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General introduction

Chromatin structure

1

Chromatin, the genetic material composed of DNA and proteins bound to it, is made of
nucleosomes. Nucleosomes are 147 bp long stretches of DNA wrapped around the histone
octamer, consisting of two copies of each of the core histones (H2A, H2B, H3, H4) (Fig. 1).
Chromatin can be further compacted by histone H1 that connects adjacent nucleosomes to
form a compact 30 nm fiber. The N-terminal tails of core histones are highly conserved between
species and can be subjected to post-translational modifications (PTMs) such as methylation,
acetylation and ubiquitylation (reviewed in Bannister & Kouzarides, 2011) (Table 1). These PTMs
are known to influence chromatin structure by changing the overall charge of the nucleosome as
well as by providing specific recognition sites for chromatin proteins. For example, trimethylation
of lysine 4 on histone H3 (H3K4me3) is a mark deposited by the Set1/Trithorax protein group
Figure
1 with transcriptional activation (Santos-Rosa et al, 2002). This histone modification
and associated
can directly bind TFIID, a general transcription factor and a member of the RNA polymerase II
preinitiation complex (Vermeulen et al, 2007). On the other hand, trimethylation of lysine
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Figure 1. Model of a nucleosome core particle with protruding histone tails. Each nucleosome is composed of
147 bp of DNA wrapped around the histone octamer consisting of two copies of each of the four core histones
H2A (blue, gray), H2B (yellow, olive), H3 (brown, dark red), H4 (green, light green). The unstructured histone
tails are drawn in scale. The sites of H3K4me3 and H3K27me3 post-translational histone modifications are marked
by yellow circles.
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K4me3

H3

27 on histone H3 (H3K27me3) deposited by the Polycomb group proteins is a repressive mark
responsible for developmentally regulated transcriptional repression (Czermin et al, 2002; Muller
et al, 2002). Similarly, H3K36me3 is known to mark sites of transcriptional elongation (Bannister
et al, 2005; Pokholok et al, 2005), whereas H3K4me1 and H3K27ac are open chromatin marks
proposed to mark regulatory genome elements such as transcriptional enhancers (Creyghton
et al, 2010; Heintzman et al, 2009; Rada-Iglesias et al, 2011). In addition to histone PTMs, DNA itself
is also subject to modification. DNA methylation is a chemical modification of the DNA molecule
that involves the addition of a methyl group to the fifth position of the cytosine pyrimidine ring. In
vertebrates, this type of modification mostly occurs within the context of CpG dinucleotides and is
associated with transcriptional repression. Nevertheless, genomic regions with high CpG density
(CpG islands), which often coincide with promoters in mammalian genomes, are frequently
almost completely devoid of DNA methylation (Bird, 1986; Schubeler et al, 2002). Mutations in
genes coding for components of the DNA methylation-dependent repression machinery are
known to result in severe pathological conditions such as neurodevelopmental disorders and
cancer (Amir et al, 1999; Ballestar et al, 2003; Bittel & Butler, 2005; Lalande & Calciano, 2007). The
genomes of higher organisms have also been found to contain 5-hydroxymethylcytosine (5hmC),
another modification of the DNA molecule, which is generated by oxidation of 5-methylcytosine
(5mC) by the TET family of enzymes (Ficz et al, 2011; Williams et al, 2011; Wu et al, 2011). 5hmC has
been proposed to mark promoters, enhancers as well as gene bodies, however, its regulatory
function has not yet been unraveled (Stroud et al, 2011; Szulwach et al, 2011).
Chromatin is conventionally grouped into two large categories depending on its activity.
The active, transcriptionally permissive state is referred to as euchromatin whereas the more
compact state, usually associated with transcriptional repression is called, heterochromatin.
Global profiling of 53 common chromatin proteins and four histone marks associated with distinct
chromatin states in Drosophila cells resulted in a more precise subdivision of chromatin based
on its activity (Filion et al, 2010). Fillion et al, propose the existence of five principal chromatin
states, with each of them corresponding to a color defining its activity. The most abundant
type, covering 48% of the Drosophila genome is mostly gene poor, has an active role in gene
silencing and is associated with four proteins: histone H1, AT hook protein D1 (Aulner et al, 2002),
IplI-aurora-like kinase (IAL) and Suppressor of Underreplication (SUUR). Similar to the first type,
the second and third chromatin type also belong to the heterochromatic state. The hallmark of
the second type is the presence of SU(VAR)3-9 (the HMT depositing H3K9 methylation), HP1 and
HP1-binding proteins, whereas the third type is characterized by the binding of Polycomb group
proteins (PcG) and the existence of the H3K27me3 mark deposited by the Polycomb repressor
complex 2 (PRC2). The fourth and the fifth chromatin type belong to euchromatin and are mostly
transcriptionally active. Both groups are highly enriched in active marks such as H3K4me2 and
H3K79me3 and chromatin remodeling factors. They, however, mark distinct gene ontology (GO)
groups, differ in the amount of H3K36me3 and display significant differences in replication timing.

The MBT and dynamics of gene regulation
The embryonic development of most metazoans starts with a transcriptional silence already
imposed during the process of oocyte maturation. In the amphibians from the Xenopus genus,
this transcriptional silencing persists through the first 12 cleavages (4000 cells) and is followed
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Table 1. Posttranslational histone modifications and their effects on chromatin
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Function

Reference

H3K4me1

transcriptional activation, promoter
mark, enhancer mark

H3K4me2

transcriptional activation, tissue
specific gene expression
transcriptional activation, promoter
mark
transcriptional repression,
heterochromatin formation,
pericentric heterochromatin mark
transcriptional repression
transcriptional repression,
heterochromatin formation
transcriptional repression, lineage
restriction,
transcriptional activation, active
gene body mark
transcriptional activation, active
gene body mark
transcriptional elongation
transcriptional repression, telomeric
silencing, DNA repair
transcriptional activation,
transcriptional repression
DNA damage checkpoint signaling
transcriptional repression

(Brinkman et al, 2006; Guenther
et al, 2007; Heintzman et al, 2007;
Santos-Rosa et al, 2002)
(Bernstein et al, 2005; Pekowska
et al, 2010)
(Brinkman et al, 2006; Guenther
et al, 2007; Santos-Rosa et al, 2002)
(Loyola et al, 2009)

H3K4me3
H3K9me1

H3K9me2
H3K9me3
H3K27me3
H3K36me1

General introduction

H3K36me2
H3K36me3
H3K79me3
H4K20me1
H4K20me2
H4K20me3
H3K14ac
H3K18ac
H3K23ac
H3K27ac
H3K36ac
H3K56ac
H4K5ac
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marks newly synthesized histones,
nucleosome assembly
transcriptional activation
transcriptional activation
transcriptional activation, active
enhancer mark
promoters of active RNAPII genes,
transcriptional activation
histone deposition, DNA repair,
nucleosome assembly
newly synthesized histones,
nucleosome assembly,
transcriptional activation

(Snowden et al, 2002)
(Peters et al, 2003)
(Akkers et al, 2009; Czermin et al,
2002; Lim et al, 2011)
(Bannister et al, 2005)
(Bannister et al, 2005; Rao et al,
2005)
(Kizer et al, 2005; Vakoc et al, 2006)
(Lacoste et al, 2002; Nguyen &
Zhang, 2011)
(Karachentsev et al, 2005; Talasz
et al, 2005; Vakoc et al, 2006)
(Greeson et al, 2008)
(Kourmouli et al, 2004; Schotta et al,
2004)
(Sobel et al, 1995; Tyler et al, 1999)
(van Oevelen et al, 2006)
(Daujat et al, 2002)
(Creyghton et al, 2010; Rada-Iglesias
et al, 2011; Tie et al, 2009)
(Morris et al, 2007)
(Masumoto et al, 2005; Xu et al,
2005)
(Martinato et al, 2008; Sobel et al,
1995; Verreault et al, 1996)

H4K16ac
H2AK5ac
H3S10P
H4S1P
H2BK120Ub

nucleosome assembly
newly synthesized histones,
nucleosome assembly,
transcriptional elongation
chromatin compaction,
heterochromatin spreading
active chromatin mark
chromatin structure, transcriptional
repression, transcriptional activation
cell cycle regulation
transcriptional elongation

(Verreault et al, 1996)
(Bell et al, 2007; Sobel et al, 1995;
Verreault et al, 1996)
(Johnson et al, 1992; Thompson et al,
1994)
(Cuddapah et al, 2009)
(Deng et al, 2008; Zhang et al, 2006;
Zippo et al, 2007)
(Barber et al, 2004)
(Laribee et al, 2007)

by a robust increase in transcriptional activity. The onset of zygotic transcription greatly varies
between different species. For example, in mice and zebrafish the transcriptional activation
takes place at two-cell and 512-cell stage, respectively. In Xenopus the onset of zygotic
transcriptional control is accompanied by other events such as increase in cell motility and the
progressive loss of cell cycle synchrony. These changes take place at the mid-blastula stage
(Nieuwkoop-Faber stage 8.5) and are collectively referred to as the mid-blastula transition
(MBT) (Newport & Kirschner, 1982a; Newport & Kirschner, 1982b). The mid-blastula transition
also coincides with changes in nucleosomal density, chromatin composition and histone posttranslational modifications (reviewed in Veenstra, 2002). Reporter construct experiments
performed on maturing oocytes demonstrated a mechanism in which the transcriptional
machinery and nucleosome assembly coexist in a state of constant competition for the DNA
template (Landsberger & Wolffe, 1997). As the oocyte matures into an egg, the nucleosome
assembly becomes more efficient which results in a less open and more repressive chromatin
state. When compared to oocyte chromatin, the early embryonic (pre-MBT) chromatin is
packed even more tightly and is more repressive towards transcriptional initiation (Veenstra
et al, 1999). Upon the MBT, the transcription rate increases several orders of magnitude, even
when normalized for differences in total cell numbers (Kimelman et al, 1987). This increase in
transcriptional activity is accompanied by accumulation of the hyperphosphorylated form of
the large subunit of RNA polymerase II involved in transcript elongation (Palancade et al, 2001;
Veenstra et al, 1999).
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Modification

H4K8ac
H4K12ac

Development of chromatin state
Repression of transcription before the MBT
Not much is known about the mechanisms utilized for preventing gene expression before the
MBT. Newport and Kirschner proposed a model where a repressor molecule is passively titrated
by DNA as the nucleus-to-cytoplasm ration increases, thereby leading to global transcriptional
activation at the MBT (Newport & Kirschner, 1982a; Newport & Kirschner, 1982b). However,
nowadays it is clear that the mechanisms regulating the onset of embryonic transcription are
far more complex (Veenstra, 2002). It has been demonstrated that early embryonic chromatin
blocks access of transcription factors such as TBP to promoter sequences (Prioleau et al, 1994).
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Deposition of Tritorax (H3K4me3) and Polycomb (H3K27me3) histone modifications
Many histone modifications such as H3K4me3 and H3K27me3 are not significantly enriched
during cleavage and early blastula stages in Xenopus, suggesting that chromatin state is
established de novo. The H3K4me3 mark for example is deposited on many promoters around
the MBT (Akkers et al, 2009), although on early expressed genes such as nodal3.1 (xnr3) and
sia1 (siamois) this mark is found well before the MBT (Blythe et al, 2010). This deposition of
the H3K4me3 mark coincides with expression or precedes transcriptional activation of key
developmental regulators such as t (brachyury), chrd (chordin), hoxd1, sox2 and the pou5f1/
Oct4 homolog oct91 (Akkers et al, 2009). A similar observation has been made in zebrafish
embryos (Vastenhouw et al, 2010). However, differences in the epigenetic regulation of early
development may exist between the two model systems. In Xenopus, the H3K27me3 mark,
catalyzed by the PRC2 complex is deposited in a spatial and temporal manner. As detected by
chromatin immunoprecipitation (ChIP), H3K27me3 enrichment levels are generally very low
in blastula embryos (Akkers et al, 2009; Lim et al, 2011; Peng et al, 2009) and (SJvH et al., in
preparation). During gastrulation, the H3K27me3 mark becomes very abundant and decorates
spatially regulated genes, therefore showing a temporal regulatory hierarchy of H3K4me3 and
H3K27me3 deposition on the promoters of developmental master regulators (Akkers et al,
2009). Furthermore, sequential ChIP demonstrated that H3K4me3 and H3K27me3 largely mark
different nucleosomal populations probably corresponding to differently specified cells in
gastrula embryos (Akkers et al, 2009).
By contrast, in zebrafish dome / 30% epiboly embryos (corresponding to blastula stage in
Xenopus), enrichment of H3K27me3 has been reported in bivalent chromatin domains

(Vastenhouw et al, 2010). These domains, which are simultaneously double-marked for the
active H3K4me3 and repressive H3K27me3 modifications, are known from studies in mouse
and human embryonic stem cells (ESC). They have been hypothesized to contribute to
pluripotency by keeping the bivalently marked developmental genes repressed but poised for
activation (Bernstein et al, 2006; Mikkelsen et al, 2007; Pan et al, 2007). Approximately 50% of
mammalian bivalent loci correspond to targets of one of the pluripotency factors such as Oct4,
Sox2 or Nanog. Interestingly, the bivalent domains bound by Oct4 or Nanog correspond to
transcriptionally inactive loci suggesting that bivalent domains have the potential to override
transcriptional activation (Bernstein et al, 2006). These observations raise the question to
what extent do zebrafish and mammalian ES cells differ from Xenopus or Drosophila, another
organism with no apparent bivalency (Schuettengruber et al, 2009). Direct comparisons
between these organisms are difficult because of large differences in their development.
Nevertheless, a number of recent studies in mouse embryos provided valuable insights into
the distribution of chromatin marks in early embryonic lineages (Dahl et al, 2010; Rugg-Gunn
et al, 2010). In mammals the pluripotency is established in the epiblast, a tissue derived from
the inner cell mass (ICM) during the blastocyst stage (Brons et al, 2007; Nichols & Smith, 2009).
In the early mouse embryo three lineages: trophoectoderm, primitive endoderm and epiblast,
start displaying differences in the abundance and distribution of epigenetic marks (Rugg-Gunn
et al, 2010). Trophoblast stem cells and extra-embryonic endoderm cells almost completely
lack the H3K27me3 mark. That is, however, not the case with epiblast-derived ESCs where the
H3K27me3 is already localized to the promoter regions. Interestingly, the three derived cell
lines did not show any differences in the active H3K4me3 mark. Whereas bivalent domains were
found in epiblast-derived ESCs, it appears that in stem cells derived from trophoectoderm and
primitive endoderm bivalency is not a common phenomenon. When compared to trophoblast
or extra-embryonic endoderm cells, the postimplantation extra-embryonic tissues contain
high levels of H3K27me3 on developmental regulators such as Pou5f1, Sox2 and Cdx2. Similar
observations have been confirmed using trophoectoderm or the ICM of early mouse embryos
instead of derived cells (Dahl et al, 2010). A noteworthy fact is that ES cells and the ICM they are
derived from display large differences in the distribution and co-enrichment of H3K4me3 and
H3K27me3, mostly due to an increase in H3K27me3 methylation upon ESC derivation (Dahl et al,
2010). Similarly, RNA-seq profiling of ESCs and ICM outgrowths revealed robust differences in
their transcriptional programs with ESCs being enriched for genes involved in self-renewal and
transcriptional repression. (Guo et al, 2010; Tang et al, 2010). Altogether, these data suggest
that ESCs and ICM are epigenetically distinct entities that may also vary in the extent of their
intrinsic pluripotency.
Some of the apparent bivalency in mammalian cells may not reflect co-occurrence of the
two histone marks on the same nucleosome. A recent study performed on human ESCs revealed
that upon fractionation based on neural or mesodermal marker expression, the ESCs with
“bivalent” chromatin segregated into sub-populations with clearly defined monovalent
signatures corresponding to their developmental potential (Hong et al, 2011). Dissolving
bivalency into a monovalent H3K4me3 or H3K27me3 chromatin state has a biochemical
basis. Polycomb Repressive Complex 2 (PRC2), the histone methyl-transferase responsible
for H3K27me3 deposition, is inhibited by the presence of active marks such as H3K4me3 and
H3K36me2/3 (Schmitges et al, 2011), whereas it is stimulated by the presence of H3K27me3
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Still, precocious translation of TBP in pre-MBT embryos was able to activate transcription,
therefore establishing this protein as one of the rate-limiting factors of transcription initiation
before the MBT (Veenstra et al, 1999). In addition, epigenetic phenomena might also be
partly responsible for pre-MBT transcriptional repression. Depletion of maintenance DNA
methyltransferase Dnmt1 in Xenopus embryos led to a precocious expression of mesodermal
markers such as cer1, t (brachyury) and otx2 (Stancheva & Meehan, 2000). Hypomethylation of
the t (brachyury) promoter in Dnmt1-depleted embryos was confirmed by methylation-sensitive
PCR assays. However, more recent research from the same group demonstrated that Dnmt1 acts
as a global repressor and contributes to gene silencing before the MBT in a DNA methylation‑independent manner (Dunican et al, 2008); a catalytically inactive form of human Dnmt1 was
able to rescue the phenotype observed upon Dnmt1 knockdown in Xenopus embryos whereas
ChIP experiments confirmed the presence of Dnmt1 on unmethylated gene promoters. Proteins
with methyl-CpG binding activity have also been shown to play a role in pre-MBT transcriptional
silencing. Morpholino knockdown of Kaiso, a zinc-finger protein with a DNA methylation
recognition module, led to a premature activation of a number of targets such as oct25, bef,
drak1, and odc (Ruzov et al, 2004). These results point to a cooperation of various mechanisms
in preventing pre-MBT gene expression. While Dnmt1 might indeed function as a titratable
repressor proposed by Newport and Kirschner, it is definitely not the only component required
for transcriptional initiation at the MBT. It is probable that a defined proportion of transcriptional
repressors and activators as well as other chromatin proteins present on a transcriptionally
poised chromatin structure lead to global gene activation at the MBT.
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(Hansen et al, 2008; Margueron et al, 2009), thus providing a mechanism for maintenance and
processive spreading of H3K27me3 and its inhibition at the boundaries of active chromatin.
Bivalent or double-marked chromatin domains also exist in differentiated cells such as
ESC-derived β-III-tubulin+ neurons and CD133+ hematopoetic stem cells (Golebiewska
et al, 2009), indicating that bivalency is not uniquely present in pluripotent cells. Some data
suggests that H3K27me3 is involved in lineage-specification rather than pluripotency. These
claims find support in a recent study where it has been shown that increase of the H3K27me3
mark on key developmental regulators such as Fgf3 and Sox3 occurs during gastrulation (Peng
et al, 2009). It has also been demonstrated that PRC2 can interact with Geminin, an essential
regulator of embryonic pluripotency, to restrain multi-lineage commitment in Xenopus
embryos (Lim et al, 2011). Moreover, Geminin can regulate H3K27me3 levels as demonstrated
by both morpholino knockdown and overexpression assays in early embryos (Lim et al, 2011).
The observation that H3K27me3 plays a role in lineage restriction is further corroborated by
loss of function studies in mouse ESCs where it has been shown that Polycomb components
are essential for repression of lineage-specific markers (Leeb & Wutz, 2007). Deletion of
Ring1B, a Polycomb group gene, destabilizes ESCs due to aberrant expression of trophoblast
stem cell markers Cdx2 and Eomes, extraembryonic endoderm markers Foxa2, Hand1 and
Hnf4, and neural markers such as Nestin.
Permissive nature of pluripotent chromatin
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At the time of MBT, the embryonic cells present on the animal pole of the Xenopus embryo
are pluripotent (Heasman et al, 1984). When dissected, these blastula cells can be induced to
different cellular fates by incubation with activin (Green et al, 1997). Studies on mammalian
ESCs led to the discovery of components needed for the establishment and maintenance of
the pluripotent state (Boyer et al, 2005; Mitsui et al, 2003; Niwa et al, 2000). These involve
two transcription factors; Oct4 and Sox2, sufficient for the generation of induced pluripotent
cells (iPSCs) from somatic cells (Takahashi et al, 2007; Takahashi & Yamanaka, 2006; Wernig
et al, 2007). In Xenopus, three Oct4 (pou5f1) orthologs (oct25, oct60 and oct91) have been
identified (Hinkley et al, 1992; Morrison & Brickman, 2006). These Oct4 homologs display
partially overlapping expression profiles during pluripotency stages and are able to rescue cell‑renewal in Oct4-deficient mouse ESCs (Morrison & Brickman, 2006). Oct60 mRNA is present
in the animal hemisphere of both unfertilized oocytes and blastula embryos and is reduced
to undetectable levels by the early gastrula stage. Oct25 and oct91 first become detectable at
the onset of zygotic transcription in both the animal pole and the marginal zone, remaining
expressed during gastrulation in cells that have not yet undergone involution. Furthermore,
morpholino knockdown of these Oct4-related proteins in animal pole explants (animal caps)
results in reduced t (brachyury) expression and elevated expression of endodermal markers
such as gsc and chrd upon activin induction (Morrison & Brickman, 2006).
Pluripotent chromatin in mouse/human ESCs is relatively open and accessible; it contains
fewer heterochromatin foci than differentiated cells and the association of chromatin
and its structural proteins is less rigid (Bhattacharya et al, 2009; Meshorer et al, 2006).
Heterochromatic protein HP1 and heterochromatic histone mark H3K9me3 are characterized
by diffuse and poorly-defined distribution patterns in ESCs when compared to differentiated
neural progenitor cells where they both form small, well-defined foci (Meshorer et al, 2006). It

