do not interact with p120 catenin (Filion et al., 2006). Therefore,
ZBTB4 and ZBTB38 are not likely to be involved in catenin
signaling. A second difference between Kaiso and ZBTB4/ZBTB38
is their cellular distribution: in transfected mouse fibroblasts
ZBTB4 and ZBTB38 primarily localize to pericentromeric hetero-
chromatin whereas Kaiso shows a diffuse nuclear abundance
pattern (Filion et al., 2006). Thirdly, the BTB domain of Kaiso is
known to homodimerize (Daniel and Reynolds, 1999), whereas
ZBTB4 and ZBTB38 cannot homodimerize via the BTB domains,
but homodimerize or heterodimerize each other via zinc fingers
(Kiefer et al., 2005, Filion et al., 2006). To better understand the
functional differences among Kaiso family proteins, it would be
useful to determine whether all three proteins bind the same
target sites, or have different binding preferences.

Evolution of Kaiso family proteins: ZBTB4 is restricted
to mammals

Our searches in genome databases show that Kaiso-related
proteins are identifiable in vertebrates, but not in invertebrates
such as Ciona intestinalis and in plants, even though these
species contain methylated DNA (Table 1). This indicates that the
Kaiso family has a vertebrate-specific role. Kaiso and ZBTB38 are
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found in all vertebrate genomes from zebrafish (Danio rerio) to
humans, whereas ZBTB4 is found in mammals but notin zebrafish,
Xenopus or chicken (Gallus gallus) (Table 1). This suggests the
following sequence of events: Kaiso and ZBTB38 arose from a
common ancestor gene at some point close to the invertebrate-
vertebrate transition. ZBTB4 was then generated by duplication of
the ZBTB38 gene at some later time (Filion et al., 2006).

The genomes of zebrafish, medaka (Oryzias latipes) and
stickleback (Gasterosteus aculeatus) contain two ZBTB38-like
genes, DrZBTB38a and DrZBTB38b. DrZBTB38b lacks the BTB
domain, but shows overall similarity to ZBTB38 than to ZBTB4,
suggesting that this gene was generated by duplication of
DrZBTB38a (Fig. 4). This duplication is specific to just some
species of fish as Fugu (Takifugu rubripes) and Tetraodon
nigroviridis contain only one ZBTB38gene, like Xenopus tropicalis
and Xenopus laevis. Interestingly, this is reminiscent of MBD3, for
which two related genes are found in zebrafish and Fugu, but only
one in mammals (Hendrich and Tweedie, 2003). Because we do
not precisely know which amino-acids are important for binding
DNA, it is not yet possible to predict if the Kaiso-like proteins in
lower vertebrates bind the KBS, or methylated DNA, or both, or
neither. As for Kaiso, it seems that the methyl-binding activity is
evolutionarily conserved, whereas the KBS-binding activity var-
ies between species (Ruzov et al., 2009).

SRA proteins: essential proteins for the maintenance
of DNA methylation

The third class of methyl-CpG binding factors are UHRF1 (also
called Np95, and ICBP90) and the related protein UHRF2 (also
called NIRF). In these proteins the SRA domain (SET and Ring
finger-associated) is responsible for methyl-CpG binding. They
also contain a ubiquitin-like domain, a Ring finger motif and a PHD
finger (Fig. 1). UHRF1 was initially identified as a protein that
binds to a CCAAT box in the promoter of the topoisomerase Il
gene (Hopfner et al., 2000). However, UHRF1 and UHRF2 were
subsequently shown to bind with higher affinity to methylated
DNA than to the CCAAT box (Unoki et al., 2004). UHRF1 is
involved in the regulation of the cell cycle and DNA damage
control (Bonapace et al., 2002, Muto et al., 2002), and regulates
cell proliferation by repressing methylated tumor suppressor
genes via recruitment of the HDAC complex to the promoters
(Unoki et al., 2004). UHRF1 colocalizes with replication foci in
mid-to late S phase and is required for proper heterochromatin
formation in mammalian cells (Papait et al., 2007). Since the Ring
finger of UHRF1 functions as an E3 ubiquitin ligase for histone H3
(Citterio et al., 2004), UHRF1 was supposed to translate DNA
methylation into histone modifications.