has been proposed that the ESC chromatin state is characterized by global hyper-transcription
including low level transcription of genes normally expressed in differentiated cells (Efroni
et al, 2008). However, a recent study demonstrated that H3K9me2 profiles as well as global
transcription levels quantified by RNA-seq are similar between ES cells and ES cell-derived
neurons (Lienert et al, 2011). In mammalian ESCs the deletion of both DNA methyltransferases
Dnmt1 and Dnmt3 did not affect their potential for renewal but rather caused problems
in differentiation suggesting that transcriptional repression is probably only needed later
on during the lineage restriction phases (Tsumura et al, 2006). Similar observations have
been made in ESCs depleted for Polycomb components Eed and Ring1b (Leeb & Wutz,
2007,Chamberlain, 2008 #505). Chromatin remodeler Chd1 has been proposed to play a role
in keeping the ESC chromatin in a permissive state (Gaspar-Maia et al, 2009). Knockdown of
Chd1 results in increased chromatin condensation and compromises the ESC differentiation
potential. Altogether, these results suggest that ESC chromatin exists in a relatively open,
relaxed conformation during pluripotency stages, probably followed by chromatin compaction
during germ layer specification.
In Xenopus early gastrula embryos, cells with similar positions in the embryo might express
markers of different germ layers (Wardle & Smith, 2004). These so called “rogue” cells are
characteristic for early gastrula stages and are seen less frequently in late gastrula embryos.
A similar observation has been made for early blastula embryos. The zygotically expressed
MyoD is localized to the marginal zone during gastrulation (Harvey, 1990; Hopwood et al, 1989),
however, both MyoD transcripts (MyoDa and MyoDb) are already expressed around the MBT,
in a ubiquitous manner and independent of mesoderm induction (Rupp & Weintraub, 1991). In
adult frogs, the MyoD expression is strictly localized to muscle indicating that these expression
patterns are a result of selective transcriptional repression taking place after the MBT. Also, at
the time of the MBT both oocyte and somatic types of 5S rRNA are expressed in the Xenopus
embryo in almost equal proportions (Wormington et al, 1983). During late gastrula, however,
more than 95% of 5S rRNA transcripts will belong to the somatic type whereas most of the
oocyte-specific 5S RNA genes will already be silenced. Altogether, these observations support
the idea of a permissive transcriptional program during pluripotency stages followed by spatio‑temporal transcriptional repression needed for the establishment of proper gene expression
patterns. The deposition of the active H3K4me3 histone mark followed by the repressive,
spatially-restricted H3K27me3 might indeed provide such a mechanism (Akkers et al, 2009).
Quantitative mass spectrometry profiling of histone modifications in Xenopus embryos
revealed a developmental shift from modifications associated with transcriptional activity
to repressive histone marks most notable of which was an increase in H3K27 methylation
(Schneider et al, 2011).
Linker histones and the restriction of cellular competence
As discussed before, the Polycomb mark, H3K27me3 accumulates during gastrulation and
restrains multi-lineage commitment in cooperation with Geminin (Akkers et al, 2009; Lim et al,
2011). A similar function in constraining lineage specification has also been attributed to the
linker histone H1. Xenopus oocytes and early (pre-MBT) embryos are largely depleted of H1,
however, they do contain a replacement variant called linker histone B4 (H1M), which is replaced
by the canonical (somatic) H1 form during gastrulation (Dworkin-Rastl et al, 1994). Experiments
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Overview of the thesis
Histone modifications and DNA methylation are known to play important roles during early
embryonic development. A plethora of studies on different experimental models provided
valuable insights into functions and mechanisms of DNA methylation. However, little is known
on how this modification influences early vertebrate development and what its functions are
in vivo. To address these issues, we took advantage of the Xenopus tropicalis model system. Its
published genome sequence and fast external embryogenesis rendered it an excellent model
to study epigenetics/epigenomics of the early development (Akkers et al, 2009; van Heeringen
et al, 2011). In chapter 2, we summarize the current knowledge on DNA methylation and
methyl-CpG binding proteins during early development. We also provide a comparative insight
into the function and mechanisms of DNA methylation establishment in different vertebrate
and non-vertebrate organisms. In chapter 3, we test the Methylated DNA Affinity Capture
(MethylCap) that will later be used for the global quantitative assessment of DNA methylation
in early Xenopus embryos (chapter 4). In addition, in chapter 3 we describe an efficient method
for probing methyl-CpG binding activity in a developmental context. Both methods are highly
efficient, affinity-based techniques easily applicable to embryonic material. In chapter 4, we
employ the MethylCap technique combined with Next-Generation Sequencing to quantify the
global levels of DNA methylation in developing embryos. Integrative bioinformatics analysis
combined with in vivo approaches such as transgenesis revealed a temporary lack of DNA
methylation-mediated transcriptional repression during early embryogenesis. When compared
to human ESCs, early Xenopus embryos displayed striking similarities in epigenetic makeup and

gene regulation. In chapter 5, we describe the development of an antisense strategy to study
MeCP2 function in Xenopus laevis embryos. MeCP2 is a methyl-CpG binding protein implicated
in Rett Syndrome in humans. Our preliminary data indicate that antisense knockdown of MeCP2
causes changes in gene expression that can be detected by microarray profiling. In addition,
experiments with animal cap explants suggest a requirement for MeCP2 in the response to
activin (TGF-beta) signaling. In chapter 6, we summarize the work presented in this thesis and
compare it to studies performed on other experimental models.
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performed on Xenopus animal cap explants, derived from embryos injected with H1 or B4
(H1M) mRNA, identified H1 as the rate limiting factor responsible for the loss of mesodermal
competence (Steinbach et al, 1997). These data demonstrated that H1, but not the maternally‑contributed B4 (H1M), has the ability to selectively silence genes involved in mesoderm
induction. Interestingly, histone H1 binds to dinucleosome templates with a dissociation
constant (Kd) of 7.4 nM, a value almost five times lower than the one calculated for histone B4
(Kd = 45 nM) (Ura et al, 1996). This significantly reduced affinity of B4 for the chromatin template
might be partly responsible for the transcriptionally permissive nature of pluripotent chromatin
observed around the MBT (Rupp & Weintraub, 1991; Wardle & Smith, 2004; Wormington et al,
1983). The linker histone H1b has been demonstrated to interact with the Msx1 homeoprotein
family transcription factor to repress MyoD, a myogenic master regulator that is activated upon
mesoderm induction, providing a potential mechanism for the loss of mesoderm competence
(Lee et al, 2004). The role of linker histones has also been studied within the context of nuclear
reprogramming (Jullien et al, 2010). Nuclear transplantation experiments involving Xenopus
oocytes and mammalian ESCs demonstrated that the acquisition of B4 histone variant is crucial
for the reactivation of pluripotency genes. Surprisingly, when overexpressed in oocytes, the
linker histone H1 does not affect B4 binding. The transplanted nuclei retain in such conditions
the H1 histone on their chromatin in addition to gaining the B4 variant suggesting that H1 and
B4 bind to distinct sites in nuclear chromatin (Jullien et al, 2010). Altogether, these published
studies emphasize the importance of chromatin-based transcriptional repression in restricting
cellular competence for induction.
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DNA methylation is a major epigenetic modification in the genomes of higher eukaryotes.
In vertebrates, DNA methylation occurs predominantly on the CpG dinucleotide, and
approximately 60 to 90% of these dinucleotides are modified. Distinct DNA methylation
patterns, which can vary between different tissues and developmental stages, exist on specific
loci. Sites of DNA methylation are occupied by various proteins, including methyl-CpG binding
domain (MBD) proteins which recruit the enzymatic machinery to establish silent chromatin.
Mutations in the MBD family member MeCP2 are the cause of Rett syndrome, a severe
neurodevelopmental disorder, whereas other MBDs are known to bind sites of hypermethylation
in human cancer cell lines. Here, we review the advances in our understanding of the function
of DNA methylation, DNA methyltransferases and methyl-CpG binding proteins in vertebrate
embryonic development. MBDs function in transcriptional repression and long range
interactions in chromatin but also appear to play a role in genomic stability, neural signaling
and transcriptional activation. DNA methylation makes an essential and versatile epigenetic
contribution to genome integrity and function.
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DNA methylation is a covalent modification of DNA catalyzed by DNA methyltransferase enzymes
(DNMTs). In vertebrate genomes the addition of a methyl group occurs exclusively on the
cytosine within CG dinucleotides (referred to as CpG), with 60-90 % of all the CpGs methylated in
mammals (Bird 1986). The exceptions are CpG islands, CpG-enriched sequences that frequently
coincide with gene promoter regions and generally are unmethylated. DNA methylation in
higher eukaryotes is usually associated with a repressed chromatin environment, while in the
prokaryote kingdom both cytosine and adenine methylation have been described as a part of
the host-restriction system (Wilson and Murray 1991). Proper DNA methylation is a prerequisite
for normal development and is involved in various processes such as gene repression, imprinting,
X-chromosome inactivation, suppression of repetitive genomic elements and carcinogenesis
(Bird 2002). Sites of DNA methylation recruit methyl-‑CpG binding domain proteins (MBDs) and
several structurally unrelated methyl-CpG binding zinc finger proteins of the Kaiso family (Kaiso/
ZBTB33, ZBTB4 and ZBTB38, cf. Fig. 1). These proteins generally are thought to associate with
histone deacetylase activity and establish silent chromatin (Table 1). Here we review the recent
developments
Figure
1 in the field of DNA methylation-‑dependent silencing with special emphasis on the
role of MBDs in vertebrate development. DNA methylation, MBDs and their roles in disease have
been more extensively reviewed elsewhere (Clouaire and Stancheva 2008; Hendrich and Tweedie
2003; Klose and Bird 2006; Lopez-Serra and Esteller 2008).

ZF

ZF ZF

ZF ZF ZF

ZF ZF ZF

ZF ZF

ZF ZF ZF ZF ZF

Figure 1. (A) Two families of proteins that bind methylated DNA. a Methyl-CpG binding proteins (MBDs):
MBD proteins display homology within their MBD domains, while the transcription repression domains (TRD)
described for MeCP2, MBD1 and MBD2 are non-homologous. In addition to its MBD domain, MBD1 is able to
bind unmethylated DNA via its third CxxC zinc-finger motif. MBD2 features a characteristic stretch of glycine
and arginine residues (GR), and has juxtaposed MBD and TRD domains. MBD3 is, due to a mutation in the MBD
domain, not able to bind methylated CpGs in mammals. MBD4, a thymine glycosylase, contains a C-terminal
glycosylase domain used for excision-based DNA repair. b Kaiso protein family: Three members of the Kaiso
protein family have been described so far. (B) Kaiso, ZBTB4 and ZBTB38 share a triple zinc-finger domain and a
BTB/POZ domain which in case of ZBTB4 contains a 60 amino acid insertion. Furthermore, ZBTB4 and ZBTB38
contain respectively three and seven additional zinc-fingers.
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Table 1. Biochemical interactions of methyl CpG binding proteins

DNA methylation in different species

2

Protein

Interacting partner

Effects of the interaction

Reference

MeCP2

Sin3A, HDACs

transcriptional repression

c-ski, N-CoR
HMGB1

transcriptional repression
unknown

Sin3B, HDAC2
Dnmt1
H3K9 methyltransferase
CoREST complex

transcriptional repression
targeting of maintenance
DNA methylation?
transcriptional repression
repression of neural genes

Brm (SWI/SNF complex)

transcriptional repression

YB-1
ATRX

alternative splicing
epigenetic regulation
required for neural
development
transcriptional repression
during myogenic
differentiation
transcriptional activation
DNA repair
transcriptional repression
transcriptional repression,
inheritance of epigenetic
states
PML-RARα-mediated
silencing
Transcriptional repression

(Jones et al. 1998; Nan
et al. 1998)
(Kokura et al. 2001)
(Dintilhac and Bernues
2002)
(Rietveld et al. 2002)
(Kimura and Shiota
2003)
(Fuks et al. 2003b)
(Ballas et al. 2005;
Lunyak et al. 2002)
(Harikrishnan et al.
2005; Hu et al. 2006)
(Young et al. 2005)
(Nan et al. 2007)

HP1

MBD1

CREB1
MPG
Suv39h1-HP1
MCAF1, MCAF2, SETDB1,
CAF-1 p150
PML-RARα, HDAC3

MBD2

Mi-2, MTA1-3, P66α/β,
HDAC1/2, RbAp46/48,
DOC-1, PRMT5, MEP50
(NuRD complex)
Sin3A
Tax
TACC3, HATs, pCAF
GCNF
Dnmt1
RFP

transcriptional repression
transcriptional activation
transcriptional activation
Oct-4 silencing
targeting of maintenance
DNA methylation?
enhancement of
transcriptional repression

(Agarwal et al. 2007)

(Chahrour et al. 2008)
(Watanabe et al. 2003)
(Fujita et al. 2003)
(Ichimura et al. 2005;
Reese et al. 2003; Sarraf
and Stancheva 2004)
(Villa et al. 2006)
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Vertebrate genomes are highly methylated, but many invertebrates have a low genomic
DNA methylation content and a few species like Caenorhabditis elegans and Drosophila
melanogaster appear (virtually) methylation-free (Tweedie et al. 1997). Likewise, both
Schizosaccharomyces pombe and Saccharomyces cerevisiae are devoid of DNA methylation
(Antequera et al. 1984; Proffitt et al. 1984), but the filamentous fungus Neurospora crassa
utilizes a silencing pathway in which the establishment of DNA methylation is dependent on
the H3K9 histone-methyltransferase dim-5 (Tamaru and Selker 2001). A study mapping DNA
methylation in the Neurospora genome revealed that most of the methylated sequences
correspond to transposon relics (Selker et al. 2003), in line with a role for DNA methylation in
preventing the reactivation of parasitic genomic sequences in eukaryotes (Bestor and Tycko
1996; Yoder et al. 1997). Species such as Drosophila melanogaster which have very little DNA
methylation, display a relatively high mutation rate due to the vulnerability of their genome
to genomic transposition (Yoder et al. 1997). Although the DNA methylation mark does not
seem to be particularly abundant in Drosophila, two potential DNA methyltransferase genes
have been discovered (Hung et al. 1999). In contrast to the vertebrate DNMT2, which has
mostly been associated with RNA methyltransferase activity (Goll et al. 2006; Rai et al. 2007),
deletion of Dnmt2 from the fly genome resulted in abolishment of DNA methylation whereas its
overexpression induced hypermethylation on CpT and CpA dinucleotides (Kunert et al. 2003).
A single functional homologue of the mammalian MBD2 and MBD3 proteins has also been
discovered in Drosophila (Roder et al. 2000). GST pulldowns as well as yeast two-hybrid assays
showed that fly MBD2/3 protein interacts with the Mi-2/NuRD complex via the p55 and Mi-2
subunits (Marhold et al. 2004a). The generation of the MBD2/3 mutant allele resulted in viable
and fertile flies which however showed some displacement of Mi-2 from genomic loci (Marhold
et al. 2004b). Bandshifts using MBD2/3 and its mammalian MBD2 homolog, demonstrated
that fly MBD2/3 interacts with CpT/A methylated, but not CpG methylated oligonucleotides,
while the mammalian MBD2 interacted only with the CpG methylated probes. Also,
immunohistochemistry experiments suggest that embryos treated with the DNA methylation
inhibitor 5-azacytidine, display a loss of MBD2/3 foci which normally overlap with the DNA
staining (Marhold et al. 2004b). Collectively, these data indicate that Drosophila MBD2/3 might
be functionally more similar to MBD2 than to MBD3. However, further experiments will be
needed in order to determine whether MBD2/3 targets the Mi-2/NuRD complex to the sites of
CpT/A methylation or if such a complex is mainly targeted by protein-protein interactions. It is
possible that DNA methylation only plays an auxiliary role, for example during development;
the 5-methylcytosine content of the Drosophila genome as assessed by liquid chromatography
showed the highest signal in the early embryo (Lyko et al. 2000). While the Drosophila
genome appears to be largely depleted of DNA methylation, other insect species such as the
cabbage moth Mamestra brassicae, the peach potato aphid Myzus persicae and the mealy
bug Planococcus citri seem to utilize DNA methylation (Field et al. 2004). Also, significant
amounts of DNA methylation along with a MBD2/3 homologue have been identified in the
silkworm moth Bombyx mori (Patel and Gopinathan 1987; Uno et al. 2005). A functional DNA
methylation system containing both Dnmt1 and Dnmt3 as well as a functional ortholog of the
mammalian MBD family, has been described in the honeybee, Apis melifera (Wang et al. 2006).

(Brackertz et al. 2002;
Le Guezennec et al.
2006; Zhang et al. 1999)
(Boeke et al. 2000)
(Ego et al. 2005)
(Angrisano et al. 2006)
(Gu et al. 2006)
(Tatematsu et al. 2000)
(Fukushige et al. 2006)
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Mi-2, MTA1-3, P66α/β,
HDAC1/2, RbAp46/48,
DOC-1 (NuRD complex)
Dnmt1
CDK2AP1, GCNF

MBD4

Sin3A, HDAC1
FADD

Tcf3
p120

N-CoR

transcriptional repression

(Le Guezennec et al.
2006; Wade et al. 1999;
Zhang et al. 1999)
(Tatematsu et al. 2000)
(Deshpande et al. 2008;
Gu et al. 2006)
(Kondo et al. 2005)
(Screaton et al. 2003)
(Bellacosa et al. 1999)
(Fukushige et al. 2006)
(Ruzov et al. 2009)
(Daniel and Reynolds
1999; Prokhortchouk
et al. 2001)
(Yoon et al. 2003)

In the honeybee DNA methylation plays an important role in the organization of
social structures as well as labor division (Kucharski et al. 2008). In bee communities,
young worker bees feed a privileged subset of larvae with a substance called royal jelly
(Schmitzova et al. 1998). Larvae nurtured with royal jelly develop into queens, while other
bees of the same clonal origin become worker bees (Barchuk et al. 2007; Colhoun and
Smith 1960). The larvae treated with siRNA targeting a de novo DNA methyltransferase,
Dnmt3, developed into queens with fully functional ovaries, while a control RNA did not
induce that effect (Kucharski et al. 2008). This finding highlights the function of DNA
methylation in phenotypic plasticity, but also shows an elegant way of how epigenomes
respond to environmental signals in order to determine different developmental fates.
Vertebrates, such as Xenopus laevis and zebrafish, Danio rerio, are known to have a high
content of genomic DNA methylation as well as functional DNMTs and MBDs (McGowan
and Martin 1997; Rai et al. 2006; Stancheva and Meehan 2000; Veenstra and Wolffe 2001).
DNA methylation is also employed in mammal-specific ways. A phenomenon observed
in both eutherians and marsupials is parental imprinting, which is allele-specific gene
expression in which the expression status of an allele is determined by its parental origin
(Reik et al. 2001; Wood and Oakey 2006). The differential expression status of maternal
and paternal alleles is controlled by DNA methylation. Defects in imprinting are related
with severe diseases such as the Beckwith-Wiedemann, Prader-Willi and Angelman
Syndromes and various types of cancer (Bittel and Butler 2005; Lalande and Calciano
2007; Rainier et al. 1993; Weksberg et al. 2003). The imprints are established already
during gametogenesis (Bourc’his et al. 2001; Delaval and Feil 2004). Developmental
dynamics of DNA methylation and its function in vertebrates will be discussed in more
detail below.

DNA methyltransferases (DNMTs) in embryonic development
The DNA methylation mark in vertebrates is set by three DNMT family members: DNMT1,
DNMT3a and DNMT3b. DNMT3a and DNMT3b fall in the group of de novo methyltransferases,
enzymes that are able to methylate previously unmethylated CpG sequences, while DNMT1
functions as a maintenance methylase, copying the pre-existing methylation marks onto the
new strand during replication (Jeltsch 2006). Although generally thought of as a maintenance
methylase, DNMT1 has also been shown to function as a de novo DNA methyltransferase
(Fatemi et al. 2002; Gowher et al. 2005; Liang et al. 2002; Pradhan et al. 1999). In addition, two
non-canonical family members, DNMT2 and DNMT3L have been discovered (Aapola et al.
2000; Okano et al. 1998). Various functional studies demonstrated the importance of DNMTs
for early vertebrate development (Li et al. 1992; Okano et al. 1999; Stancheva et al. 2001).
The DNMT1 gene was targeted in embryonic stem (ES) cells and in mouse embryos
(Li et al. 1992). Both affected ES cells and embryos showed significantly reduced levels of
DNA methylation. The loss of DNMT1 proved to be lethal with the majority of embryos not
passing mid-gestation, although the ES cells remained viable and proliferative (Li et al. 1992).
Dnmt1o, a variant transcribed from an oocyte-specific promoter, expressed in oocytes and
preimplantation embryos, is required for zygotic maintenance of imprinting (Howell et al. 2001).
In Xenopus laevis embryos, the genome of DNMT1-depleted embryos was hypomethylated
and the embryos displayed a premature expression pattern of several mesodermal markers.
(Stancheva and Meehan 2000). This also led to p53-induced apoptosis and embryonic lethality
(Stancheva et al. 2001). Similar observations have been made on cultured fibroblasts derived
from conditional DNMT1 mouse knockouts that undergo p53-dependent programmed cell
death (Jackson-Grusby et al. 2001). The DNMT1 depleted fibroblasts showed a reactivation
of placental and germ line markers pointing out the role of DNMT1 for tissue-specific gene
expression and embryonic development. The DNMT1 knockdown in zebrafish (Rai et al.
2006) appears to recapitulate the effects observed in mice and Xenopus with ~ 40% of the
embryos dying upon DNMT1 depletion. An interesting finding was that the response to DNMT1
deficiency was largely organ-specific. One of the most affected organs was the gut, where
the reduced intestinal differentiation was accompanied by the loss of expression of fabp2,
a marker of terminally differentiated epithelial cells. Although markers of eye development
such as otx-2 and otx-5 appeared to be expressed at similar levels in both control embryos
and DNMT1 morphants, histological evidence suggested a severe disorganization of retinal
structures. This study emphasizes the importance of DNMT1 for tissue-specific gene expression
and development. DNMT1 has been reported to interact with methyl-CpG binding proteins as
well as with HDACs and histone methyltransferases to repress transcription (Fuks et al. 2003a;
Kimura and Shiota 2003; Tatematsu et al. 2000). In addition, DNMT1 has been found to interact
with the Rb tumor suppressor protein to repress transcription from promoters containing
E2F binding sites (Robertson et al. 2000), linking DNMT1 to a growth regulatory pathway that
frequently is disrupted in cancer.
DNMT2 is the best conserved methyltransferase although its exact function remains a
topic of debate. DNMT2 appears to be dispensable for de novo DNA methylation in mouse ES
cells (Okano et al. 1998), while in vitro experiments detected only a weak methyltransferase
activity (Hermann et al. 2003). Interestingly, a recent study found that DNMT2 can function
as a tRNA methyltransferase that specifically methylates cytosine 38 in the anticodon loop
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DNA repair
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transcriptional repression
suppression of Wnt signaling
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Dynamic changes in DNA methylation during vertebrate development
Although stable and inheritable in somatic cells, global DNA methylation patterns are
dynamic during the mammalian life cycle. Global remodeling of DNA methylation occurs
twice in mammals, during gametogenesis and pre-implantation development (Morgan et al.
2005). The first erasure of DNA methylation marks takes place during gametogenesis, when
also the imprinted marks are reset. This involves a wave of remethylation which is needed
to establish the parental imprints. The second demethylation event takes place during
preimplantation development and does not affect imprinted regions (Mann and Bartolomei
2002). When compared to the oocyte genome, the sperm genome is highly methylated,
which correlates well with its inactive chromatin state and compact structure (Morgan et al.
2005). Immunohistochemistry and bisulphate conversion experiments in mice showed that
the male pronucleus gets rapidly demethylated shortly after fertilization (Mayer et al. 2000;
Oswald et al. 2000), while the maternal genome displays a slow but progressive drop in DNA
methylation levels consistent with passive demethylation. Later during implantation, the global
DNA methylation levels of both the paternal and the maternal contributions to the genome