Recently, two groups clearly demonstrated that UHRF1 medi-
ates epigenetic inheritance of DNA methylation (Bostick et al.,
2007, Sharif et al., 2007). UHRF1 associates with DNMT1 and
PCNA at replicating heterochromatic regions. As UHRF1 has
preferential binding affinity for hemi-methylated DNA over fully
methylated DNA (Bostick et al., 2007), DNMT1 is specifically
recruited to hemi-methylated sites by UHRF1 during DNA replica-
tion. UHRF1 knockout mice die during early embryogenesis just
like Dnmt1 mutants (Table 2) (Sharif et al., 2007). Furthermore, in
UHRF1-deficient mouse and ES cells, methylation of imprinted
genes and satellite repeats are decreased. All in all, UHRF1 is
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Fig. 5. Functions of UHRF1 during DNA replication. (A) Schematic representation of UHRF1. UHRF1 binds to methylated DNA as well as DNMT1
and HDACT via the region including the SRA domain. The PHD finger binds to methylated K9 of H3 and the Ring finger functions as an E3 ubiquitin
ligase. (B) A model for the maintenance of DNA methylation by the UHRF1-DNMT1 complex during DNA replication. UHRF1 binds to hemi-methylated
DNA at the replication foci and recruits DNMTT1 to maintain the DNA methylation status. UHRF1 is also likely to ensure the heritability of histone

modification by recruiting the G9a-containing complex.

considered very important for the targeting of DNMT1 to hemi-
methylated DNA, in order to ensure that DNA becomes re-
methylated after replication (Fig. 5). In addition, since the UHRF1
complex contains G9a histone methyltransferase and the PHD
finger of UHRF1 binds to methylated K9 of H3 (Sharif et al., 2007,
Karagianni et al., 2008), UHRF1 may be important for the main-
tenance of histone marks as well. Furthermore, the crystal struc-
ture of the SRA domain of UHRF1 bound to hemi-methylated DNA
revealed that the SRA domain recognizes methylated DNA by
flipping methyl-cytosine out of the DNA helix (Arita et al., 2008;
Avvakumov et al., 2008; Hashimoto et al., 2008), which is quite
distinct from the recognition of symmetrically methylated DNA by
the MBD domain (Ho et al., 2008). These studies answered the
important question of why DNMT1 has an innate capacity to
recognize hemimethylated DNA (Jeltsch, 2006). However, it
remains unknown whether UHRF1 is required for maintaining
DNA methylation over the whole genome, or just at some specific
regions. Also, does the related protein UHRF2 play a similar role?

At any rate, the situation of UHRF1 is reminiscent of MBD1,
which associates with the p150 subunit of CAF-1 and PCNA
during S-phase and maintain H3-K9 methylation via recruitment
of the histone methyltransferase SETDB1 to methylated DNA
(Sarraf and Stancheva, 2004). It would be interesting to see
whether the MBD1 complex acts simultaneously with the SRA
proteins or whether it functions independently. Other unknown
factors might be also involved in maintaining DNA methylation.
Forinstance, the SWI/SNF chromatin remodeling factor Lsh, and
CGBP, a protein that binds non-methylated CpG, are known to be
required for global methylation of the genome (Dennis etal., 2001,
Carlone et al., 2005). These findings suggest that the initiation,
recognition, and maintenance of DNA methylation is complex,
and that additional players may remain to be discovered.

Roles of methyl-CpG binding proteins in invertebrates
and in plants

MBD genes exist not only in vertebrates, but also in inverte-
brates and in plants, and MBD2/MBD3 is thought to be the
ancestor of the MBD genes (Hendrich and Tweedie, 20083).

Drosophila contains only one MBD protein (dMBD2/3) and one
DNA methyltransferase (dDnmt2) and its genome is methylated
at CpT/A sequences, which are recognized by dMBD2/3 (Kunert
et al., 2003, Marhold et al., 2004). These two proteins are not
essential for development: flies lacking these genes are viable
and fertile. Caenorhabditis elegans has an MBD-like gene, even
though its genome is unmethylated. Interestingly, the MBD-like
protein in C. elegans plays important roles in development,
suggesting that CeMBD has functions other than binding methy-
lated DNA (Gutierrez and Sommer, 2004). Similarly, mammalian
MBD3 does not bind methylated DNA, yet it is essential for
development and plays important roles in pluripotency of ES cells
(Hendrich et al., 2001, Kaji etal., 2006). The genome of Arabidopsis
thaliana contains 13 genes for MBD-containing proteins (Zemach
and Grafi, 2007), of which atleast three can bind methylated DNA.
Some, like AtMBD9 and AtMBD11, are not functional as methyl-
CpG binding proteins but are nevertheless important for plant
development. Furthermore, vertebrate and invertebrate genomes
contain a number of MBD-like domains, called TAM (TIP5, ARBP,
MBD), most of which are predicted to be non-functional for binding
to methyl-CpG (Hendrich and Tweedie, 2003). It seems that these
MBD-like domains have lost methyl-binding capacity as they were
gaining new functions during evolution.

Like the MBD proteins, the SRA proteins are found in various
invertebrate genomes including that of the social insect honeybee
(Apis mellifera), as well as in plant genomes, suggesting that they
may regulate DNA methylation in these species (Table 1). Atleast
14 SRA-containing proteins are found in Arabidopsis, and other
plants also contain many SRA proteins. Like mammalian SRA-
containing proteins, the Arabidopsis SRA proteins Vim1 and
KRYPTONITE (KYP) bind to methylated DNA via the SRA domain
(Johnson et al., 2007, Woo et al., 2007). The high number of SRA
proteins in plants might result from the complexity of DNA methy-
lation in plants where not only CpG, but also CpHpG (where H =
A, T or C) and CpHpH sequences can be methylated. Indeed,
Vim1 can bind to methylated CpHpG sequence as well as methy-
lated CpG, whereas KYP binds to methylated CpG, CpHpG and
CpHpH sequences. Although it remains to be tested whether this
binding preference is also shown on the hemi-methylated DNA,



the plant SRA proteins might have evolved the ability to bind to
different methylated sequences. Alternatively, it is possible that
some of the plant SRA proteins are not methyl-CpG binding
proteins, but have important functions in histone modifications or
other types of chromatin regulation. Indeed, some SRA proteins
in plants have a SET domain that may function as a histone
methyltransferase (Baumbusch et al., 2001).

Interestingly, the honeybee contains methylated DNA in the
context of CpG sequence, as well as MBD proteins, SRA proteins,
and maintenance and de novo methyltransferases (Wang et al.,
2006). This is in sharp contrast to Drosophila and C. elegans that
lack de novo and maintenance DNA methyltransferases and SRA
proteins and have lower levels of CpT/A methylation or no DNA
methylation, respectively (Table 1). These findings imply that de
novo/maintenance DNMTs and SRA proteins may have co-
evolved to ensure the faithful maintenance of DNA methylation.

Are there additional methyl-CpG binding proteins?

Considering that DNA methylation has a wide variety of roles
in mammalian genomes, DNA methylation might be interpreted
by not just three families of proteins. The zinc finger is one of the
most common motifs in the mammalian genome. Although the
Kaiso-like zinc finger motif is‘found in only three proteins Kaiso,
ZBTB4 and ZBTB38, it is conceivable that additional proteins
might also have the ability to bind to methyl-CpG via zinc fingers.
Indeed, an artificial zinc finger protein has been shown to bind to
methylated DNA (Choo, 1998). Although it is difficult to identify
such proteins at the moment, the proteins that localize to densely
methylated pericentromeric heterochromatin region, like MBD
proteins or Kaiso-like proteins (Hendrich and Bird, 1998, Filion et
al., 2006), could be possible candidates. It is also possible that
novel methyl-CpG binding proteins (domains) might be discov-
ered, maybe through biochemical approaches, or by structural
analyses.

Concluding remarks

After the discovery that DNA methylation and transcriptional
repression are correlated, numerous factors including MBPs,
histone modification enzymes, chromatin remodeling factors,
DNA methyltransferases and histone binding proteins have been
identified and shown to link DNA methylation and transcriptional
silencing. However, we are still far from a complete understanding
of this complex system and there are many issues to be uncov-
ered. How are these proteins targeted to specific regions? How is
the DNA methylation mark erased and re-established during
development? The recent advances in genome-wide analysis
techniques, the availability of complete genome sequences, and
of genetically engineered mice and cell lines will be helpful to
overcome these issues. Given the involvement of DNA methyla-
tion in development, cancer and human diseases, a greater
understanding of the molecular mechanisms of DNA methylation,
and of the roles of MBPs, is of great importance for the develop-
ment of future clinical applications.
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