increase (Meehan 2003). Such developmental changes in the DNA methylation content of
the embryo have been described in other placental mammals as well (Dean et al. 2001). By
contrast, the Xenopus paternal genome does not get actively demethylated after fertilization
despite the occurring changes in the chromatin structure (Stancheva et al. 2002). Moreover,
the global DNA methylation content as well as DNA methylation of specific loci remains
high and unchanged during embryogenesis from early blastula stages onwards (Veenstra
and Wolffe 2001). However, some DNA methylation remodeling has been reported for a
number of developmentally regulated promoters (Stancheva et al. 2002). Likewise, southern
blotting of repetitive DNA and bisulphate sequencing of single copy genes demonstrated the
absence of global demethylation in zebrafish embryonic development (Macleod et al. 1999).
Immunohistochemistry experiments with an anti-5-methylcytosine antibody, however, showed
a reduction in signal to almost undetectable levels 1.5 – 2 hours post fertilization (hpf) and a
reappearance at 2.5 hpf (MacKay et al. 2007). Possible explanations for this discrepancy include
(subtle) differences in the stages and sequences analyzed and methodological differences
in detection of DNA methylation. A demethylase activity involving an AID deaminase, MBD4
glycosylase and Gadd45a, has recently been reported in late gastrula to segmentation stage
(8-13 hpf) zebrafish embryos (Rai et al. 2008). Gadd45a has been associated with demethylation
events (Barreto et al. 2007; Schmitz et al. 2009). However, Gadd45a knockout in mice did not
result in global or site-specific hypermethylation (Engel et al. 2009) and the role of Gadd45a in
demethylation is disputed (Jin et al. 2008). An equally controversial DNA demethylase function
has been proposed for the MBD2 and MBD3 proteins (Bhattacharya et al. 1999; Boeke et al.
2000; Brown et al. 2008; Detich et al. 2002; Hendrich et al. 2001; Ng et al. 1999; Wade et al.
1999; Wolffe et al. 1999). To what extent the observations concerning active demethylation can
be reconciled, and how DNA methylation and demethylation are targeted or regulated, and
what the physiological role of DNA demethylation is in vertebrate development, are issues that
await further clarification.
DNA methylation and histone modifications provide a link between chromatin and tissue‑specific transcriptional programs (Kiefer 2007; Lunyak et al. 2004; Palacios and Puri 2006;
Rupp et al. 2002). Until recently, most of the DNA methylation studies have been performed
on individual genomic loci. However new high-throughput technologies have allowed us to
investigate thousands of CpG methylation sites across the genome, and collect tissue-specific
as well as age and sex-dependent DNA methylation signatures. A bisulphate conversion
approach combined with BeadArray technology identified DNA methylation epigenotypes
specific for distinct cell populations (Bibikova et al. 2006a; Bibikova et al. 2006b). Out of
1536 CpG sites selected from 5’ regulatory regions of 371 genes, 49 sites from 40 genes were
identified as potential DNA methylation markers. The differential DNA methylation patterns
observed on those sites were sufficient to discriminate between human ES cells, differentiated
cells, somatic cells and cancer cells. Another study using bisulphate DNA sequencing of
chromosomes 6, 20 and 22 on samples derived from 12 different healthy tissues, including
fetal liver and fetal skeletal muscle, identified a number of genes carrying DNA methylation
patterns specific to fetal tissues (Eckhardt et al. 2006), while a relatively new technique which
uses the combination of methylated DNA immunoprecipitation (MeDIP) and microarray
hybridization proved to be quite efficient in generating global DNA methylation data and
assessing the differences between normal and transformed cells (Weber et al. 2005). When
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(Goll et al. 2006). Although the exact function of this cytoplasmic methylation event remains
unclear, another study described the requirement for DNMT2 cytoplasmic activity in early
zebrafish development (Rai et al. 2007). The DNMT2 knockdown was not lethal; however
DNMT2 morphant embryos displayed a range of developmental defects including brain and
retina abnormalities. DNMT2 isolated from zebrafish was able to methylate an RNA species of
~80 bp, which by size might correspond to tRNA. It is not known how many RNA species can be
methylated by cytoplasmic DNMT2.
DNMT3a and DNMT3b targeting in mice revealed that both de novo DNA methyltransferases
are essential for early mouse development (Okano et al. 1999). Although the expression patterns
of DNMT3a and DNMT3b are largely overlapping, the functions that they carry out do not seem
to be completely redundant since both knockouts turned out to be lethal. DNMT3a depleted
mice appeared normal after birth but died at 4 weeks of age. On the other hand no DNMT3b
knockouts were recovered at birth. The double knockout induced a more severe phenotype since
the affected embryos showed developmental defects at E8.5 and died shortly after gastrulation.
Furthermore, both DNMT3a and DNMT3b proved to be essential for the lineage-specific DNA
methylation of Rhox6 and Rhox9 cluster genes, with DNMT3b contributing slightly more to
the amount of methylation established (Oda et al. 2006). Taken together, these data indicate
that some but not all of the functions are shared by both enzymes. This finds further support
in the fact that mutations in DNMT3b, but not DNMT3a cause a recessive autosomal disorder
called ICF syndrome (immunodeficiency, centromeric instability and facial abnormalities). ICF
syndrome is associated with hypomethylation of satellites II and III which results in expansion
of juxtacentromeric heterochromatin and formation of complex multiradiate chromosomes
(Xu et al. 1999). Besides the DNMT3a and DNMT3b methyltransferases, another family member
has been described in the last couple of years. DNMT3L is a catalytically inactive DNMT which is
known to associate with both DNMT3a and DNMT3b to establish regions of maternal imprinting
(Hata et al. 2002). Furthermore, DNMT3L is able to recruit histone deacetlylases through its
PHD zinc finger-like motif and possibly directs repression onto newly established imprints
(Aapola et al. 2002; Deplus et al. 2002).
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compared to primary fibroblasts and normal colon mucosa, the SW48 colon carcinoma cell
line was found to be hypermethylated at ~ 200 unique genes. The same study also revealed
hypomethylation of the inactive X chromosome when compared to its active counterpart while
hypermethylation was detectable only on a subset of gene-rich regions (Weber et al. 2005).
“Next generation” sequencing tools combined with methylation-specific enzyme digestion
also found their application in global DNA methylation profiling (Brunner et al. 2009). The
study revealed minimal, although significant, changes in DNA methylation content during
human liver differentiation. While the in vivo fetal liver development was characterized by a
slight decrease in DNA methylation, the in vitro differentiation of human ES cells was marked
by both de novo methylation and demethylation events (Brunner et al. 2009). In conclusion,
distinct DNA methylation patterns exist on specific genomic loci, depending on lineage and
differentiation potential.

et al. 1999). Generally, the affinity of MBD proteins for methylated DNA is 3-10 fold higher than
for unmethylated DNA and may as well depend on the sequence context (Fraga et al. 2003).
Experiments involving in vitro binding site selection, revealed a requirement of human MeCP2
for an A/T rich sequence following the CpG methylation site (Klose et al. 2005). Apart from
the well-studied MBD family, other proteins have been identified that preferentially bind
methylated DNA (Arita et al. 2008; Avvakumov et al. 2008; Daniel et al. 2002; Filion et al. 2006;
Prokhortchouk et al. 2001; Sharif et al. 2007; Woo et al. 2007).
Table 2. Phenotypes caused by loss of function of methyl-CpG binding proteins

Protein

Model
system

Experimental
approach

MeCP2

Mus musculus

Reference

knockout

neural, RTT-like
phenotype

(Guy et al. 2001)

Xenopus
laevis

antisense
knockdown

(Stancheva
et al. 2003)

MBD1

Mus Musculus

knockout

MBD2

Mus Musculus

knockout

MBD3

Mus Musculus

knockout

Xenopus
laevis

antisense
knockdown

MBD4

Mus Musculus

knockout

Kaiso

Mus Musculus

knockout

Xenopus
laevis

antisense
knockdown

improper neural
patterning,
embryonically lethal
minor neural defects,
increased genomic
instability
mild maternal
phenotype, abnormal
differentiation,
reduced
tumorigenesis
failure in
differentiation of
pluripotent cells
embryonically lethal
defective eye
formation,
embryonically lethal
no apparent
phenotype, increased
mutation rate
no apparent
phenotype, reduced
tumorigenesis
premature
activation of zygotic
transcription
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(Zhao et al.
2003)
(Hendrich et al.
2001; Sansom
et al. 2003)

(Hendrich et al.
2001; Kaji et al.
2007)
(Iwano et al.
2004)

DNA methylation and MBD proteins

Phenotype

Methyl-CpG binding proteins and embryonic
development
Generally, two different mechanisms by which DNA methylation represses gene expression
have been identified. A first, direct mechanism is based on the alteration of transcription factor
binding sites by DNA methylation. A methylated target sequence can interfere with the binding
of transcription factors such as E2F or CREB, thereby preventing transcriptional activation
(Campanero et al. 2000; Iguchi-Ariga and Schaffner 1989). A more elaborate mechanism features
recruitment of methyl-CpG binding proteins which associate with various chromatin modifiers
to establish a repressive chromatin environment (Fuks et al. 2003b; Jones et al. 1998; Nan et al.
1998; Wade et al. 1999; Zhang et al. 1999). These proteins read and interpret the epigenetic
signals and provide a connection between DNA methylation and chromatin modification. In
this section we will review proteins that feature a methyl-CpG binding domain (MBD) and the
structurally unrelated zinc finger proteins sharing a BTB/POZ domain that are known to bind
methylated DNA (Fig. 1). The MBD family proteins have been comprehensively studied through
years and their characterization unraveled specific functions carried out by each family member
(see also Tables 1 and 2). Mutations in the MBD family founder, methyl-CpG binding protein 2
(MeCP2) are the cause of Rett Syndrome (RTT), an X-linked neurodevelopmental disorder (Amir
et al. 1999). Other MBD family proteins have been shown to bind aberrantly hypermethylated
promoters in various human cancer cell lines (Ballestar et al. 2003). The methyl-CpG binding
domain (MBD) was initially identified as the minimal part of the MeCP2 protein required to
bind methylated DNA (Nan et al. 1993), and homology searches with the MeCP2 MBD amino
acid sequence led to the discovery of four additional proteins, MBD1, MBD2, MBD3 and MBD4
(Hendrich and Bird 1998). A non-conserved transcription repression domain (TRD) has been
identified in MeCP2, MBD1 and MBD2 (Fig. 1). Apart from its MBD domain, MBD1 protein can
bind DNA via its CxxC3 zinc-finger domain (Jorgensen et al. 2004) which shows noticeable
sequence resemblance with the CxxC domains of DNMT1 (Pradhan et al. 2008). All MBD
proteins preferentially bind methylated rather than unmethylated DNA, except mammalian
MBD3 (Saito and Ishikawa 2002) and the long form of the amphibian MBD3 (MBD3 LF) which
due to an insertion in the MBD is not able to specifically recognize DNA methylation (Wade
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(Millar et al.
2002; Wong
et al. 2002)
(Prokhortchouk
et al. 2006)
(Ruzov et al.
2004)
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Several molecular roles have been described for MeCP2; transcriptional repression, activation
of transcription, nuclear organization and splicing. These roles will be elaborated further in the
following sections. Alongside with different functions, myriad interactions have been reported
(Table 1). Most of these interactions have been isolated under low stringency conditions as
MeCP2 does not form a single stable complex (Klose and Bird 2004), but may interact with
other proteins in a context-dependent fashion. It is probably the flexible secondary and tertiary
structure of the MeCP2 protein which allows it to carry out so many diverse functions, as MeCP2
appears to be a highly disordered protein (Adams et al. 2007).

in postmitotic neurons, allowing transcription to proceed (Chen et al. 2003; Martinowich et al.
2003). Western blotting of neural lysates revealed that neuron depolarization causes MeCP2
phosphorylation and dissociation from the BDNF promoter. Once the activation signal is lost,
MeCP2-mediated transcriptional repression is quickly restored. Furthermore, both studies
showed that MeCP2 recruits chromatin remodeling activities to repress transcription from
BDNF promoter III (Chen et al. 2003; Martinowich et al. 2003). MeCP2 can be phosphorylated
at serine 421 residue by a CaMKII kinase and this phosphorylation is required for the activity‑dependent BDNF transcription (Zhou et al. 2006). Moreover, phosphorylation of serine 80 is
important for the association of MeCP2 with chromatin, and dephosphorylation of this residue
is triggered by calcium influx in neurons (Tao et al. 2009).

2

Transcriptional repression by MeCP2
Rett syndrome and neural development
Multiple model systems have been developed to elucidate the molecular functions of MeCP2
and the etiology of Rett (RTT) disease. RTT is a progressive neurodevelopmental disorder
involving a maturational arrest of brain development and synaptic proliferation (Amir et al.
1999; Johnston et al. 2001). The animal model that has yielded most results is the mouse
MeCP2 knockout which exhibits severe neurological symptoms resembling those of RTT
patients, including limb clasping and breathing difficulties, as well as reduced brain size and
body weight (Chen et al. 2001; Guy et al. 2001). The symptoms mostly occurred between five
to six weeks of age, while MeCP2-null mice eventually died after two to three months (Chen
et al. 2001; Guy et al. 2001). Conditional MeCP2 depletion in postmitotic neurons resulted in
similar, although less severe neural defects suggesting that mature neurons do not function
properly in the absence of MeCP2 (Chen et al. 2001). Further functional studies showed that
mice carrying an MeCP2 mutation (MeCP2308) which results in the truncation of the C-terminal
domain, exhibit many RTT features such as motor dysfunction and seizures (Shahbazian et al.
2002), while overexpression of MeCP2 in transgenic mice resulted in a severe postnatal, neural
phenotype (Collins et al. 2004). Altogether, the data obtained from MeCP2 manipulation in
mice suggests that the mammalian central nervous system requires well balanced MeCP2 levels
for its proper function. Such a finding is of great importance for therapeutic strategies aiming
to re-establish correct MeCP2 levels. It is interesting to note that mice and humans show a
different sensitivity to heterozygosity for MeCP2. In both humans and mice, MeCP2 is located on
the X chromosome, which due to random X inactivation causes mosaicism in affected females.
MeCP2 mutations in males usually result in congenital encephalopathy and death in the first
two years (Geerdink et al. 2002; Zeev et al. 2002). In mice, the lack of any functional MeCP2
(males MeCP2-/y, females MeCP2-/-) results in a RTT-like phenotype rather than encephalopathy,
whereas heterozygous females (MeCP2 +/-) remain viable and fertile (Guy et al. 2001). However,
a number of heterozygous MeCP2 null female mice displayed some RTT features at a later stage
(Chen et al. 2001; Guy et al. 2001).
BDNF, an in vivo target of MeCP2 (see above), is important for synaptic plasticity (An et al.
2008; Kuczewski et al. 2009; Smart et al. 2003). To assess the contributions of improper
BDNF signaling to the RTT phenotype, Chang and colleagues examined the phenotypes of
conditional BNDF mutants as well as the effects of BDNF overexpression on the MeCP2- null
mice (Chang et al. 2006). The BDNF mutants displayed many features of the RTT model mice
including reduced brain size and hind limb clasping while the overexpression of BDNF in MeCP2
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In addition to binding methylated DNA, MeCP2 associates with various co-repressor complexes
such as Sin3a, NCoR and c-Ski at the sites of its occupance (Jones et al. 1998; Kokura et al. 2001).
When targeted to promoter DNA, MeCP2 causes strong transcriptional repression, suggesting
that MeCP2 might serve as a global transcriptional silencer (Jones et al. 1998; Nan et al. 1998).
Transcriptional profiling of MeCP2-null mice brains, however, displayed only subtle changes
in gene expression (Tudor et al. 2002). Such a finding was confirmed in a later study where
RNA isolated from the cerebellum of MeCP2 mutant mice has been subjected to microarray
hybridization (Jordan et al. 2007). Interestingly, SATB1 (special AT-rich sequence binding protein 1)
was identified as one of the few genes upregulated in two MeCP2-null mouse models. SATB1 is
known to specifically bind to nuclear matrix attachment regions (MARs) and mediate formation
of chromatin loops, a feature that has been attributed to the MeCP2 protein as well (Horike
et al. 2005; Weitzel et al. 1997). The most considerable change in expression was attributed to
the Irak1 gene, which showed a two-fold increase in expression. Likewise, a global expression
study using cultured fibroblast cell lines from two RTT patients revealed only 49 upregulated
and 21 downregulated potential MeCP2 targets, some of which were known to be expressed
in brain tissues (Traynor et al. 2002). However, striking differences were observed in different
clones obtained from the same RTT patients, which may be indicative of epigenetic instability.
Collectively, these may data indicate that MeCP2 is not strictly involved in (global) transcriptional
repression. Recent expression profiling of hypothalamus isolated from MeCP2-null mice or mice
overexpressing MeCP2, suggests that MeCP2 can activate transcription on the majority of its
targets rather than repressing them (Chahrour et al. 2008). Although it is likely that some genes
were affected indirectly in these experiments, chromatin immunoprecipitation (ChIP) showed
that MeCP2 binds to promoter regions of some of the activated targets. This activation has been
suggested to involve the transcriptional activator CREB-1. These results are highly surprising given
the known role of MeCP2 in transcriptional repression. However, it has also been reported that the
majority of MeCP2 bound promoters have low DNA methylation and are actively expressed (Yasui
et al. 2007). Moreover, a context-dependent function of MeCP2 may be supported by evidence
that MeCP2-mediated transcriptional repression depends on developmental stage (OB and GJCV,
manuscript in preparation), reinforcing the notion that MeCP2 is not a constitutive repressor.
Apart from the “global” MeCP2 function, its role in the regulation of specific loci has been
characterized. The brain-derived neurotrophic factor (BDNF) promoter III appears to be tightly
regulated by MeCP2. Studies performed on mouse and rat neuron cultures showed that MeCP2
vacates its binding site in the BDNF promoter upon membrane depolarization and calcium influx
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MeCP2, nuclear organization and splicing
The number of functions attributed to the MeCP2 protein has grown during the last couple of
years, well beyond transcriptional repression (Chadwick and Wade 2007; Dhasarathy and Wade
2008). An MeCP2 ChIP-cloning and sequencing approach revealed a number of sequences
mapping to the imprinted gene cluster on chromosome 6 (Horike et al. 2005) which includes
the Dlx5-Dlx6 locus. That locus was of particular interest since the maternally imprinted gene
Dlx5 is involved in the pathway synthesizing γ‑aminobutyric acid (GABA) which is produced less
in RTT patients. Both Dlx5 and Dlx 6 were found somewhat upregulated in the cortex of MeCP2‑null mice, and the main reason for that seemed to be the loss of silent chromatin loops on the
imprinted allele; the formation of the loops depended on the presence of MeCP2. However, a
later study showed that in a number of systems Dlx5 and Dlx6 are expressed from both alleles
(Schule et al. 2007). Biallelic expression of Dlx-5 was also reported in lymphoblasts originating
from autistic spectrum disorder patients and healthy control individuals (Nakashima et al. 2009).
MeCP2 has also been described as a splice-regulator, interacting with YB-1, a component of
messenger ribonucleoprotein particles (mRNPs), in brain nuclear extracts (Young et al. 2005).
This association proved to be sensitive to RNAse treatment, implying that the MeCP2-YB-1

complex requires RNA for its formation or stability. Microarray splicing analysis of cerebral cortex
mRNA isolated from RTT mutant mice, showed a number of aberrantly spliced genes, including
Dlx5. The exact function of the MeCP2-YB1 interaction remains unknown, however it is interesting
to note that several links exist between proteins associated with DNA methylation-mediated
repression and RNA processing (Goll et al. 2006; Jeffery and Nakielny 2004). Moreover, chicken
MeCP2 (ARBP) displays high affinity for matrix/scaffold attachment regions (MARs/SARs) (Weitzel
et al. 1997), and the nuclear matrix is also associated with the RNA splicing machinery (Chabot
et al. 1995; Wagner et al. 2003; Zeitlin et al. 1987). It is therefore tempting to speculate that MeCP2,
chromatin looping and RNA splicing are functionally linked. It is possible that an architectural
role of MeCP2 unifies the diverse set of molecular functions attributed to this protein (repression,
activation, splicing, organizing long-range interactions), similar to how the insulator binding
protein CTCF causes activation or repression of transcription in a context and DNA methylation‑dependent fashion (Bartkuhn and Renkawitz 2008; Wallace and Felsenfeld 2007).

2

MBD1
MBD1 is the largest MBD family member and it also represses transcription through its repression
domain like other family members. It is known to act as a transcriptional repressor both in vivo and
in vitro and, depending on the splicing isoform, it can bind methylated as well as unmethylated
DNA (Fujita et al. 2000; Ohki et al. 1999). Like the other family members, MBD1 associates with
chromatin modifiers such as the Suv39h1-HP1 complex to enhance DNA methylation-mediated
transcriptional repression (Fujita et al. 2003). The functional importance of MBD1 was demonstrated
in human HeLa cells, where MBD1 was shown to associate with the H3K9 methyltransferase SETDB1
(Sarraf and Stancheva 2004). During S phase the MBD1-SETDB1 complex is recruited to chromatin
by the chromatin assembly factor CAF1 to establish new H3K9 methyl marks. The removal of DNA
methylation disrupts the formation of MBD1-SETDB1-CAF1 interaction on the p53BP2 promoter,
which leads to the loss of H3K9 methylation. The cooperation of MBD1 and CAF1 (p150) had been
described before (Reese et al. 2003) as well as the involvement of CAF1 in replication-coupled
histone mark deposition (Mello and Almouzni 2001). The MBD1-SETDB1 complex formation is
negatively regulated by PIAS1 and PIAS3 SUMO-ligases and sumoylated MBD1 is no longer able to
form the complex (Lyst et al. 2006). Since a sumoylated MBD1 can bind methylated DNA but fails
to recruit SETDB1, it is possible that the balance between SETDB1 and the SUMO ligase determines
the extent of MBD1-dependent repression of methylated DNA sequences. An MBD1 mouse
knockout has been obtained, but no severe developmental defects were found. MBD1-null mice
had a normal morphology and appeared healthy, although they carried a number of minor neural
defects like reduced hippocampal neurogenesis and had problems with spatial learning. Another
interesting feature of this knockout was reduced genomic stability and an increase in expression
of the Intracisternal-A particle (IAP) retrotransposon (Zhao et al. 2003). As H3K9 methylation is
involved in the silencing of genomic repetitive elements (Martens et al. 2005; Mikkelsen et al.
2007), the lack of proper H3K9 methylation may have led to reactivation of retrotransposon
sequences in the MBD1-null mice.

DNA methylation and MBD proteins

DNA methylation and MBD proteins
42

mutant brains resulted in increased life span and a gain of locomotor functions. This shows that
correct BDNF signaling is crucial for maintaining normal brain functions and that its alteration
contributes to the RTT phenotype. These and other studies (Giacometti et al. 2007; Guy et al.
2007) suggest that MeCP2 depleted neurons do not suffer irreversible damage, and that the
restoration of MeCP2 levels can lead to reduction of neurological symptoms in mice. MeCP2
expression in postmitotic neurons was able to rescue the RTT-like phenotype (Luikenhuis et al.
2004), in line with earlier observations that MeCP2 depletion in postmitotic neurons induces
RTT-like symptoms (Chen et al. 2001). An alternative therapeutic approach which ameliorates
the RTT phenotype has also been recently described (Tropea et al. 2009). Peritoneally injected
Insulin-like Growth Factor 1 (IGF-1) peptide increased the life span of MeCP2 mutant mice and
led to the improvement of their heart condition and locomotor functions. IGF-1, unlike other
potential target molecules such as BDNF, is able to cross the blood-brain barrier which makes
it a suitable candidate for therapy.
In comparison with mice, Xenopus embryos display a much earlier requirement for MeCP2.
Morpholino antisense knockdown of MeCP2 and overexpression of two common RTT mutants
demonstrated the requirement for MeCP2 during primary Xenopus neurogenesis (Stancheva
et al. 2003). Embryos lacking MeCP2 and embryos overexpressing the RTT truncation mutant
display altered neural patterning due to the aberrant expression of the Hairy2a (hes4)
neural repressor and do not survive past the neurulation stage (Stancheva et al. 2003). The
Hairy2a repressor is a component of the Notch/Delta signaling pathway (Davis et al. 2001),
and its expression inhibits genes such as N-β-tubulin involved in neural differentiation.
Balanced expression of Hairy2a appears to be crucial for proper neural patterning as both
MeCP2 knockdown (Hairy2a upregulation), and R168 MeCP2 mutant overexpression (Hairy2a
downregulation) result in aberrant expression of neural markers (Stancheva et al. 2003). It is
interesting to note that in both mice and Xenopus, MeCP2 takes part in neural signaling events
albeit in different stages and developmental context. However, this aspect of MeCP2 function
may not capture all its activities, which is discussed in the next paragraph.

MBD2
The third member of the MBD family, MBD2, is a 44 kDa protein which shares extensive
sequence homology with MBD3 (Wade 2001). MBD2 is able to bind methylated CpGs in vitro
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MBD3
Mammalian methyl-CpG binding protein 3 (MBD3), which in contrast to amphibian MBD3 is not
able to bind methylated DNA, is an essential subunit of the Mi-2/NuRD chromatin remodeling
complex (Saito and Ishikawa 2002; Zhang et al. 1999). MBD2 and MBD3 associate with Mi-2/
NuRD in a mutually exclusive way, thereby forming two distinct complexes (Denslow and Wade
2007; Feng and Zhang 2001; Le Guezennec et al. 2006). The association of an MBD related to
mammalian MBD2/3 with NuRD has been conserved in Drosophila, highlighting the importance
of this interaction (Marhold et al. 2004a; Marhold et al. 2004b). In spite of the striking
sequence similarity between MBD2 and MBD3, the two proteins do not carry out redundant
functions during early development. In contrast to MBD2-null mice which only displayed a mild
maternal phenotype as discussed above, MBD3-null embryos are severely affected at day 8.5
and die. MBD3-null embryonic stem cells (ES) were seriously compromised in their ability to
differentiate (Kaji et al. 2006; Kaji et al. 2007) as they failed to shut down the expression of
undifferentiated ES cell markers such as Oct4, Nanog and Rex1. In line with that observation,
embryonic bodies formed from MBD3-null cells did not express markers like Brachyury and
Gata6. Aberrant gene expression in MBD3-null cells is the most probable reason why cells of
the inner cell mass (ICM) fail to develop into late epiblast after implantation (Kaji et al. 2007).
Interestingly, MTA-3, a cell type-specific subunit of an MBD3-containing Mi-2/NuRD complex,
proved to be indispensable for the B lymphocyte differentiation program (Fujita et al. 2004).
MBD3 knockdown in Xenopus laevis embryos severely disrupted embryogenesis (Iwano et al.
2004). A morpholino antisense inhibiting the translation of both MBD3 and MBD3LF (the long

form of MBD3), injected at low concentrations, induced a defective eye formation phenotype
which occurred due to the misregulation of the Pax6 gene. In contrast to mammals where both
MBD2 and MBD3 interact with Mi-2/NuRD, Xenopus MBD3 but not MBD2 has been shown to be
a subunit of the Mi-2/NuRD complex (Wade et al. 1999).
MBD4
The last member of the MBD family, MBD4, is a thymine glycosylase which acts as a DNA repair
protein and targets sites of cytosine deamination (Hendrich et al. 1999). The CpG dinucleotide
is under-represented in methylated genomes. The reason for that is spontaneous hydrolytic
deamination of methylated cytosine which causes mCpG-TpG transitions (Bird 1980) whereas
nonmethylated CpG mutates to UpG. MBD4 is able to excise and repair both mutated
nucleotides (Hendrich et al. 1999). In line with this function, mutations in MBD4 have been
found in various human carcinomas associated with microsatellite instability (Riccio et al. 1999).
MBD4-null mice had a 2-3 times higher number of mCpG-TpG transitions showing that MBD4
acts to reduce the mCpG-TpG mutation rate (Millar et al. 2002; Wong et al. 2002). This relatively
mild mutator phenotype suggests that other thymine glycosylases might carry out similar
functions. In both studies mice appeared healthy and did not show any physical abnormalities.
Only when crossed with mice carrying a germline mutation in the Apc (adenomatous polyposis
coli) gene, the MBD4-null animals showed accelerated tumor formation (Millar et al. 2002)
or accelerated tumor progression (Wong et al. 2002). The potential function of MBD4 as a
transcriptional repressor was demonstrated by a series of in vitro repression assays (Kondo
et al. 2005). LexA-MBD fusions, when targeted to reporter constructs showed that MBD4 is
capable of silencing transcription with the same efficiency as MBD2 and MeCP2 (Kondo et al.
2005). Furthermore, this MBD4-directed repression was mediated by interactions with Sin3
and HDAC1, well known partners of the MBD family members. Whether this transcriptional
potential of MBD4 reflects its physiological role still needs to be tested. Also, a recent study in
zebrafish provided evidence for a role of MBD4 in active demethylation (Rai et al. 2008). It will
be interesting to see whether MBD4 can act in a similar way in higher organisms and whether
other thymine glycosylases can carry out similar functions.
Kaiso (ZBTB33), ZBTB4 and ZBTB38

2
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and in vivo and confer DNA methylation-mediated transcriptional silencing through its
repression domain (Boeke et al. 2000; Ng et al. 1999). The repression established by MBD2 is
sensitive to HDAC inhibitors, in line with its association with HDAC1 and HDAC2 in the Mi-2/
NuRD chromatin remodeling complex (Zhang et al. 1999). MBD2-null mice developed normally
and remained viable and fertile, although MBD2-null mothers failed to nurture their pups
properly (Hendrich et al. 2001). The connection between the loss of MBD2 and the observed
maternal behavior is unclear. A recent study involving a triple MeCP2/MBD2/Kaiso mouse
knockout showed no phenotype except a minor delay in neural differentiation, ruling out
redundancy as an explanation for the absence of a phenotype when knocked out separately
(Martin Caballero et al. 2009). MBD2 however does play a role in helper T-cell differentiation
(Hutchins et al. 2002). Normally, the induction of IL-4 during differentiation requires the GATA3
activator, however, in MBD2-null mice Gata-3 is no longer needed for IL-4 induction and as
a result IL-4 is ectopically expressed in undifferentiated helper T-cells (Hutchins et al. 2002).
A recent study showed that MBD2 influences X-chromosome inactivation (Barr et al. 2007).
Expression of the X-linked non-coding Xist gene inactivates the X-chromosome in cis, so the
active X-chromosome has to silence its own Xist allele in order to prevent inactivation. MBD2
null cells displayed a low level reactivation of Xist expression, whereas the depletion of MBD1,
MeCP2 and Kaiso did not induce Xist upregulation. Interestingly, MBD2 antisense targeting in
cultured cells showed that MBD2-depleted, lung or colorectal cancer cell lines fail to develop
tumors once injected into nude mice (Campbell et al. 2004); moreover mouse models for
intestinal tumorigenesis show a reduced tumorigenesis rate in the absence of MBD2 (Sansom
et al. 2003).

Besides the MBD family, other proteins such as Kaiso, ZBTB4 and ZBTB38 that able to
preferentially or specifically bind methylated DNA through zinc finger domains have also
been described (Filion et al. 2006; Prokhortchouk et al. 2001). Since its discovery, Kaiso has
been attributed a number of important functions. Kaiso antisense knockdown in Xenopus
laevis caused a premature activation of zygotic transcription which eventually led to apoptosis
and developmental arrest (Ruzov et al. 2004). This phenotype closely resembled the one
induced by the DNMT1 antisense depletion (Stancheva and Meehan 2000), suggesting that
DNA methylation-mediated repression mechanisms are partly responsible for repression of
embryonic transcription before the mid-blastula transition. A Kaiso knockout in mice resulted
in no apparent abnormalities (Prokhortchouk et al. 2006). However, when Kaiso-null mice
were crossed with ApcMin/+ mice susceptible for intestinal tumorigenesis, Kaiso knockouts
displayed a delayed onset of tumor formation. Functional studies in mammals and amphibians
(Prokhortchouk et al. 2006; Ruzov et al. 2004; Ruzov et al. 2009) suggest that the biological
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roles of Kaiso are not conserved. In addition to Kaiso, two other zinc-finger proteins capable
of binding methylated DNA have been identified (Filion et al. 2006). ZBTB4 and ZBTB38 require
only one methylated CpG for binding, unlike Kaiso which requires two. Both ZBTB4 and ZBTB38
are able to repress transcription in transfection assays, and whereas they display considerably
different tissue expression profiles, both of them accumulate in the brain.

Concluding remarks
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MBD proteins were initially described as interpreters of the DNA methylation mark. However,
they seem to affect normal development and (patho) physiology by a wide variety of
mechanisms, some of which are yet to be characterized. Developmental requirements for
methyl-CpG binding protein function differ among species. Generally, MBD depletion in
Xenopus causes more severe developmental defects than in mice. The exception is MBD3
which, in spite the lack of specific DNA-methylation binding, is indispensable for early mouse
development. In humans, MeCP2 inactivation on one of the X chromosomes causes Rett
syndrome in girls, whereas boys with a MeCP2 mutation are affected even more severely. In
that respect, mice are less sensitive to loss of MeCP2 because a Rett-like phenotype is observed
only when both MeCP2 alleles are deleted (Chen et al. 2001; Guy et al. 2001). Notwithstanding
the differences observed upon MeCP2 depletion, it is interesting that both Xenopus and
mice employ MeCP2 for gene regulation in response to neural signaling (Martinowich et al.
2003; Stancheva et al. 2003). Encouraging advances have been made in reversing Rett-like
symptoms in mice (Giacometti et al. 2007; Guy et al. 2007; Luikenhuis et al. 2004; Tropea
et al. 2009). A better insight in the action of MeCP2 at the molecular-genomic level may unify
the diverse processes MeCP2 has been attributed a function in. In the near future, a greater
understanding of methyl-CpG binding protein function will require integrated analyses of
genome-wide binding profiles, long-range interactions in chromatin and the regulatory role
of posttranslational modifications. The rewards will be manifold, as DNA methylation makes an
essential epigenetic contribution to genome integrity and function.
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Introduction

Background: DNA methylation is a widespread epigenetic modification in vertebrate
genomes. Genomic sites of DNA methylation can be bound by methyl-CpG-binding domain
proteins (MBDs) and specific zinc finger proteins, which can recruit co-repressor complexes
to silence transcription on targeted loci. The binding to methylated DNA may be regulated by
post-translational MBD modifications.

DNA methylation is an epigenetic modification mostly associated with transcriptional
repression in vertebrate genomes. In vertebrates, methylation events occur predominantly
within the context of CpG dinucleotides, which in mammals by and large are methylated (Bird,
1986; Hendrich & Tweedie, 2003). The repressive signal inferred by DNA methylation is further
interpreted by methyl-CpG binding domain (MBD) proteins that bind sites of DNA methylation
and can recruit complexes with histone deacetylase (HDAC) activity to silence transcription
(Jones et al, 1998; Nan et al, 1998; Wade et al, 1999; Zhang et al, 1999). The MBD was initially
described as the minimal part of the MeCP2 protein required for methylated DNA binding
(Nan et al, 1993). Four remaining family members (MBD1, MBD2, MBD3 and MBD4) have been
discovered on the basis of homology searches with the MeCP2 MBD amino acid sequence
(Hendrich & Bird, 1998). In addition, several structurally unrelated methyl-CpG binding proteins
have been identified (Filion et al, 2006; Ruzov et al, 2004). Mutation or knockdown of DNA
methyltransferases and MBD genes result in severe developmental phenotypes (Iwano et al,
2004; Li et al, 1992; Okano et al, 1999; Stancheva & Meehan, 2000). Mutations in the MBD family
founder, MeCP2, are the cause of Rett Syndrome (RTT), a grave neurodevelopmental disorder
which due to its X chromosome linkage almost exclusively affects females (Amir et al, 1999;
Shahbazian & Zoghbi, 2001). In postmitotic neurons, the brain-derived neurotrophic factor
(BDNF) promoter III is controlled by phosphorylation-dependent MeCP2 binding (Chen et al,
2003; Martinowich et al, 2003). Membrane depolarization results in MeCP2 phosphorylation,
carried out by the CamKI kinase, which diminishes its binding affinity for methylated DNA (Tao
et al, 2009; Zhou et al, 2006). A number of methods to study DNA-protein interactions have
been developed over the years. For example, chromatin immunoprecipitation (ChIP) coupled
to microarray hybridization or Next-Generation Sequencing technologies has facilitated
the generation of genomic maps of transcription factor binding sites (Smith et al, 2005;
Valouev et al, 2008). Other widely used methods to study DNA-protein interactions involve
DNA footprinting, EMSA (Electrophoretic Mobility Shift Assay), southwestern blotting (SW),
DNA affinity chromatography and DNA-protein crosslinking in vitro (DPC) (Guille & Kneale,
1997; Jiang et al, 2009). DNA affinity precipitation is an efficient method for the analysis and
purification of proteins displaying sequence specificity for DNA (Gadgil et al, 2001; Kadonaga
& Tjian, 1986). Such assays can be used to study binding affinity and recruitment specificity
of either recombinant or cellular proteins (Lombard-Platet & Jalinot, 1993; Vermeulen &
Stunnenberg, 2004). Recently, important progress has been made in understanding the
interactions of modified histone tails with transcriptional regulators (Bartke et al, 2010;
Vermeulen et al, 2010; Vermeulen et al, 2007). These studies have combined peptide affinity
pulldowns and quantitative mass spectrometry enabled by SILAC (Stable Isotope Labelling by
Amino Acids in Cell Culture) (Ong et al, 2003). It will be of great importance to define proteins
recruited to methylated DNA during early development. For over a century amphibians from
the genus Xenopus have been the organisms of choice to study developmental processes. The
main reason for this is external embryonic development as well as the relatively large size of
the embryos themselves which allows easy experimental manipulation. A number of studies
involving DNA methylation and methyl-CpG binding proteins established Xenopus laevis as
an important model for epigenetics studies (Dunican et al, 2008; Ruzov et al, 2004; Ruzov
et al, 2009; Stancheva et al, 2003). Sequencing of the Xenopus tropicalis genome rendered

Findings: A methylated DNA affinity precipitation method was implemented to assay binding
of proteins to methylated DNA. Endogenous MeCP2 and MBD3 were precipitated from Xenopus
oocyte extracts and conditions for methylation-specific binding were optimized. For a reverse
experiment, DNA methylation in early Xenopus embryos was assessed by MBD affinity capture.
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Conclusions: A methylated DNA affinity resin can be applied to probe for MBD activity in extracts.
This assay has a broad application potential as it can be coupled to downstream procedures such
as western blotting, fluorimetric HDAC assays and quantitative mass spectrometry. Methylated
DNA affinity capture by methyl-CpG binding proteins produces fractions highly enriched for
methylated DNA, suitable for coupling to next generation sequencing technologies. The two
enrichment strategies allow probing of methyl-CpG protein interactions in early vertebrate
oocytes and embryos.
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Immobilized DNA preparation
To study the binding affinities of MBDs in Xenopus, small-scale DNA affinity precipitation was
applied using a sequence which features a single methylated CpG dinucleotide (Klose et al,
2005). A probe containing 11 CpG dinucleotides (6(GAC)-CCGG-6(GAC)) yielded similar results
but proved more difficult to assemble, probably due to high CpG densitiy of the fragment.
A short double-stranded oligo was methylated, concatamerized, immobilized and incubated
with oocyte extracts (Fig. 1A). After performing the washing steps, the proteins that bind
methylated DNA were eluted. Performing the same experiment in parallel with an unmethylated
oligonucleotide is a necessary control ensuring the binding occurs due to template DNA
methylation and not sequence specificity alone. Following annealing and phosphorylation,
the probes were concatamerized. Concatamerization is an essential step as DNA may be
degraded by the exonucleases present in oocyte extracts. The concatamers ranged in size
from 100 bp – 1000 bp with the majority falling between 100 – 300 bp (Fig. 1B). To improve
the concatamerization, a second round of phosphorylation and ligation may be performed.
Concatamerized probes were then labeled with two biotinylated nucleotides (biotin-16-dUTP
and biotin-14-dATP) to ensure the maximum binding efficiency in a Klenow fill-in reaction.
Following biotinylation, the probes were in vitro methylated by the SssI enzyme. The extent of
the methylation reaction was examined by MspI and HpaII digestion (Fig. 1C). Such a digestion
reaction should be performed to ensure that the probe is efficiently methylated and the
concatamerization worked properly. High molar concentrations of oligos during the ligation
reaction might induce concatamerization artifacts which then would not get efficiently cut
by the MspI enzyme. Following the in vitro methylation reaction the probe was coupled to
streptavidin beads. After incubation, 10 μl of the binding reaction was compared to 10 μl of
the input by 1 % agarose gel electrophoresis (Fig. 1D). Immobilized DNA templates coupled to
streptavidin beads can be kept at 4º C in the same buffer used in the washing and binding steps.
Binding of the in vitro translated MBD domain to immobilized templates
To test whether the templates have assembled properly and whether the system is functional,
radiolabelled (35S) MeCP2-MBD (containing amino acids 1-176 of MeCP2) and TBP2 (negative
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Figure
1 precipitation of MBDs from oocyte extracts
To optimize washing and elution conditions, the protein-DNA complexes formed during an
overnight incubation of oocyte extracts and immobilized probes, were washed with increasing
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Results

control) (Jallow et al, 2004) were generated by in vitro translation using the rabbit reticulocyte
lysate system. The binding occurred in the affinity precipitation buffer at 4º C. The reaction was
assembled and left overnight on a rotating platform. The following day, 10 % of the input and 50%
of the eluate of the binding reaction were loaded on a 10 % polyacrylamide gel (Fig. 2A). After
exposure the visible bands were quantified using the Image-quant software (Fig. 2B). A high
specificity for DNA methylation-specific binding was observed; ~ 40 % of the MBD domain was
recovered from the methylated probes while the recovery from the non-methylated control
was below 3%. TBP2 displays very low affinity (< 1% recovery) for the methylated template
whereas the binding to the unmethylated template was in the order of ~4%.

probe
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this organism suitable for (epi)genomics studies of the early vertebrate development (Akkers
et al, 2009; Bogdanovic et al, 2011; van Heeringen et al, 2011). Here we describe an efficient
method for methylated DNA affinity precipitation of MBDs from Xenopus oocytes. Using in
vitro methylated DNA oligonucleotides bound to magnetic beads and conditions that promote
methylation-specific binding, MeCP2 and MBD3 were pulled down. These methylated DNA
affinity precipitation assays have a broad application potential as they can be combined with
a number of biochemical techniques and used in different model systems. Furthermore, to
test the ability of MeCP2 to affinity-precipitate methylated DNA from early Xenopus embryos,
the immobilized MBD domain of MeCP2 can be used to enrich for methylated genomic DNA
(Bock et al, 2010; Brinkman et al, 2010; Kangaspeska et al, 2008). The fractions enriched for
methylated DNA, due to their high recovery rate, are suitable for coupling to next generation
sequencing technologies.

Figure 1. Methylated DNA affinity precipitation. (A) A methylated, concatamerized oligo is incubated with
oocyte extract to probe for proteins with methyl-CpG binding activity. After performing the necessary washing
steps, the eluate contains proteins specifically binding methylated DNA. (B) The concatamerization of the
oligo is monitored by agarose gel electrophoresis. The majority of concatamerized DNA consists of fragments
ranging in size from 100 – 300 bp. (C) The extent of oligo methylation is measured by restriction digestion. MspI
enzyme cuts both methylated and unmethylated DNA whereas its isoschizomer HpaII cuts only unmethylated
DNA. (D) The binding of the biotinylated oligo to streptavidin beads is measured by agarose electrophoresis. An
aliquot of the probe before incubation with strepatividin beads (before - B) is compared to a probe aliquot after
30 minutes of incubation time (after - A).
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Figure 2. DNA affinity precipitation of recombinant and endogenous oocyte extracts proteins. (A) In vitro
translated, S35 labeled MBD domain of MeCP2 specifically binds the methylated immobilized probe (SssI+).
Conversely, the negative control (TBP2) displays only residual affinity for non-methylated DNA (SssI-).
(B) Quantification of DNA methylation-specific binding using the Image-quant software. ~35% of the recombinant
MBD domain is recovered after washing and elution from methylated DNA oligos. (C) Western blotting of
eluates obtained after 100 mM, 200mM and 400 mM KCl washes. MeCP2 tolerates 100 mM and 200 mM KCl
concentration in the washing buffer whereas most of the MBD3 is eluted with 200 mM salt. (D) DNA affinity
precipitation of MBD3, MeCP2 and Mi-2 from oocyte extracts. MeCP2 displays strong preference for methylated
DNA, whereas Mi-2 and MBD3 bind both methylated and unmethylated DNA. Short form of MBD3, however,
displays a preference for methylated DNA. (E) Establishment of positive (ISWI) and negative (TFIIB) controls for
DNA affinity precipitation.

concentrations (100/200/400 mM) of KCl and eluted with Laemmli buffer. Once eluted with
Laemmli buffer, the samples were spun down to separate the beads from the supernatant and
the eluate was loaded on the gel for subsequent PAGE analysis. Western blot analysis revealed
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A number of techniques to study DNA methylation on a genomic scale have evolved through
the last decade. These include: methylated DNA immunoprecipitation (MeDIP) (Jia et al, 2010;
Mohn et al, 2009; Weber et al, 2005), bisulfite sequencing (Lister et al, 2009; Meissner et al,
2008) and methylated DNA affinity capture (MethylCap) (Bogdanovic et al, 2011; Brinkman et al,
2010; Martens et al, 2010). These methods can be coupled to Next-Generation Sequencing
technologies to identify the sites of genomic DNA methylation (Bock et al, 2010). MethylCap is
an affinity-based technique in which the immobilized methyl-CpG binding domain of one of the
MBDs is used to capture fragments of methylated DNA (Brinkman et al, 2010; Cross et al, 1994;
Kangaspeska et al, 2008; Serre et al, 2010). In order to obtain pure genomic DNA in sufficient
quantities for the MethylCap assay, a genomic DNA isolation protocol has been optimized for
Xenopus embryos (see materials and methods). This protocol yields > 1 μg of genomic DNA
from ~100 late blastula/gastrula Xenopus tropicalis embryos (Fig. 3A). In order to ensure proper
resolution of the methylated DNA affinity capture, genomic DNA has to be sonicated to small
fragments (200 - 300 bp). Xenopus genomic DNA samples were sonicated using a Bioruptor
(Diagenode) device and sonicated genomic DNA was saved after five or fifteen minutes
of sonication. The samples were then resolved on a 1 % agarose gel (Fig. 3B). Fifteen minutes of
sonication (total volume = 200 μL, concentration = 0,1 μg/μl) yields fragments of 200 – 300 bp.
Sonicated genomic DNA was then bound to magnetic beads coated with the MeCP2 MBD
domain (Fig. 3C) and increasing NaCl concentrations were used to wash and elute the bound
methylated DNA fragments. The recovery of methylated DNA was measured by quantitative
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SssI

SssI +

strong preference for methylated DNA binding of both MBD3 and MeCP2 proteins (Fig. 2C).
The mammalian MBD3 is not able to bind methylated DNA due to an insertion in the MBD.
Xenopus MBD3, however, is present in a short and a long form, the former of which is able to
specifically bind methylated CpGs (Saito & Ishikawa, 2002; Wade et al, 1999). Whereas MeCP2
tolerates 200 mM KCl in the washing buffer, most of MBD3 is eluted at such conditions (Fig. 2C).
MeCP2 and the short form of MBD3 display a strong preference for methylated DNA (Fig. 2D),
in contrast to Mi-2 which can bind both methylated and unmethylated DNA. MBD3 and Mi-2
form part of the same complex (Wade et al, 1999); the difference in binding may be explained
by a variable composition of the Mi-2/NuRD complex (Le Guezennec et al, 2006; Passannante
et al, 2010; Yao & Yang, 2003) and methylation-independent binding of DNA by the Mi-2/NuRD
subunit MTA1 (Wade et al, 1999). Finally, a negative control for DNA methylation pulldowns
was established. Any endogenous protein that does not bind directly to DNA might serve as
a negative control in these assays. TFIIB is one of the general transcription factors involved in
RNA Polymerase II pre-initiation complex formation (Roeder, 1996). Our assays identified it as
a suitable negative control as it does not bind immobilized oligo templates independent of
their methylation status (Fig. 2E). In the same experiment we also tested the binding of ISWI,
another evolutionarily conserved ATP-dependent chromatin binding protein and established
its uniform binding to methylated and unmethylated DNA (Guschin et al, 2000a; Kikyo et al,
2000). Altogether, these results establish Xenopus oocytes as an efficient system to probe for
interactions of methylated DNA and proteins with methyl-CpG binding activity. Furthermore,
we provide a number of controls that can be used in such assays to control for unspecific
protein-DNA interactions.
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Figure 3. Genomic DNA isolation and sonication (A) Xenopus tropicalis genomic DNA isolated from blastula (bl)
and gastrula (ga) embryos. (B) Genomic DNA analyzed after 5 minutes or 15 minutes of sonication. Genomic
DNA sonicated for 15 minutes yields fragments of 100 – 300 bp. (C) A schematic representation of methylated
DNA affinity capture (MethylCap). Methylated DNA is bound by the immobilized methyl-CpG binding domain
of MeCP2, washed and eluted with increasing NaCl concentrations. (D) QPCR quantitation of methylated DNA
recovery. DNA methylation targets (tcea, tfcp2 and gs17) mostly elute at high NaCl concentrations (500 mM,
600 mM and 700 mM) whereas the non-methylated targets (Xbra, trim33, hes4) are washed out with the first
washing step (200 mM). (E) The methylation status of genomic targets: tcea, tfcp2, gs17, trim33 and hes4 was
previously established by MeDIP (methylated DNA immunoprecipitation). The error bars represent standard
deviation (SD) of two experiments.
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In this study we describe an efficient method for the pulldown of DNA methylation-specific
proteins from Xenopus oocyte extracts. Furthermore, we demonstrate the functionality of
this system by specifically pulling down two major Xenopus methyl-CpG binding proteins.
In addition, we assay the ability of the methyl-CpG binding domain of MeCP2 to affinity‑capture methylated genomic DNA and establish conditions that result in the elution of
methylated fractions. Using methylated DNA affinity precipitation, MeCP2 and MBD3 were
pulled down from Xenopus oocytes and positive as well as negative controls for this approach
were established. The chromatin remodelers Mi-2 and ISWI can be used as loading controls
and TFIIB as a negative control. Methylated DNA affinity precipitation is a valuable technique
that can be coupled to western blotting or HDAC assays in order to assess the composition
of bound fractions. Also, a great potential lies in combining methylated DNA pulldowns with
mass spectrometry approaches to aid the identification of proteins with DNA methylation‑specific binding. A number of recent studies demonstrated the importance of similar
applications in identifying novel chromatin components in human cells (Vermeulen et al,
2010). The binding activity of methyl-CpG binding proteins in vertebrate oocytes/embryos
has not yet been established. For example, in brain extracts, MeCP2 is known to be actively
regulated by serine phosphorylation which diminishes its DNA binding affinity and enables the
proper neural response (Martinowich et al, 2003; Tao et al, 2009). It is possible that during
early embryogenesis similar phosphorylation events, which result in altered binding affinity,
take place. Also, MBD proteins are known to interact with a plethora of proteins and most of
these interactions are dependent on the biological context (Bogdanovic & Veenstra, 2009).
Methylated DNA affinity precipitation coupled to mass spectrometry might help in identifying
the nature of these interactions in the developing embryo. To capture methylated DNA,
genomic DNA isolated from early Xenopus embryos was incubated with an MBD affinity resin
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PCR. The primers used to amplify affinity-precipitated fragments of genomic DNA correspond
to DNA methylation-positive (tcea, tfcp2, gs17) and methylation-negative (Xbra, trim33, hes4)
loci (Fig. 3B). These genomic targets were previously identified in our MeDIP screen as suitable
positive and negative controls for the assessment of DNA methylation levels in Xenopus gastrula
embryos (Fig. 3E). In line with benchmark studies (Bock et al, 2010; Brinkman et al, 2010) the
methylation status of the DNA fragments captured with this technique can be confirmed by
bisulfite sequencing (Bogdanovic et al, 2011). The majority of methylated fragments elute at
high molar concentrations of NaCl (500 mM, 700 mM) whereas the non-methylated fragments
are washed out at 200 mM, demonstrating the specific methylated-CpG affinity of the MBD resin
(Fig. 3B). Furthermore, to measure the amount of DNA captured in such an approach, fractions
eluted at 500 mM, 600mM and 700 mM NaCl, were subjected to picogreen measurement. All
the examined fractions had a concentration of > 1 ng/μl (data not shown) making them highly
suitable for Next-Generation Sequencing library preparation. Taken together, these results
demonstrate an efficient approach to study DNA methylation in early vertebrate embryos. Since
embryonic material is known to be problematic due to low yields of genomic DNA and various
impurities, isolation of genomic DNA has been optimized and sonication conditions adjusted to
make the MethylCap technique compatible with early Xenopus embryos.
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and eluted with increasing salt concentrations. The fractions eluted at concentrations of
500 – 700 mM NaCl contain fragments of highly methylated DNA (Bock et al, 2010; Bogdanovic
et al, 2011; Brinkman et al, 2010). On the other hand, the majority of non-methylated fragments
that were non-specifically bound to the resin already elute with 200mM NaCl. The relatively
high concentration of DNA in the fractions renders this method highly suitable for coupling to
Next-Generation Sequencing technologies.

Conclusions

Methods
Oocyte extract preparation
Xenopus laevis oocytes were collected in an eppendorf tube and homogenized in ice cold
lysis buffer (20 mM Tris (pH=8,0), 70 mM KCl, 1 mM EDTA, 10% glycerol, 5 mM DTT, 0,125%
NP40, Roche Complete protease inhibitors). The extract was centrifuged for 5 minutes at 4ºC
at maximum speed. The supernatant was collected and quick-frozen in liquid nitrogen. The
final oocyte concentration in the extract was 0.5 oocyte equivalents per μL assuming that one
oocyte corresponds to 1 μL.
MeCP2-MBD in vitro transcription and translation
The pT7TS-5’MBD construct, encoding the first 176 amino acids of Xenopus laevis MeCP2,
was obtained by PCR amplification (primers 5’-gtatccgtcgacaattcggcacgagagaaaATG and
5’-acaagaggatcctcaGGCTTTCGGTTGCTTCTGTTCC), digestion of the PCR product with SalI and
BamH1, blunting and ligation in the EcoRV site of pT7TS. In vitro transcription of the pT7TS-5’MBD
was performed using the mMESSAGE mMACHINE T7 kit (Ambion). The in vitro translation was
achieved using 1 μg of RNA in a total volume of 50 μL (Flexi Rabbit, Promega). The binding assay
was performed in 150 μL ABCD buffer 20 mM Tris (pH=8,0), 1 mM EDTA, 5 mM DTT, 5mM MgCl 2,
100 mM KCl, 0,125% NP40, protease inhibitors) with 6 μL of the in vitro translation reaction,
using the protocol described below.
DNA affinity precipitation
The DNA probe was obtained by annealing of 50 µg of two complementary oligonucleotides
(5’-GATCCCGGAGTTAA and 5’-GATCTTAACTCCGG), modified from Klose et al. (Klose et al,
2005). The annealed probe was phosphorylated with T4 polynucleotide kinase (New England
Biolabs) for 2h at 37ºC, purified by phenol-chlorophorm and precipitated with EtOH. The
concatamerization reaction was performed at RT for 4h with T4 ligase (Promega) in the presence
of 10 mM ATP to replenish the ATP from the ligase buffer. The ligation process was monitored
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Western blotting
The eluate (25 μl) was resolved on 10% polyacrylamide gels and subjected to western blotting.
The α-MeCP2 antibody (V17-1), was raised against the C-terminal peptide MeCP2 peptide of
Xenopus laevis (PRPTREEPVDTRTT). The final serum was affinity purified and used in a 1:1000
dilution. The ISWI, Mi-2 and MBD3 antibodies have been described before (Guschin et al,
2000b; Kikyo et al, 2000; Wade et al, 1999). The western blotting protocol was performed as
described before (Veenstra et al, 1999).
Genomic DNA isolation and sonication
Xenopus tropicalis embryos (n=50) were homogenized in 625 μL (12.5 μl/embryo) of
homogenization buffer (20 mM Tris pH 8.0, 100 mM NaCl, 15 mM EDTA, 1% SDS, 0.5 mg/ml
proteinase K). The homogenate was then incubated for 3h at 55 ºC. The tubes were gently
inverted after every hour of incubation. Two Phenol/Chlorophorm/Isoamylalcohol (25:24:1,
PCI) extractions were performed using the same amount (625 μL) of PCI and inverting the tubes
gently. The samples were spun for 5 minutes at 13,000 rpm in a table-top centrifuge following
every PCI extraction. The DNA was precipitated by adding 1/5 volume of 4M NH 4Ac and
3 volumes of cold 96% EtOH and left on ice for 1h. The DNA precipitate was then centrifuged
for 20 minutes at 4 ºC and 13,000 rpm in a table-top centrifuge. The pellet was washed with
500 μL of 70% EtOH and centrifuged for 5 minutes, 13,000 rpm at RT. The pellet was then
resuspened in 200 μL of TE buffer with 1μl of RNAse A (20 μg/μl) and left at RT for 30 minutes.
The reaction was precipitated with 0.1 volumes of 4M NH4Ac and 1 volume of isopropanol on ice
for 1h. The precipitate was centrifuged for 20 minutes at 4 ºC at maximum speed in a table-top
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Binding of MBDs to sites of genomic DNA methylation is a biologically important process that
modulates the transcriptional output of the cell. It is therefore essential to have suitable assays
to probe for this kind of interactions. Together, the two affinity-capture based assays discussed
above, allow for unbiased profiling of methylated DNA-binding proteins and the genomic loci
they may target, setting the stage for a new and exciting era of quantitative profiling in early
vertebrate embryos.

using 1% agarose gel electrophoresis. The reaction was EtOH precipitated for one hour at -20°C.
After DNA precipitation, two biotinylated nucleotides, biotin-16-dUTP and biotin-14-dATP
were used to fill in the overhangs in a polymerization reaction using the Klenow fragment
(New England Biolabs). All the nucleotides in the reaction were present at a concentration
of 0.1 mM. The reaction was allowed to proceed for 45 minutes at room temperature. The
biotinylated DNA was then purified using a gel extraction kit (Qiagen) and the samples were
recovered in 30 μl elution buffer. The biotinylated oligos (~50 μg) were methylated with SssI
methyltransferase in a 500 μl reaction for 2h at 37ºC. Phenol-chlorophorm extraction was used
to clean the methylated DNA which was then precipitated by EtOH. The methylated probe was
then coupled to streptavidin beads (DYNA beads M-280). For each 3 μg of DNA, 30 μl of the
streptavidin beads was used. The beads were washed 3X with the WB (1 M NaCl, 20 mM Tris pH
8.0, 1 mM EDTA) buffer. After washing, 3μg of the methylated probe (10 μl) was mixed with 40 μl
of WB buffer. Out of the 50 μl of the WB buffer, 10 μl were separated for subsequent gel analysis
while the remaining 40 μL was added to streptavidin beads. The mixture was incubated on a
thermomixer set at 30ºC for 30 minutes with shaking. Oocyte extracts (100 μL) were coupled to
the immobilized probe in affinity precipitation (AP) buffer (20 mM Tris pH 8.0, 1 mM EDTA, 5 mM
DTT, 5mM MgCl2, 100 mM KCl, 0.125% NP40, protease inhibitors) in a 1:1 ratio and left rotating
over night at 4ºC. After incubation the mixtures were washed with washing buffer (20 mM
Tris (pH=8,0), 1 mM EDTA, 5 mM DTT, 5mM MgCl2, 100-200 mM KCl, 0,125% NP40, protease
inhibitors) for three times and the bound fraction was eluted with 50 μL 1X Laemmli sample
buffer and analyzed by western blotting.
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centrifuge and washed with 70% EtOH. The pellet was resuspended in 100 μl of DNAse/RNAse
free water. Two samples consisting of 50 embryo equivalents were pulled together to obtain
a 200 μl sample with a concentration of ~ 0,1 μg/μL. The sample was sonicated for 15 minutes
(13 seconds on, 16 seconds off, maximum output) in a Bioruptor (Diagenode) device.
Methylated DNA affinity capture (MethylCap)
Genomic DNA was sheared by sonication to ~ 500 bp fragments. Methylated DNA was affinity
purified using the H6-GST-MBD fusion protein (Diagenode) following the manufacturers’
protocol with one modification. The DNA was eluted in several steps with increasing NaCl
concentrations (150 μl): 2 x 200mM, 1 x 300mM, 1 x 500mM, 1 x 600mM and 1 x 700mM. The
recovery of methylated DNA from six genomic targets was calculated by quantitative PCR,
whereas the concentration of DNA in each eluate was obtained by picogreen measurement.

This work was funded by the grant of the Netherlands Organization of Scientific Research
(NWO-ALW VIDI grant 864.03.002) to GJCV.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

68

Akkers RC, van Heeringen SJ, Jacobi UG, Janssen-Megens EM, Francoijs KJ, Stunnenberg HG, Veenstra GJ (2009) A
hierarchy of H3K4me3 and H3K27me3 acquisition in spatial gene regulation in Xenopus embryos. Dev Cell 17: 425-434
Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi HY (1999) Rett syndrome is caused by mutations in
X-linked MECP2, encoding methyl-CpG-binding protein 2. Nat Genet 23: 185-188
Bartke T, Vermeulen M, Xhemalce B, Robson SC, Mann M, Kouzarides T (2010) Nucleosome-interacting proteins
regulated by DNA and histone methylation. Cell 143: 470-484
Bird AP (1986) CpG-rich islands and the function of DNA methylation. Nature 321: 209-213
Bock C, Tomazou EM, Brinkman AB, Muller F, Simmer F, Gu H, Jager N, Gnirke A, Stunnenberg HG, Meissner A (2010)
Quantitative comparison of genome-wide DNA methylation mapping technologies. Nat Biotechnol 28: 1106-1114
Bogdanovic O, Long SW, van Heeringen SJ, Brinkman AB, Gomez-Skarmeta JL, Stunnenberg HG, Jones PL, Veenstra GJ
(2011) Temporal uncoupling of the DNA methylome and transcriptional repression during embryogenesis. Genome Res
Bogdanovic O, Veenstra GJ (2009) DNA methylation and methyl-CpG binding proteins: developmental requirements
and function. Chromosoma 118: 549-565
Brinkman AB, Simmer F, Ma K, Kaan A, Zhu J, Stunnenberg HG (2010) Whole-genome DNA methylation profiling
using MethylCap-seq. Methods 52: 232-236
Chen WG, Chang Q, Lin Y, Meissner A, West AE, Griffith EC, Jaenisch R, Greenberg ME (2003) Derepression of BDNF
transcription involves calcium-dependent phosphorylation of MeCP2. Science 302: 885-889
Cross SH, Charlton JA, Nan X, Bird AP (1994) Purification of CpG islands using a methylated DNA binding column.
Nat Genet 6: 236-244
Dunican DS, Ruzov A, Hackett JA, Meehan RR (2008) xDnmt1 regulates transcriptional silencing in pre-MBT Xenopus
embryos independently of its catalytic function. Development 135: 1295-1302
Filion GJ, Zhenilo S, Salozhin S, Yamada D, Prokhortchouk E, Defossez PA (2006) A family of human zinc finger
proteins that bind methylated DNA and repress transcription. Mol Cell Biol 26: 169-181
Gadgil H, Oak SA, Jarrett HW (2001) Affinity purification of DNA-binding proteins. J Biochem Biophys Methods 49:
607-624
Guille MJ, Kneale GG (1997) Methods for the analysis of DNA-protein interactions. Mol Biotechnol 8: 35-52
Guschin D, Geiman TM, Kikyo N, Tremethick DJ, Wolffe AP, Wade PA (2000a) Multiple ISWI ATPase complexes from
xenopus laevis. Functional conservation of an ACF/CHRAC homolog. J Biol Chem 275: 35248-35255
Guschin D, Wade PA, Kikyo N, Wolffe AP (2000b) ATP-Dependent histone octamer mobilization and histone
deacetylation mediated by the Mi-2 chromatin remodeling complex. Biochemistry 39: 5238-5245
Hendrich B, Bird A (1998) Identification and characterization of a family of mammalian methyl-CpG binding proteins.
Mol Cell Biol 18: 6538-6547
Hendrich B, Tweedie S (2003) The methyl-CpG binding domain and the evolving role of DNA methylation in animals.
Trends Genet 19: 269-277
Iwano H, Nakamura M, Tajima S (2004) Xenopus MBD3 plays a crucial role in an early stage of development. Dev Biol
268: 416-428
Jallow Z, Jacobi UG, Weeks DL, Dawid IB, Veenstra GJ (2004) Specialized and redundant roles of TBP and a vertebrate‑specific TBP paralog in embryonic gene regulation in Xenopus. Proc Natl Acad Sci U S A 101: 13525-13530
Jia J, Pekowska A, Jaeger S, Benoukraf T, Ferrier P, Spicuglia S (2010) Assessing the efficiency and significance of
Methylated DNA Immunoprecipitation (MeDIP) assays in using in vitro methylated genomic DNA. BMC Res Notes
3: 240
Jiang D, Jarrett HW, Haskins WE (2009) Methods for proteomic analysis of transcription factors. J Chromatogr A
1216: 6881-6889
Jones PL, Veenstra GJ, Wade PA, Vermaak D, Kass SU, Landsberger N, Strouboulis J, Wolffe AP (1998) Methylated DNA
and MeCP2 recruit histone deacetylase to repress transcription. Nat Genet 19: 187-191
Kadonaga JT, Tjian R (1986) Affinity purification of sequence-specific DNA binding proteins. Proc Natl Acad Sci U S
A 83: 5889-5893
Kangaspeska S, Stride B, Metivier R, Polycarpou-Schwarz M, Ibberson D, Carmouche RP, Benes V, Gannon F, Reid G
(2008) Transient cyclical methylation of promoter DNA. Nature 452: 112-115
Kikyo N, Wade PA, Guschin D, Ge H, Wolffe AP (2000) Active remodeling of somatic nuclei in egg cytoplasm by the
nucleosomal ATPase ISWI. Science 289: 2360-2362
Klose RJ, Sarraf SA, Schmiedeberg L, McDermott SM, Stancheva I, Bird AP (2005) DNA binding selectivity of MeCP2
due to a requirement for A/T sequences adjacent to methyl-CpG. Mol Cell 19: 667-678
Le Guezennec X, Vermeulen M, Brinkman AB, Hoeijmakers WA, Cohen A, Lasonder E, Stunnenberg HG (2006)
MBD2/NuRD and MBD3/NuRD, two distinct complexes with different biochemical and functional properties. Mol
Cell Biol 26: 843-851
Li E, Bestor TH, Jaenisch R (1992) Targeted mutation of the DNA methyltransferase gene results in embryonic
lethality. Cell 69: 915-926

3

DNA methylation-protein interactions in Xenopus oocytes

DNA methylation-protein interactions in Xenopus oocytes

Acknowledgments

References

69

30.

3

57.
58.
59.
60.
61.

Wade PA, Gegonne A, Jones PL, Ballestar E, Aubry F, Wolffe AP (1999) Mi-2 complex couples DNA methylation to
chromatin remodelling and histone deacetylation. Nat Genet 23: 62-66
Weber M, Davies JJ, Wittig D, Oakeley EJ, Haase M, Lam WL, Schubeler D (2005) Chromosome-wide and promoter‑specific analyses identify sites of differential DNA methylation in normal and transformed human cells. Nat Genet
37: 853-862
Yao YL, Yang WM (2003) The metastasis-associated proteins 1 and 2 form distinct protein complexes with histone
deacetylase activity. J Biol Chem 278: 42560-42568
Zhang Y, Ng HH, Erdjument-Bromage H, Tempst P, Bird A, Reinberg D (1999) Analysis of the NuRD subunits reveals a
histone deacetylase core complex and a connection with DNA methylation. Genes Dev 13: 1924-1935
Zhou Z, Hong EJ, Cohen S, Zhao WN, Ho HY, Schmidt L, Chen WG, Lin Y, Savner E, Griffith EC, Hu L, Steen JA, Weitz CJ,
Greenberg ME (2006) Brain-specific phosphorylation of MeCP2 regulates activity-dependent Bdnf transcription,
dendritic growth, and spine maturation. Neuron 52: 255-269

3

DNA methylation-protein interactions in Xenopus oocytes

DNA methylation-protein interactions in Xenopus oocytes
70

Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery JR, Lee L, Ye Z, Ngo QM, Edsall L,
Antosiewicz-Bourget J, Stewart R, Ruotti V, Millar AH, Thomson JA, Ren B, Ecker JR (2009) Human DNA methylomes
at base resolution show widespread epigenomic differences. Nature 462: 315-322
31. Lombard-Platet G, Jalinot P (1993) Purification by DNA affinity precipitation of the cellular factors HEB1-p67 and
HEB1-p94 which bind specifically to the human T-cell leukemia virus type-I 21 bp enhancer. Nucleic Acids Res 21:
3935-3942
32. Martens JH, Brinkman AB, Simmer F, Francoijs KJ, Nebbioso A, Ferrara F, Altucci L, Stunnenberg HG (2010) PML‑RARalpha/RXR Alters the Epigenetic Landscape in Acute Promyelocytic Leukemia. Cancer Cell 17: 173-185
33. Martinowich K, Hattori D, Wu H, Fouse S, He F, Hu Y, Fan G, Sun YE (2003) DNA methylation-related chromatin
remodeling in activity-dependent BDNF gene regulation. Science 302: 890-893
34. Meissner A, Mikkelsen TS, Gu H, Wernig M, Hanna J, Sivachenko A, Zhang X, Bernstein BE, Nusbaum C, Jaffe DB,
Gnirke A, Jaenisch R, Lander ES (2008) Genome-scale DNA methylation maps of pluripotent and differentiated cells.
Nature 454: 766-770
35. Mohn F, Weber M, Schubeler D, Roloff TC (2009) Methylated DNA immunoprecipitation (MeDIP). Methods Mol Biol
507: 55-64
36. Nan X, Meehan RR, Bird A (1993) Dissection of the methyl-CpG binding domain from the chromosomal protein
MeCP2. Nucleic Acids Res 21: 4886-4892
37. Nan X, Ng HH, Johnson CA, Laherty CD, Turner BM, Eisenman RN, Bird A (1998) Transcriptional repression by the
methyl-CpG-binding protein MeCP2 involves a histone deacetylase complex. Nature 393: 386-389
38. Okano M, Bell DW, Haber DA, Li E (1999) DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo
methylation and mammalian development. Cell 99: 247-257
39. Ong SE, Foster LJ, Mann M (2003) Mass spectrometric-based approaches in quantitative proteomics. Methods 29:
124-130
40. Passannante M, Marti CO, Pfefferli C, Moroni PS, Kaeser-Pebernard S, Puoti A, Hunziker P, Wicky C, Muller F (2010)
Different Mi-2 complexes for various developmental functions in Caenorhabditis elegans. PLoS One 5: e13681
41. Roeder RG (1996) The role of general initiation factors in transcription by RNA polymerase II. Trends Biochem Sci 21:
327-335
42. Ruzov A, Dunican DS, Prokhortchouk A, Pennings S, Stancheva I, Prokhortchouk E, Meehan RR (2004) Kaiso is a
genome-wide repressor of transcription that is essential for amphibian development. Development 131: 6185-6194
43. Ruzov A, Shorning B, Mortusewicz O, Dunican DS, Leonhardt H, Meehan RR (2009) MBD4 and MLH1 are required for
apoptotic induction in xDNMT1-depleted embryos. Development 136: 2277-2286
44. Saito M, Ishikawa F (2002) The mCpG-binding domain of human MBD3 does not bind to mCpG but interacts with
NuRD/Mi2 components HDAC1 and MTA2. J Biol Chem 277: 35434-35439
45. Serre D, Lee BH, Ting AH (2010) MBD-isolated Genome Sequencing provides a high-throughput and comprehensive
survey of DNA methylation in the human genome. Nucleic Acids Res 38: 391-399
46. Shahbazian MD, Zoghbi HY (2001) Molecular genetics of Rett syndrome and clinical spectrum of MECP2 mutations.
Curr Opin Neurol 14: 171-176
47. Smith AD, Sumazin P, Das D, Zhang MQ (2005) Mining ChIP-chip data for transcription factor and cofactor binding
sites. Bioinformatics 21 Suppl 1: i403-412
48. Stancheva I, Collins AL, Van den Veyver IB, Zoghbi H, Meehan RR (2003) A mutant form of MeCP2 protein associated
with human Rett syndrome cannot be displaced from methylated DNA by notch in Xenopus embryos. Mol Cell 12:
425-435
49. Stancheva I, Meehan RR (2000) Transient depletion of xDnmt1 leads to premature gene activation in Xenopus
embryos. Genes Dev 14: 313-327
50. Tao J, Hu K, Chang Q, Wu H, Sherman NE, Martinowich K, Klose RJ, Schanen C, Jaenisch R, Wang W, Sun YE (2009)
Phosphorylation of MeCP2 at Serine 80 regulates its chromatin association and neurological function. Proc Natl
Acad Sci U S A 106: 4882-4887
51. Valouev A, Johnson DS, Sundquist A, Medina C, Anton E, Batzoglou S, Myers RM, Sidow A (2008) Genome-wide
analysis of transcription factor binding sites based on ChIP-Seq data. Nat Methods 5: 829-834
52. van Heeringen SJ, Akhtar W, Jacobi UG, Akkers RC, Suzuki Y, Veenstra GJ (2011) Nucleotide composition-linked
divergence of vertebrate core promoter architecture. Genome Res 21: 410-421
53. Veenstra GJ, Destree OH, Wolffe AP (1999) Translation of maternal TATA-binding protein mRNA potentiates basal but
not activated transcription in Xenopus embryos at the midblastula transition. Mol Cell Biol 19: 7972-7982
54. Vermeulen M, Eberl HC, Matarese F, Marks H, Denissov S, Butter F, Lee KK, Olsen JV, Hyman AA, Stunnenberg HG,
Mann M (2010) Quantitative interaction proteomics and genome-wide profiling of epigenetic histone marks and
their readers. Cell 142: 967-980
55. Vermeulen M, Mulder KW, Denissov S, Pijnappel WW, van Schaik FM, Varier RA, Baltissen MP, Stunnenberg HG,
Mann M, Timmers HT (2007) Selective anchoring of TFIID to nucleosomes by trimethylation of histone H3 lysine 4.
Cell 131: 58-69
56. Vermeulen M, Stunnenberg HG (2004) An in vitro assay to study the recruitment and substrate specificity of
chromatin modifying enzymes. Biol Proced Online 6: 157-162

71

Temporal uncoupling of the DNA
methylome and transcriptional
repression during embryogenesis
Ozren Bogdanović, Steven W. Long, Simon J. van Heeringen,
Arie B. Brinkman, Jose Luis Gómez-Skarmeta,
Hendrik G. Stunnenberg, Peter L. Jones
and Gert Jan C. Veenstra

Genome Research (2011) 21:1313-27

4

Introduction

DNA methylation is a tightly regulated epigenetic mark associated with transcriptional
repression. Next-Generation Sequencing of purified methylated DNA obtained from early
Xenopus tropicalis embryos demonstrates that this genome is heavily methylated during
blastula and gastrula stages. Although DNA methylation is largely absent from transcriptional
start sites marked with histone H3 lysine 4 trimethylation (H3K4me3), we find both promoters
and gene bodies of active genes robustly methylated. By contrast, DNA methylation is absent
in large H3K27me3 domains, indicating these two repression pathways have different roles.
Comparison with chromatin state maps of human ES cells reveals strong conservation of
epigenetic makeup and gene regulation between the two systems. Strikingly, genes that are
highly expressed in pluripotent cells and in Xenopus embryos but not in differentiated cells
exhibit relatively high DNA methylation. Therefore we tested the repressive potential of DNA
methylation using transient and transgenic approaches and show that methylated promoters
are robustly transcribed in blastula and gastrula-stage embryos, but not in oocytes or late
embryos. These findings have implications for reprogramming and the epigenetic regulation of
pluripotency and differentiation and suggest a relatively open, pliable chromatin state in early
embryos followed by re-established methylation-dependent transcriptional repression during
organogenesis and differentiation.

During early embryonic development, both transcriptional repression and activation play an
important role in maintaining correct gene expression patterns. Cytosine methylation within
CpG dinucleotides is one of the predominant gene silencing mechanisms in vertebrates, which
have the majority of their genomic CpG sequences methylated (Hendrich & Tweedie, 2003).
The exceptions are CpG islands, GC rich regions that often coincide with gene promoters
and that are mostly methylation free (Bird, 1986). Apart from CpG methylation, a number of
recent studies on mammalian ES cells have provided experimental evidence for the existence
of non-CpG (mainly CpA) methylation (Laurent et al, 2010; Lister et al, 2009; Ramsahoye et al,
2000). DNA methylation has so far been described to play an important role in a variety of
biological processes like X-chromosome inactivation, genomic imprinting and silencing
of intra-genomic sequences of parasitic origin (Bird, 2002; Weber & Schubeler, 2007).
Developmental changes in DNA methylation have been comprehensively studied in different
organisms (Bogdanovic & Veenstra, 2009). In contrast to the global wave of demethylation and
subsequent gradual remethylation of the mouse zygote, (Mayer et al, 2000; Oswald et al, 2000)
the genome of the amphibian Xenopus laevis maintains high DNA methylation levels throughout
early development (Veenstra & Wolffe, 2001), although some changes in the DNA methylation
content have been reported for a number of developmentally regulated promoters (Stancheva
et al, 2002). Depletion of the maintenance DNA methyltransferase (Dnmt1) in Xenopus results
in an early apoptotic phenotype (Stancheva et al, 2001; Stancheva & Meehan, 2000) and mouse
knockouts for Dnmt1 and the de novo DNA methyltransferase (Dnmt3b) are embryonically
lethal (Li et al, 1992; Okano et al, 1999). However, DNA methylation itself may not be essential
for early embryogenesis as ablation of Dnmt1 could be rescued by a catalytically inactive Dnmt1
mutant (Dunican et al, 2008). DNA methylation in animals can repress transcription via methyl‑CpG binding domain (MBD) proteins (Hendrich & Bird, 1998) which recruit HDAC containing
complexes and promote formation of inactive chromatin on targeted loci (Jones et al, 1998;
Nan et al, 1998; Wade et al, 1999; Zhang et al, 1999). MeCP2 however, the Rett Syndrome MBD
protein (Amir et al, 1999; Shahbazian & Zoghbi, 2001), may also act as an activator of transcription
(Chahrour et al, 2008). In addition to DNA methylation, modifications of N-terminal histone tails
are known to influence chromatin structure by serving as docking stations for transcriptional
modulators (Bannister et al, 2001; Lindroth et al, 2004; Vermeulen et al, 2007; Wysocka et al,
2005). The tri-methyl at histone H3 lysine 4 (H3K4me3) deposited by the Set1/Tritorax group
proteins marks promoter regions of active genes (Santos-Rosa et al, 2002), whereas the tri‑methyl H3K27 (H3K27me3) mark deposited and read by the Polycomb group proteins is known
to be involved in developmentally regulated gene repression (Czermin et al, 2002; Muller et al,
2002). Even though DNA methylation and histone modifications influence gene regulation by
different molecular entities, it is clear that they act in a highly orchestrated way. For example,
methylation of H3K4 inhibits the binding of DNA methyltransferase Dnmt3L which is thought
to associate with Dnmt3a and Dnmt3b to promote de novo DNA methylation (Hu et al, 2009;
Ooi et al, 2007). By contrast, the Polycomb group protein EZH2 has been shown to interact
with both Dnmt1 and Dnmt3 to deliver DNA methylation at the sites of its recruitment (Vire
et al, 2006). Surprisingly, studies carried out in different models demonstrated that DNA
methylation and H3K27me3 probably take part in different regulatory pathways as they usually
mark different gene populations (Fouse et al, 2008; Komashko et al, 2008; Kondo et al, 2008;
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Genomic DNA isolated from blastula and gastrula (Nieuwkoop-Faber stage 9 and 12.5) embryos
was purified by affinity capture (MethylCap) using the methyl-CpG-binding domain (MBD) of
human MeCP2 protein (Brinkman et al, 2010; Cross et al, 1994; Kangaspeska et al, 2008; Martens
et al, 2010). MethylCap has been benchmarked as a robust, accurate and effective approach to
map DNA methylation (Bock et al, 2010). Subsequent to binding to MBD-beads, methylated DNA
fragments were retrieved by two elution steps (500 and 700 mM NaCl) and subjected to massive
parallel sequencing. The resulting reads were aligned to the Xenopus tropicalis genome (Joint
Genome Institute genome assembly version 4.1). Visualization of DNA methylation profiles in
the UCSC genome browser (Kent et al, 2002) revealed a dense methylation landscape, similar
between both developmental stages and salt elutions (Fig. 1A). Enriched regions (peaks) were
identified using MACS (Model-based Analysis of ChIP-Seq data) (Zhang et al, 2008), resulting in
between 72,000 and 104,000 methylated regions for each of the four tracks (Supplemental Tables
S1-S5). These numbers are comparable to those observed in human cells with a similar enrichment
and sequencing approach (Serre et al, 2009). The identified DNA methylation peaks are enriched
for CpG dinucleotides when compared to the genome average whereas their GC content is only
marginally higher than that of the Xenopus genome (Fig. 1B) .
The methylation status of these genomic regions was verified and validated. Randomly
selected MethylCap peak regions were verified by quantitative PCR (Supplemental Fig. S1;
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Rush et al, 2009; Tanay et al, 2007). DNA methylation is not essential for pluripotency as ES
cells can proliferate but not differentiate in the absence of Dnmt1 (Chen et al, 2003; Jackson
et al, 2004; Tsumura et al, 2006). A number of recent studies provided valuable insights into the
dynamics of DNA methylation within the context of cellular differentiation (Laurent et al, 2010;
Meissner et al, 2008). Nevertheless, our understanding of how DNA methylation contributes
to normal embryonic development has remained far from complete. Not much is known
about the DNA methylome in non-mammalian vertebrate species and a key question is how
DNA methylation affects developmental gene regulation in early vertebrate embryogenesis.
To address this issue, we carried out a DNA methylome survey of Xenopus tropicalis embryos
and studied how DNA methylation relates to H3K4me3 and H3K27me3 marks and influences
embryonic transcription. We observe relatively high levels of DNA methylation on promoters
and gene bodies of actively expressed genes whereas the actual transcriptional start sites (TSS)
bearing the active H3K4me3 mark are hypomethylated. Likewise, we find DNA methylation
absent from broad H3K27me3 domains indicating that Polycomb-mediated repression and
DNA methylation-dependent repression do not cooperate during early embryogenesis.
Comparison with human ES cell data demonstrates that these patterns of DNA methylation
and histone modifications, including high promoter-proximal methylation on active genes,
are conserved. Injection and transgenesis experiments show an early embryonic uncoupling
of DNA methylation and repression of transcription initiation. These data indicate that DNA
methylation and transcription are compatible during early development whereas repression is
restored during organogenesis and differentiation. This type of regulation bypasses the need
for active reprogramming of the methylome during the dynamic early phase of development.

A

scaffold 1250: 76,238-76,407
scaffold 1028: 36,895--37,037

Figure 1. (A) Genome Browser view of sequenced DNA methylation tracks: Late blastula (stage 9) and late
gastrula (stage 12.5) tracks of both salt elutions (500mM and 600mM/700mM). The Xenopus tropicalis genome
is robustly methylated in both intergenic and intragenic regions during blastula and gastrula stages. (B) Boxplots
showing the distribution of the CpG observed/expected ratio (CpG O/E) and the GC content (GC%) of DNA
methylation peaks. Peaks of DNA methylation are enriched for CpG dinucleotides whereas their GC content is
similar to the genome average. JGI 4.1 refers to the genome assembly used (Joint Genome Institute genome
assembly version 4.1). (C) Bisulfite sequencing of randomly selected MethylCap peaks (see also Supplemental
Figure S2B). The embryonic stages and MethylCap salt elutions of the DNA methylation tracks are indicated to
the right, black boxes correspond to PCR amplicons, whereas the bisulfite sequencing profiles of the amplicons
are shown below. Black circles represent methylated CpGs and white circles unmethylated ones.
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Figure 2

The distribution profiles of DNA methylation unveiled that ~50% of the genomic DNA
methylation lies within the gene-distant regions (Fig. S3A). DNA methylation of repetitive
sequences is a common phenomenon observed in plants, fungi and mammals (Schulz et al,
2006; Selker, 2004; Zilberman et al, 2007). Almost 35% of the Xenopus genome corresponds
to transposable elements, mostly DNA transposons (72% of all transposable elements) which
constitute 25% of the genome (Hellsten et al). To gain insight into the nature of DNA methylation
in these gene-distant regions and repetitive DNA, the repetitive DNA methylation content
was mapped to the genome by assigning non-unique sequence reads randomly to matching
sequences. DNA methylation in three different repeat collections was analyzed: (1) The UCSC
Repeatmasker collection of interspersed repeats and low complexity DNA sequences (http://
www.repeatmasker.org), (2) Simple Repeats identified by the Tandem repeats finder program
(Benson, 1999), and (3) Microsatellite DNA, a subset of the Simple repeats track representing
sequences of 15 or more di-nucleotide and tri-nucleotide repeats. DNA methylation is enriched
over the repeating elements included in the Simple Repeats and Repeatmasker groups to a
varying extent with one of the blastula stage fractions showing less DNA methylation compared
to the other fractions (Fig. 2A). The microsatellite repeat group is depleted of DNA methylation,
in line with the absence of CpG dinucleotides in these microsatellites. To investigate in
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experimental FDR ≤ 0.067). Two validation approaches were employed. First, the results obtained
with a different enrichment strategy, using a methyl-CpG-specific antibody (MeDIP) (Mohn
et al, 2009; Weber et al, 2005), were highly congruous (stage 9 R2=0.7859, stage 12.5 R2 =0.8356,
Supplemental Fig. S2). Second, a number of randomly selected DNA methylation peaks were
subjected to bisulfite sequencing for further validation (Fig. 1C, Supplemental Fig. S2B, C).
As shown previously (Bock et al, 2010; Brinkman et al, 2010), genomic regions identified
by MethylCap-sequencing can be validated using MeDIP and bisulphite sequencing.
In the 500 mM MethylCap fraction, we observed a modest increase in the number of peaks
corresponding to the gastrula stage, whereas the number of regions identified in the 700 mM
fraction is similar between the two stages examined (Supplemental Table S1). Also, the analysis
revealed a small number of sequences that were recovered from the MBD affinity purification
but did not contain any CpG dinucleotides. These outliers were all simple sequences featuring
repeats of the CA dinucleotide, which can be found methylated in mammalian cells and
in particular embryonic stem cells (Laurent et al; Lister et al, 2009; Ramsahoye et al, 2000).
To identify the genomic locations of DNA methylation peaks, their genomic distribution was
determined relative to gene position (Supplemental Fig. S3). No differences were observed in
the overall distribution of DNA methylation between the developmental stages or salt elutions.
Approximately 50% of the peaks are located in gene-distant regions (more than 5000 bp
upstream of the gene start), while the remaining half is distributed over six locations: 5’ far
(500-5000 bp to 5’ end), 5’near (1-500 bp to 5’ end), exon, intron, 3’ near and 3’ far (Supplemental
Fig. S3). When normalized for the genomic coverage of these locations, exons appear slightly
enriched for DNA methylation. DNA methylation of exons has been described and proposed to
serve as a splicing and RNA elongation regulatory mechanism (Choi et al, 2009; Laurent et al).
The data demonstrate that the Xenopus tropicalis genome is methylated in both intergenic and
intragenic regions in late blastula and gastrula stages.

(mean number of CpGs/bp)

A

Figure 2. DNA methylation of repetitive elements. (A) Distribution profiles of DNA methylation over three distinct
repeat tracks demonstrate an enrichment of repetitive elements for DNA methylation. Microsatellite DNA lacks
CpG dinucleotides and therefore is not methylated, however, the Repeatmasker track is depleted for CpG
dinucleotides but enriched for DNA methylation while in the case of the Simple Repeats track DNA methylation
positively correlates with CpG density. (B) Extent of overlap between repeat types and DNA methylation (merged
MethylCap peaks). The top panel shows the percentage of methylated genomic copies. The bottom panels shows
the CpG density of different repeat types. There is an overall correlation of DNA methylation and CpG density,
however, some repeats such as Sat1 are highly methylated in spite of their low CpG density.
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Figure 3. DNA methylation and transcriptional regulation. (A) Venn diagrams showing a direct overlap of merged
DNA methylation peaks (141,246 regions, all four peak sets combined), the 5’ ends of genes (left: 8,625 XTEV_VV
gene models; right: 27,916 Joint Genome Institute JGI FilteredModels) and genomic CpGis (24,283 Takai-Jones
CpGis). DNA methylation is largely absent from 5’ ends of genes. A large portion of the genomic CpGis are
methylated (overlap between CpGis and MethylCap peaks). (B) K-means clustering of DNA methylation, histone
methylation and active transcription within CpGis. Clusters (1) and (3) correspond to methylated CpGis with
different methylation profiles. Cluster (2) represents exons of genes expressed during gastrulation. Clusters (4)
and (5) feature consist of active CpGi promoters. Cluster (6) corresponds to CpGis that are not associated with
active transcription units nor are they enriched for either histone modification or RNAPII. (C) Distribution of
DNA methylation over CpG and non-CpGi promoters. Both CpG and non-CpG promoters show a dip in DNA
methylation around the TSS. To define CpGi and non-CpGi promoter subsets, the TSS regions of XTEV_VV gene
models were intersected with Takai-Jones CpGis. (D) Boxplots showing the abundance of DNA methylation
within promoter regions of genes with distinct expression intensities. (E) Percentage of promoters (region 1 kb
upstream of TSS) overlapping (≥ 500bp) with peaks of DNA methylation.
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DNA methylation and gene regulation
Mammalian genes frequently contain methylation-free patches of CpG dinucleotides called
CpG islands (CpGis) in their promoter regions (Cooper et al, 1983; Gardiner-Garden & Frommer,
1987). To investigate whether 5’ends of Xenopus genes are also enriched for CpGis, and to
determine their methylation status, the overlap between these features was determined. As a
first step, CpGis were called using a sliding window approach with the relatively stringent CpGi
criteria proposed by Takai and Jones (Takai & Jones, 2002): Length > 500bp, G+C content > 55%,
CpG observed over expected (O/E) > 0.65. This results in 24,283 CpGis. All DNA methylation
peaks of blastula and gastrula stages merged together were intersected with the CpGis and the
5’ends of two gene collections (Fig. 3A): The FilteredModels (FM) gene collection generated
by the Joint Genome Institute (JGI), and the XTEV_VV gene models, which are the subset of
experimentally validated (Xenopus Tropicalis Experimentally Validated) gene models that have
an H3K4me3 peak at the 5’ end in gastrula-stage embryos, in addition to evidence of expression
(Akkers et al, 2009). The intersections show that relatively few 5’ ends of the actively expressed
XTEV_VV gene models overlap with methylated CpGis. Interestingly, as many as 10,943 (45%) of
CpGis in the Xenopus genome are methylated, however this overlap constitutes only 8% of the
141,246 MethylCap peaks (Fig. 3A).
To examine the relationship between CpGis, DNA methylation and expression, we
integrated our data with published profiles of histone H3 methylation, RNA polymerase II
(RNAPII) occupancy and polyA+ RNA (RNA-seq) (Akkers et al, 2009), the number of sequence
reads corresponding to these data was determined for all CpGis. and k-means clustering was
performed (Fig. 3B). RNAPII is found at promoters, introns and exons of expressed genes,
whereas RNA-seq reads are only found at exons of expressed genes. Histone H3 lysine 4
trimethylation (H3K4me3) is enriched at the 5’ ends of active genes. Clusters (1) and (3)
correspond to methylated CpGis with different methylation profiles between stages. A few of
these are located in introns of actively transcribed genes (RNAPII-positive, RNAseq-negative),
but the majority is located outside gene bodies or in inactive genes. The second (2) cluster
apparently represents CpGis that are co-located with exons of genes expressed during
gastrulation (presence of both RNA-seq and RNAPII ChIP-seq reads) and which are strongly

B

(mean number of reads/bp)

4

more detail the methylation status of specific repeats, the UCSC Repeatmasker track was
intersected with a merged DNA methylation peak file. Repeats displaying > 80% overlap with
DNA methylation peaks were called methylated and were used for subsequent analysis. Within
the Repeatmasker group, different types of repeating elements show a differing extent of
DNA methylation as shown by the percentage of methylated repeats (Fig. 2B; Supplemental
Table S6). For example, more than 70% of the 1723 and Harbinger DNA transposons (Jurka et al,
2007; Kay & Dawid, 1983; Kay et al, 1984) are robustly methylated. The methylation status of
Repeatmasker elements (Fig. 2B) positively correlates with CpG density, which is not surprising
knowing that MethylCap is an affinity based technique that selects CpG-dense methylated
sequences. However, some repeat groups such as Sat1 with low CpG density are frequently
found in methylated portions of the genome. Among elements with similar CpG density, the
Gypsy retrotransposon and the 1723 DNA transposons are two to three times more frequently
methylated than the OCR DNA transposons. The results demonstrate strong methylation of
specific repetitive DNA elements.
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regions are flanked by above average DNA methylation (Figs. 4A-B). This finding is consistent
with reports that the N-terminus of histone H3 must remain unmethylated in order to provide
a binding site for DNA methyltransferases (Hu et al, 2009; Ooi et al, 2007), and that DNA must
be unmethylated for H3K4me3 to be deposited (Hashimshony et al, 2003). Nevertheless, a few
genes have an H3K4me3 peak, RNAPII enrichment and a DNA methylation peak overlapping
with their TSS (Supplemental Table S7). To test whether these core promoters are indeed fully
methylated, bisulfite sequencing was performed on two of these loci (Supplemental Fig. S7).
Bisulfite sequencing indicated that the expressed Bet1 and C20orf151 transcription start
sites are indeed fully methylated, rendering it less likely that mixed cell populations are the
explanation of this phenomenon. While these expressed-methylated core promoter examples
should be regarded as rare exceptions, as many as 3,722 genes display DNA methylation within
1,000 bp upstream of their TSS, 865 of which are expressed (Supplemental Fig. S6, Supplemental
Table S8). Together, these results do not strongly support a dominant repressive role of DNA
methylation during blastula and gastrula stages (Figs. 3D-E, S6, S7).
To identify differentially methylated regions (DMRs) between blastula and gastrula stages,
Fisher’s exact test was applied to determine statistical significance of differences in peak read
counts between the two stages (multiple testing q-value cut-off 0.05) followed by filtering
for DMRs with a substantial (> 4-fold) difference in read counts between the two stages.
This resulted in 3,549 DMRs, 3,197 of which are more strongly methylated at stage 9, whereas
352 DMRs are more strongly methylated at stage 12.5 (Supplemental Tables S9, S10). Out of
3,197 DMRs displaying higher DNA methylation at stage 9, only 187 show a direct overlap with
promoter regions (Supplemental Table S9). Similarly, only 12 promoter regions intersect the
DMRs that are more abundantly methylated at stage 12.5 (Supplemental Table S10). However,
neither of these gene groups represents specific gene ontology categories nor does their
differential DNA methylation status correlate with expression data (data not shown).
The H3K27me3 mark is deposited after the onset of embryonic transcription and is mostly
associated with spatial restriction of transcription (Akkers et al, 2009). In contrast to the
H3K4me3 peaks which are more uniform in size and generally mark gene promoter regions,
H3K27me3 peaks range from ~2 kb to over 100kb and can spread through gene clusters.
Therefore, H3K27me3-enriched regions were divided into four groups depending on the
peak size and DNA methylation profiles were determined for each of these groups (Fig. 4C;
Supplemental Fig. S8). Whereas DNA methylation is absent from large H3K27me3 domains,
smaller H3K27me3 marked regions (≤ 2kb), which are often located close to the borders of larger
H3K27me3 domains, are enriched for DNA methylation, as illustrated by the HoxB gene cluster
(Fig. 4C, D). The absence of DNA methylation from H3K4me3 and H3K27me3 peaks is not due to
the low CpG density of these regions as both features are CpG-rich (Fig. 4E). In conclusion, DNA
methylation is generally not found at the TSS of expressed genes that are enriched for histone
H3K4 trimethylation, however many genes with proximal promoter methylation are robustly
expressed. Also, DNA methylation is excluded from large H3K27me3-decorated regions.
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methylated. Clusters (4) and (5) feature CpGi promoters that are characterized by a lack of
DNA methylation and enrichment for H3K4me3 and RNAPII. These promoters are expressed
as indicated by the enrichment of RNA-seq and RNAPII ChIP-seq reads. The majority of CpGis
in the sixth (6) cluster are not associated with active transcription units nor are they enriched
for either histone modification or RNAPII. These data demonstrate a strong anti-correlation
between DNA methylation and H3K4me3-enriched CpGi core promoters, consistent with
mechanisms that link H3K4 tri-methylation to unmethylated CpGis by recruitment of Cfp1
(Thomson et al, 2010). By contrast, CpGis in exons or introns of expressed genes are mostly
methylated. CpGis enriched for H3K27me3 do not form a separate cluster but are found among
CpGis that are also enriched for H3K4me3 and RNAPII (clusters 4 and 5).
These results were obtained with a collection of 24,283 CpGis that meet the criteria proposed
by Takai and Jones (Takai & Jones, 2002). For comparison, two more inclusive CpGi collections
were examined: (1) CpGis determined according criteria proposed by Gardiner-Garden and
Frommer (Gardiner-Garden & Frommer, 1987) and (2) The UCSC genome browser CpGis. These
collections differ in number, CpG density, GC content and overlap with transcription start sites
(Supplemental Fig. S4). The Takai-Jones CpGi collection shows the highest enrichment for
both 5’ ends of genes and TSS-seq transcription start sites (van Heeringen et al, 2011). K-means
clustering performed on all three CpGi collections demonstrates that similar clusters of DNA
methylation, histone modifications, RNAPII and RNA are found independently of the CpG island
collection used (Supplemental Fig. S5).
To extend our analysis to Non-CpGi promoters, the distribution of DNA methylation around
transcription start sites (TSS) of genes was examined (XTEV_VV gene models). The genes were
divided into two groups depending on the presence or absence of a CpGi at the TSS. Both CpGi
and non-CpGi promoters are similar with respect to a general lack of DNA methylation at the
TSS, regardless of whether the Takai-Jones CpGi definition is used (Fig. 3C) or the Gardiner‑Garden CpGi definition (data not shown). We then wanted to interrogate the relationship
of promoter DNA methylation and gene expression. The promoters (TSS-1kb) were grouped
depending on the number of RNAPII reads located in the gene body normalized for gene
length. All the genes marked by RNAPII reads were divided into three equally sized expression
bins (high, medium, low RNAPII recruitment). Non-expressed genes (“no”) were defined as a
subgroup of XTEV gene models with a verified 5’ end (H3K4me3 peak) but no evidence for
expression as judged by RNA-seq. Average values of the four tracks were plotted to show the
distribution of DNA methylation in promoter regions (Fig. 3D). Promoters (1 kb upstream)
belonging to non-expressed genes are enriched for DNA methylation, however there is no
inverse correlation between gene expression and promoter methylation; the genes from the
high expression bin actually have more DNA methylation in their promoter regions than the
weakly expressed genes (Fig. 3D). Furthermore, ~ 10% of promoters from all four expression
bins show a significant (≥ 500bp) direct overlap with DNA methylation peaks (Fig. 3E). A similar
observation has been made in mouse ES cells, in which promoter DNA methylation is compatible
with expression (Fouse et al, 2008).
To investigate in more detail the relationship of DNA methylation and transcription, DNA
methylation reads from all four tracks were mapped to H3K4me3 peaks and their surrounding
regions. Consistent with the k-means clustering (Fig. 3B) and the genomic intersections (Fig. 3A)
there is strongly reduced DNA methylation inside H3K4me3-positive regions, however these

Conservation of gene regulation in human ES cells and Xenopus embryos
The dynamics of histone and DNA methylation in pluripotency and differentiation has been
under extensive investigation over the last couple of years (Boyer et al, 2005; Fouse et al, 2008;
Lee et al, 2006; Mikkelsen et al, 2007; Mohn et al, 2008). Lister et al, (Lister et al, 2009) generated
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Figure 4. DNA methylation and H3K4me3/H3K27me3 are mutually exclusive on the majority of genomic locations.
(A) Distribution of DNA methylation over boundaries of H3K4me3 peaks. DNA methylation is excluded from the
bulk of genomic H3K4me3 sites even though above average DNA methylation can be observed on sequences
flanking the H3K4me3 peaks. (B) Genomic example of the exclusion of DNA methylation and H3K4me3. (C) Broad
H3K27me3 domains are mostly DNA methylation free, even though smaller H3K27me3 peaks can be methylated.
(D) HoxB cluster as an example of the mutual exclusion of H3K27me3 and DNA methylation. (E) H3K4me3 and
H3K27me3 peaks are enriched for CpG dinucleotides but depleted of DNA methylation.
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of genes with stronger transcriptional activity in fibroblasts (Fib-exp, Fig. 5A). Moreover, the
H1-exp genes have a higher DNA methylation content (-10kb to +10kb, p-value 0.002, Wilcoxon
rank test) and much less H3K27me3 than the Fib-exp genes (Fig. 5A), consistent with their
epigenetic makeup in ES cells (Lister et al, 2009). By contrast, both gene groups feature a
similar enrichment for H3K4me3 around their TSS. These results were analyzed in more detail
by hierarchical clustering of DNA methylation and histone methylation around the TSS for both
groups of genes (Fig. 5B, Supplemental Fig. S9). We find that, although the average patterns
are conserved between human ES cells and Xenopus embryos (Fig.5A), several subgroups
of genes can be identified (Fig. 5B). This may reflect differences in developmental stage or
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methylome maps corresponding to human embryonic stem (ES) cells and fetal fibroblasts and
identified two groups of genes with distinct transcriptional activity and epigenetic makeup in
the two cell types. To investigate if these patterns of gene regulation are conserved in Xenopus,
orthologs of these two groups were identified and reads corresponding to DNA methylation,
H3K27me3, H3K4me3 and RNAPII were mapped from -20 to +20 kb relative to their TSS.
Strikingly, the differences observed between the two groups of genes in human ES cells are by
and large also observed between the orthologous groups of genes in Xenopus embryos. The
first group of orthologs, which are more highly expressed in H1 ES cells (H1-exp), was found
to be more highly expressed in Xenopus embryos than the second group that are orthologs
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Figure 5. Conserved patterns of epigenetic regulation in human ES cells and Xenopus embryos. (A) Distribution of
RNAPII, H3K4me3, H3K27me3 and DNA methylation (average values of all four tracks) around TSSs corresponding
to Xenopus orthologs of two gene groups differing in their expression status among fetal fibroblasts (Fib) and
ES cells (H1). The genes with higher expression in ES cells (H1-exp) are also more highly expressed in Xenopus
embryos and show increased DNA methylation both upstream and downstream of the TSS. These orthologs have
also a significantly higher DNA methylation in the region spanning 10 kb upstream from the TSS (p-value 0.031,
Wilcoxon rank test), the region 10 kb downstream from the TSS (p-value 0.0026), and the total region from -10 kb
to +10 kb relative to the TSS (p-value 0.0023). (B) Hierarchical clustering performed on Xenopus orthologs of
H1-exp and Fib-exp genes shows an inverse relationship between DNA methylation and H3K27me3. It also shows
a high level of DNA methylation on promoters of robustly expressed H1-exp orthologs.
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Figure 6. Methylated promoters in early Xenopus embryos are able to initiate transcription. (A) Unlike Xenopus
oocytes, gastrula embryos fail to repress transcription from the injected Hsp70 methylated (SssI) promoter. Levels
of injected plasmid DNA recovered from embryos were similar for all samples. (B) Effects of DNA methylation
on stably integrated transgenes. A fully methylated CMV-luciferase transgene is robustly expressed compared
to its non-methylated counterpart during blastula and gastrula stages. Strong DNA methylation-dependent
repression observed in the oocyte is restored gradually at neurula and tailbud stages. The results represent three
independent experiments and were normalized for the number of transgene insertions. (C) When targeted
to the injected Hsp70 promoter by the heterologous Gal4 DNA binding domain in oocytes, the transcription
repression domain of MeCP2 shuts down reporter construct transcription. Such an effect is not observed in
gastrula embryos where the Gal4-TRD fusion is expressed at equivalent levels (see supplemental Figure S15). Error
bars represent the SEM of three experiments.
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divergent gene regulation. However, even within distinct groups there is an overall positive
correlation of DNA methylation and transcription and a strong anti-correlation of H3K27me3
and DNA methylation. These results confirm that the methylated genes are generally more
highly expressed, whereas the H3K27me3-decorated genes are generally methylation-free
and show no or much lower expression. Moreover there is a strong mutual exclusion of DNA
methylation and H3K27me3 around the TSS (Figs. 5B, 4D), consistent with the hypothesis that
the two epigenetic marks represent two independent pathways; of these H3K27me3 is more
tightly correlated with transcriptional repression than DNA methylation. H3K27me3-enriched
genes are often expressed in a spatially regulated fashion in embryos (Akkers et al, 2009),
however, DNA methylation is not enriched over spatially regulated genes (data not shown).
These observations raise the question how effective DNA methylation in promoter-proximal
regions is in transcriptional repression.

To directly assess the ability of DNA methylation to repress transcription initiation in early
embryos we injected unmethylated and SssI-methylated promoter reporter constructs into
oocytes and embryos. The oocyte is known to represses methylated DNA very effectively
(Jones et al, 1998; Kass et al, 1997). We used a plasmid containing the Hsp70 promoter
driving the expression of the CAT reporter gene, the expression of which was determined by
quantitative RT-PCR. In the oocyte, the unmethylated plasmid was highly transcribed whereas
the transcript from the methylated template was only present at background levels (Fig. 6A),
confirming that DNA methylation acts as a potent signal for transcriptional repression in the
oocyte. Strikingly, when we measured the expression from these templates in the embryo
we observed significant transcription from the fully methylated Hsp70 promoter (Fig. 6A).
A similar effect was observed for the Xenopus histone H2B promoter (Supplemental
Fig. S10A). Both methylated and unmethylated templates can be recovered from oocytes
and embryos with equal efficiency and with the same methylation status they had before
injection (Fig. 6A; Supplemental Figs. S10B, S11).
The injected promoter-reporter templates are largely maintained in an episomal state
without efficient DNA replication (Marini & Benbow, 1991). Therefore, we hypothesized that
the lack of DNA methylation-dependent repression in early embryos could be due to the lack
of genomic integration. Moreover, in the absence of genomic integration the distribution
of the plasmids in the embryo is mosaic and cannot be properly assayed in late embryonic
stages. To further test our findings, fully methylated or unmethylated constructs containing
a luciferase reporter placed under the control of the CMV promoter were integrated in the
Xenopus genome by transgenesis. The activity of the CMV promoter was measured in F0
transgenic embryos (n = 260; three independent experiments with ≥ 20 transgenic embryos
per sample) by quantitative RT-PCR for both methylated and non-methylated transgenes and
the results were normalized to their integrated copy numbers. The methylated transgenes
were expressed in both blastula and gastrula embryos whereas the expression was significantly
reduced at the neurula stage and below the detection threshold at the tailbud stage (Fig. 6B).
Similar results were obtained with transgenic embryos obtained with a different transgenesis
method (SceI nuclease-mediated transgenesis instead of REMI transgenesis, Supplemental
Fig. S12A). Bisulfite sequencing of the stably integrated transgenes showed that the DNA
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Discussion
In the present study we describe the methylome of Xenopus tropicalis and its implications
in embryonic gene regulation. Using high throughput genomic sequencing combined
with DNA methylation affinity capture, we generated genomic DNA methylation maps of
late blastula and gastrula stages. The genome of Xenopus tropicalis is heavily methylated
at both intergenic and intragenic regions throughout gastrulation. Interestingly, we find a
significant portion (45%) of genomic CpGis methylated whereas a strong anti-correlation
was observed between DNA methylation and histone H3K4 trimethylation in accordance with
earlier reports (Hu et al, 2009; Ooi et al, 2007; Thomson et al, 2010). Similarly, we find DNA
methylation absent from large H3K27me3 domains. Finally, we detect cases of compatibility
between DNA methylation and active transcription and a conserved pattern of epigenetic
regulation in Xenopus blastula and gastrula embryos and mammalian ES cells. Functional
assays performed in oocytes and embryos show a temporal relief of DNA methylation‑dependent repression during gastrulation.
Using previously published epigenetic profiles of human ES cells (Lister et al, 2009), we
found that Xenopus embryos and ES cells employ the same type of epigenetic regulation on two

distinct gene groups; one of them being more highly expressed in ES cells and the other being
more highly expressed in fibroblasts. Interestingly, the genes with higher DNA methylation
content were more active than genes enriched in H3K27me3 suggesting that Polycomb‑mediated repression is more tightly correlated to gene silencing in both early embryos and ES
cells. These findings are compatible with the fact that ES cells tolerate loss of both maintenance
and de novo DNA methyltransferases. ES cells deficient for Dnmt1 were able to proliferate
and initiate differentiation (Jackson et al, 2004). Similarly, Dnmt3a/3b depletion does not
influence ES cell self-renewal but rather causes a failure in differentiation. Strikingly, a triple
knockout (Dnmt1-/-Dnmt3a-/-Dnmt3b-/-) in ES cells demonstrated that in the absence of DNA
methyltransferases ES cells remain viable and preserve their genome integrity (Tsumura et al,
2006). A similar observation has been made in Dnmt1-depleted Xenopus tissue explants that
were cultured for up to 48 h without signs of apoptosis (Stancheva et al, 2001). However, this
is clearly not the case with other cell types such as mouse fibroblasts where Dnmt1 knockdown
causes cell death (Jackson-Grusby et al, 2001). Similar to the case of DNA methylation, loss of
Polycomb proteins Eed and Ring1b does not influence the self-renewal properties of ES cells.
However a loss of Polycomb destabilizes ES cells due to expression of lineage-specific markers
(Chamberlain et al, 2008; Leeb et al, 2010; Leeb & Wutz, 2007). Taken together, these findings
suggest that transcriptional repression is not essential for pluripotency.
Moreover, ES cells do not repress methylated promoters very strongly. When ES cells
differentiate to terminally differentiated neurons, methylation of CpG-poor promoters in
ES cells is compatible with transcription as assayed by RNA PolII occupancy (Mohn et al,
2008). Commitment to a lineage leads to an activation of a number of promoters of which
only some lose DNA methylation. Genome-wide mapping of DNA methylation to promoter
regions demonstrated that promoters in mouse ES cells are heavily methylated including active
promoters regulating pluripotency genes (Fouse et al, 2008). Actually, ~75% of methylated
genes bound by either Nanog or Oct4 were expressed compared to 93% of expressed,
unmethylated Oct4/Nanog bound targets (Fouse et al, 2008).
In Xenopus oocytes, non-promoter DNA methylation is transmissible in cis over hundreds
of base pairs to repress transcription (Kass et al, 1997), but at what locations DNA methylation
can repress transcription is not known for embryonic or somatic cells. In blastula and gastrula‑stage embryos we observe a compatibility of DNA methylation and active transcription
in Xenopus embryos. A significant portion of actively expressed genes was found to have
high methylation within 1 kb of the transcription start site. Even though DNA methylation
is generally absent from the TSS of expressed genes, probably due to the deposition of the
H3K4me3 mark, we also identified a small number of expressed genes having a fully methylated
5’ end. Consistent with earlier reports (Jones et al, 1998; Kass et al, 1997) we find that Xenopus
oocytes repress methylated DNA very efficiently but we observe a severely reduced potential
for DNA methylation-dependent repression during gastrulation. Moreover, the MeCP2
transcription repression domain, which in oocytes acts as a potent gene repressor when
targeted to the promoter (Jones et al, 1998), was not able to shut down reporter transcription
in the gastrulating embryo, possibly due to the absence of co-repressors such as the Sin3
complex (Fuks et al, 2003; Jones et al, 1998; Nan et al, 1998; Wade et al, 1999). A recent global
study performed in mouse neurons, demonstrated the ability of MeCP2 to interact with
both the Sin3 complex and the transcriptional co-activator CREB-1 (Chahrour et al, 2008). It
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methylation status of methylated and unmethylated transgenes does not change during the
experiment (Supplemental Fig. S12B).
These results led us to examine the expression and activity of methyl-CpG binding domain
(MBD) proteins. In addition, to measure the ability of MBD proteins to bind to methylated
DNA an assay was used in which an in vitro methylated or unmethylated, concatamerized DNA
probe was immobilized on magnetic beads and incubated with oocyte and embryo extracts
(Supplemental Fig. S13A). The MBD proteins MeCP2 and MBD3 are expressed in blastula and
gastrula embryos (Iwano et al, 2004; Stancheva et al, 2003), however both their expression
and their ability to bind methylated DNA are very low in embryos compared to oocytes
(Supplemental Fig. S13B and data not shown). To test whether repression could be restored
by overexpression of MBD proteins, synthetic MeCP2 mRNA was injected into fertilized eggs
and the effect on promoter activity was determined. Even though overexpressed MeCP2 is
able to bind methylated DNA in the early embryos, comparable to the endogenous activity
of MeCP2 in the oocyte, no transcriptional repression of the injected reporter plasmid was
observed (Supplemental Fig. S14). To further test this issue we examined whether such
repression can be restored if the MeCP2 repression domain is targeted to the promoter
by a heterologous DNA binding domain. For that purpose the Hsp70 promoter with five
Gal4 binding sites was injected into oocytes and embryos together with a synthetic RNA
coding for the fusion of the yeast Gal4 DNA binding domain and the MeCP2 transcription
repression domain (Gal4-TRD) (Jones et al, 1998; Kaludov & Wolffe, 2000). The Gal4-TRD
fusion represses transcription very efficiently in oocytes, however in gastrula embryos,
Gal4-TRD did not repress transcription even though it was expressed at the same level as
that obtained in oocytes (Fig. 6C; Supplemental Fig. S15). These results demonstrate that the
strong MeCP2-mediated repression observed in the oocyte is ineffective in the early embryo;
transcriptional repression is largely uncoupled from DNA methylation in early embryos, but
not in oocytes or late embryos.
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Methods
Xenopus procedures
Xenopus tropicalis embryos were collected after natural mating which was induced by injection
of females with human chorionic gonadotrophin (HCG). The embryos were then incubated in
3% cysteine to release the jelly coat. The staging was done according to Nieuwkoop and Faber
(http://www.xenbase.org).
Xenopus laevis oocytes and embryos were injected with 0,25 - 0,5 ng of Hsp70 promoter
templates. In case of the Gal4-MRD RNA coinjection an additional 0,2 ng of the RNA was
injected. RNA injection in the oocytes was done 16 hours prior to template injection, allowing
the protein to get expressed at sufficient levels. Both the template plasmid and the synthetic
RNA were coinjected at the same time in the embryos and the embryos were left to develop
until the gastrula stages.
Xenopus laevis transgenesis was carried out essentially as described (Kroll & Amaya, 1996),
however, the sperm nuclei were not digested with restriction enzymes. Briefly, Xenopus high‑speed egg extract (EXT) and sperm head nuclei were purified, and stored at −80°C in aliquots
until use. The pGL3-CMV plasmid or methyl pGL3-CMV was linearized with Alw NI, purified,
and incubated along with linear pEGFP-N1 (100 ng each per experiment) and sperm nuclei for
5 min. EXT (10 μl) and 20 μl Sperm dilution buffer (SDB = 250 mM sucrose, 75 mM KCl, 0.5 mM
spermidine, 0.2 mM spermine) were mixed and incubated at 65°C for 5 min, then centrifuged at
16,000 × g for 3 min to remove precipitate. The soluble fraction (6 μl) was diluted to 22 μl with SDB
plus 10 mM MgCl2. This activating solution was added to the nuclei/sperm mix and incubated
for 15 min at room temperature. The nuclei were gently added to 170 μl SDB and used for micro‑injection at a rate of 0.586 μl/min using a microliter syringe pump (Harvard Apparatus).
Nucleic acid isolation and PCR
Genomic DNA was isolated using phenol-chloroform and precipitated with ethanol. Total RNA
was extracted with TRIzol (Invitrogen) and RNAeasy (Qiagen) columns. cDNA isolated from
10 – 20 gastrula embryos was synthesized using a Superscript III kit (Invitrogen). Quantitative
RT-PCR reactions were carried out on 1:50 dilutions of cDNA using the iQ SYBR Green Supermix
(Biorad). Plasmid DNA was isolated from all the samples and subjected to PCR to control for the
potential differences that might have occurred during embryo injections.
MethylCap-seq
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is possible that such a differential recruitment of transcriptional repressors and activators is
occurring in a developmental stage or context-dependent fashion. It is important to note that
the readout of DNA methylation is highly diverse. Although none of the tested promoters are
dominantly repressed by DNA methylation in early embryos, some promoters are unaffected
by DNA methylation whereas other promoters are, though transcribed, less active when
methylated. The effects may not only be determined by methyl CpG binding proteins, but also
by sequence-specific DNA binding proteins, some of which are inhibited when their binding
site is methylated (reviewed in (Bogdanovic & Veenstra, 2009)).
Interestingly, Xenopus embryos and mammalian ES cells display similarities in terms of
requirements for DNA methyltransferase function. Recent studies in Xenopus embryos showed
that the strong phenotypes observed upon ablation of Dnmt1 (Stancheva & Meehan, 2000)
are not caused by perturbations in DNA methylation but rather by the loss of transcriptional
repressor function of the Dnmt1 protein, independent of its catalytic activity as a DNA
methyltransferase (Dunican et al, 2008). The phenotype caused by the loss of Dnmt1 was rescued
by a catalytically inactive form of human Dnmt1 (hDNMT1 C1226Y) (Dunican et al, 2008; Jair et al,
2006), suggesting that the DNA methyltransferase function is not required for pluripotency. All
these observations are compatible with the general inability of DNA methylation to dominantly
repress transcription initiation in early development and differentiation. Even though Xenopus
embryos and mammalian ES cells show these similarities in epigenetic profiles, differences
in chromatin structure between mammalian ES cells and Xenopus embryos have also been
documented. Bivalent domains marked by both H3K4me3 and H3K27me3 are a reported
hallmark of the chromatin state of mammalian ES cells (Azuara et al, 2006; Bernstein et al,
2006). It has been proposed that bivalently marked genes are resolved upon differentiation
(Bernstein et al, 2006; Landeira et al, 2010; Stock et al, 2007). However, in Xenopus tropicalis
embryos, H3K27me3 deposition follows H3K4me3 deposition in time and is linked to spatial
restriction of gene expression (Akkers et al, 2009). Furthermore, classical bivalency with
the two opposing histone marks decorating the same nucleosomal population is not the
predominant configuration in Xenopus embryos. Also, in contrast to mammals, Xenopus lacks
a global demethylation program after fertilization and phenomena such as imprinting and
X-inactivation (Veenstra & Wolffe, 2001; Yamada et al, 1999). Development starts with a global
transcriptional repression that in Xenopus is relieved at the mid-blastula transition (MBT) by a
change in the cytoplasm-to-nucleus ratio (Newport & Kirschner, 1982a; Newport & Kirschner,
1982b). The MBT is characterized by changes in subcellular localization of transcription factors
and regulation of various activating mechanisms (Veenstra, 2002). Around the MBT the active
H3K4me3 mark gets deposited on the TSS of active genes (Akkers et al, 2009) and at this
stage neither DNA methylation-dependent repression nor the Polycomb H3K27me3 mark is
present. At late blastula and early gastrula stages H3K27me3 is deposited on key developmental
regulator genes to establish spatial domains of gene expression. Our transgenesis experiments
demonstrate that it is only during organogenesis and terminal differentiation that DNA
methylation-dependent repression is restored. Early embryogenesis may require a more
relaxed interpretation of DNA methylation, which allows distinct transcriptional programs
to operate without large changes in DNA methylation. Only later, during organogenesis and
differentiation DNA methylation-dependent repression is restored, locking cells in their fate
by stable long-term repression.

Genomic DNA was sheared by sonication to ~ 500 bp fragments. Methylated DNA was affinity
purified using H6-GST-MBD fusion protein (Diagenode) following the manufacturers’ protocol
with one modification. The DNA was eluted in several steps with increasing NaCl concentrations:
2 x 200mM, 1 x 300mM (washing steps 1-3), 500mM and 700mM (elutions 1 and 2). Sequencing
samples were prepared using the manufacturer’s protocols (Illumina). The DNA ends were
repaired and the adaptors were ligated. The library was size-selected (300 bp) and amplified by
PCR. The sequencing was carried out on a Genome Analyzer (Ilumina). MeDIP reactions were
performed with 1 μg of sonicated DNA and following the MeDIP kit (Diagenode) protocol. DNA
methylation reads were aligned to the Xenopus tropicalis genome (JGI version 4.1) using either
ELAND (GAPipeline version 1.0, Illumina) or MAQ (version 0.7.1) (Li et al, 2008) programs. The
reads were extended to 300 bp after mapping. MAQ aligned reads were used for the analysis of
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repetitive DNA while the rest of data corresponds to uniquely mapped ELAND reads. The data
have been deposited in NCBI’s Gene Expression Omnibus (GEO) (Edgar & Barrett, 2006) and
are accessible through GEO Series accession number GSE23913 (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE23913). Visualization tracks are available at the authors’ web site
(http://www.ncmls.nl/gertjanveenstra/resources.htm).
DNA methylation peaks
Genomic regions enriched for DNA methylation were identified by MACS (Model-based
Analysis of ChIP-Seq data) (Zhang et al, 2008). The genomic distribution of DNA methylation
peaks was calculated by the PinkThing software (http://pinkthing.cmbi.ru.nl), using Ensembl
gene models. The genomic intersections were performed by either the Galaxy bioinformatics
tool (Blankenberg et al, 2007; Taylor et al, 2007) or the UCSC table browser.To validate peak
finding settings experimentally, quantitative PCR reactions were carried out on 1:50 dilutions of
MethylCap/MeDIP material using the iQ SYBR Green Supermix (Biorad). All PCRs were performed
on MyIQ single-color real-time PCR detection system (Biorad). For primer sequences, see
supplementary data.

The locations of CpGis in the Xenopus genome were determined using a sliding window
operation applying either the Takai-Jones or Gardiner-Garden criteria for CpGis. Takai-Jones
CpGi criteria: Length >= 500bp, % GC >= 55%, CpG observed / expected ratio >= 0.65. Gardiner‑Garden criteria: Length >= 200bp, % GC >= 50%, CpG observed / expected ratio >= 0.6. After
merging overlapping regions, a total of 259,903 CpGis were identified in the Xenopus tropicalis
genome (JGI version 4.1) by applying the Gardiner-Garden criteria. The Takai-Jones criteria
produce a subset of 24,283 CpGis. The merged features do not always meet the criteria
mentioned above for the total length of their sequence. This is the counterintuitive result of
merging adjacent islands. Each 200 bp or 500 bp window contributing to the merged CpGi
feature does meet these criteria, and therefore each CpGi feature contains one or more
qualifying CpGis.
Data analysis
To generate average profiles, the mean number of DNA methylation reads was calculated for
100 bp bins surrounding the feature of interest (TSS, H3K4me3 and H3K27me3 peak borders,
repetitive DNA elements). The y axis is represented as mean number of reads/bp. K-means
clustering (k=6, default settings for TMEV 4.5) was performed using the TM4 software suite
(http://www.tm4.org). The results are represented as log2 values of the number of mapped
reads. To compare the results with human data sets (Lister et al, 2009), Xenopus tropicalis
orthologs of genes expressed in ES (H1-exp) cells and fetal fibroblasts (Fib-exp) were
identified using Biomart (http://www.biomart.org). Reads corresponding to DNA methylation,
H3K4me3, H3K27me3, RNAPII, and RNA-seq were mapped to these two groups of genes and
their surrounding regions (TSS +/- 20 kb). Gene orientation was taken into count. Hierarchical
clustering was performed by the TM4 software suite (http://www.tm4.org). The values
represent the log2 numbers of mapped reads. Boxplots were generated in R using default
settings. The boxes show the interquartile range (IQR) around the median; the whiskers

Constructs
The constructs used in this study have been described (Carro et al, 2004; Jones et al, 1998;
Kaludov & Wolffe, 2000; Landsberger et al, 1995; Veenstra et al, 1999). The mRNA from
the Gal4-MRD and xMeCP2pSP64polyA vectors was transcribed using an in vitro synthesis
kit (mMessage mMachine Kit, Ambion). Promoter templates were in vitro methylated by
overnight incubation with the bacterial SssI methylase using standard manufacturers protocol
(Invitrogen). HpaII restriction followed by agarose gel electrophoresis was subsequently
performed to control the extent of the in vitro methylation reaction.
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CpG island identification

extend from the minimum value to the maximum value unless the distance to the first and third
quartiles is more than 1.5 times the IQR.
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Figure S1. Quantitative PCR validation of methylated regions (peaks) obtained by massive parallel sequencing.
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Figure S5. K-means clustering (k=6) performed on CpG islands obtained by different CpGi calling protocols:
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Figure S6. Two examples of active genes (Kiaa1430 and CUO75552 x. tropicalis mRNA) displaying robustly
methylated upstream promoter regions through blastula and gastrula stages. In total, 865 expressed genes were
found to contain DNA methylation in upstream promoter regions (TSS – 1kb) (see supplemental table S8).
Figure S6.Two examples of active genes (Kiaa1430 and CUO75552 x. tropicalis mRNA) displaying
robustly methylated upstream promoter regions through blastula and gastrula stages. In total, 865
expressed genes were found to contain DNA methylation in upstream promoter regions (TSS – 1kb) (see
supplemental table S8).
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CUO75552

Figure S7. Bisulfite sequencing of Bet1 and C20orf151 loci. Black circles represent methylated CpGs whereas
Figure S7. Bisulfite sequencing of Bet1 and C20orf151 loci. Black circles represent methylated CpGs whereas
white circles represent unmethylated ones. (A) The Bet1 locus is heavily methylated at its TSS even though the
white circles represent unmethylated ones. (A) The Bet1 locus is heavily methylated at its TSS even though
Bet1 gene is expressed during gastrulation. (B) Both the C20orf151 TSS (primer C20-1) and a region located
the Bet1 gene is expressed during gastrulation. (B) Both the C20orf151 TSS (primer C20-1) and a region located
immediately upstream of the TSS (C20-2) are robustly methylated. The RNAseq profile indicates that C20orf151 is
immediately upstream of the TSS (C20-2) are robustly methylated. The RNAseq profile indicates that C20orf151
highlyisexpressed
duringduring
gastrulation.
(C) Primer
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used
highly expressed
gastrulation.
(C) Primer
sequences
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forbisulfite
bisulfitesequencing
sequencing
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Figure S8. Profiles of DNA methylation over H3K27me3 peaks. Peaks were grouped into four bins depending on
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peak size.
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Figure S11. Southern blotting of Hsp70
plasmid DNA recovered from gastrula
embryos. Both the methylated (SssI+)
and the unmethylated (SssI -) plasmid are
efficiently recovered from gastrula embryos
with the same methylation status they had
prior to injection. While both plasmids get
digested by MspI, only the unmethylated
plasmid will be sensitive to HpaII digestion
therefore proving that methylation of the
SssI + plasmid was not lost during early
development. DNA was recovered from
5 embryos (2,5 ng).

11 Southern blotting of Hsp70 plasmid DNA recovered from gastrula embryos. Both the methylated
and the unmethylated (SssI -) plasmid are efficiently recovered from gastrula embryos with the same
on status they had prior to injection. While both plasmids get digested by MspI, only the
ated plasmid will be sensitive to HpaII digestion therefore proving that methylation of the SssI +
was
not lost
during
early development.
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Figure
S11
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(SssI+) and the unmethylated (SssI -) plasmid are efficiently recovered from gastrula embryos with the same
methylation status they had prior to injection. While both plasmids get digested by MspI, only the
unmethylated plasmid will be sensitive to HpaII digestion therefore proving that methylation of the SssI +
plasmid
106was not lost during early development. DNA was recovered from 5 embryos (2,5 ng)
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Figure S12. Activity and DNA methylation of transgenes stably integrated using the SceI meganuclease protocol.
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Figure S10. Activity of fully methylated H2B promoter in oocytes and embryos (transient assay). (A) An SssI
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Introduction

DNA methylation is a major epigenetic modification of vertebrate genomes usually associated
with transcriptional repression. The DNA methylation signal can be interpreted by proteins that
bind to methylated CpGs and recruit repressor complexes with histone deacetylase (HDAC)
activity. MeCP2 is the founding member of this methyl-CpG binding protein (MBD) family.
Mutations in MeCP2 are the principal cause of Rett Syndrome, a severe neurodevelopmental
disorder which, due to its X linkage, almost exclusively affects females. In this study we set out
to determine the extent to which loss of MeCP2 affects early embryonic development. MeCP2
antisense-injected embryos exhibit a strong developmental phenotype and fail to complete
gastrulation. Microarray profiling of MeCP2-depleted embryos revealed global changes in
transcriptional regulation. Interestingly, we find a higher number of downregulated (n=2742)
than upregulated (n=365) targets in MeCP2-depleted embryos and an upregulation of a group
of transcripts that might require active transcription for their proper degradation. These results
suggest a complex role this protein is carrying out in the transcriptional regulation of early
vertebrate development.

MeCP2 is a nuclear protein of ~ 53 kD known for its ability to preferentially bind methylated
DNA (Lewis et al, 1992). Together with four other members (MBD1-4) it forms the MBD
(methyl-CpG binding domain) protein family (Hendrich & Bird, 1998). MeCP2 was initially
described as a transcriptional repressor, however, other roles such as RNA splicing regulation,
higher order chromatin structure formation and transcriptional activation have also been
suggested for this protein (Chahrour et al, 2008; Horike et al, 2005; Yasui et al, 2007; Young
et al, 2005). Mutations in the MeCP2 gene are the principal cause of Rett syndrome (RTT), a
neurodevelopmental disorder which due to its X linkage almost exclusively affects females
(Amir et al, 2005; Amir et al, 1999). The affected females develop normally for the first 6-18
months, after which they start to display a wide range of symptoms including loss of speech
and purposeful hand movements, epileptic seizures and ataxia. Moreover, RTT patients exhibit
autistic features and suffer from mental retardation (Chahrour & Zoghbi, 2007; Weaving
et al, 2005). Unlike in the female patients, MeCP2 mutations in males mostly result in severe
congenital encephalopathy and death within the first two years (Villard, 2007; Zeev et al, 2002).
Interestingly, ~80 % of mutations are located within exons 3 and 4 and affect the functions of the
MBD and transcriptional repression domain (TRD) of MeCP2 (Bienvenu et al, 2000; Bienvenu
et al, 2002; Miltenberger-Miltenyi & Laccone, 2003). A search for new reading frames and
their associated mutations led to the identification of another MeCP2 splice variant (MeCP2B/
MeCP2α) in humans, which is skipping exon 2 and is more abundant (Kriaucionis & Bird, 2004;
Mnatzakanian et al, 2004). While in the initially described transcript, MeCP2A/MeCP2β,
translation starts in exon 2, in MeCP2B/MeCP2α exon 2 is not present and translation starts in
exon 1 (Kriaucionis & Bird, 2004). RTT patients carrying an 11 bp deletion in exon 1 which causes
a frameshift mutation have been described (Amir et al, 2005). These findings emphasize the
importance of this novel splice variant. Similarly, murine and rat MeCP2 are also known to exist
in at least two variants. In both humans and mice, the MeCP2α variant is the predominant form
in neural tissues, while in cultured fibroblasts and lymphoblasts the MeCP2β form is present at
higher levels (Mnatzakanian et al, 2004). Different RTT model systems have been established
to study MeCP2 function and the etiology of RTT disease. Mouse MeCP2 knockouts exhibited
RTT-like features including locomotor dysfunction, breathing difficulties and reduced brain
size, whereas a transgenic line overexpressing MeCP2 at approximately 2-fold levels of the
wild type mice displayed various neurobehavioral defects (Chen et al, 2001; Collins et al, 2004;
Guy et al, 2001). Similarly, conditional knockouts targeting MeCP2 in postmitotic neurons
resulted in severe neural phenotypes (Chen et al, 2001). Functional experiments performed
in mice suggest that MeCP2 depleted neurons do not suffer irreversible damage, and that
the restoration of MeCP2 levels can lead to an improvement of such a condition (Giacometti
et al, 2007; Guy et al, 2007). Likewise, peritoneal injections of Insulin-like Growth Factor 1
(IGF-1) led to the reversal of some RTT symptoms in mice, therefore providing a new avenue
for therapeutic intervention (Tropea et al, 2009). In addition to numerous mice models, the
South African toad, Xenopus laevis, has also been described as an RTT model. Both MeCP2
antisense depletion and overexpression of a common RTT mutant (R168) in Xenopus embryos
resulted in aberrant neural patterning and subsequent death (Stancheva et al, 2003). Such
a phenotype was due to improper Notch/Delta signaling caused by misregulation of the
xHairy2a gene, a direct MeCP2 target. The transcript targeted in this study corresponds
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Results
Genomic organization of the Xenopus MeCP2 locus
In order to study MeCP2 function during early development, a published morpholino
oligonucleotide (Stancheva et al, 2003) was tested on Xenopus laevis embryos. However, we
were unable to establish an effective knockdown of MeCP2 using this published sequence.
We hypothesized that these discrepancies might be a result of sequence variation. To resolve
these issues and deduce the genomic architecture of the MeCP2 locus, we reverse-transcribed
total mRNA from Xenopus laevis gastrula embryos and subjected it to the 5’ RACE (Rapid
Amplification of cDNA Ends). Two transcripts with new 5’UTRs were identified. One transcript
encodes normal MeCP2 (xMeCP2A, most similar to published human/mouse MeCP2alpha),
and the other encodes a truncated version of MeCP2 (xMeCP2B) (Fig. 1A). We next wanted
to examine whether there is any evidence for the existence of the alternative MeCP2 protein
isoform. Western blotting performed on oocyte and embryo extracts revealed that MeCP2
is highly expressed in the oocytes, whereas in the embryo our antibody was only able to
detect a protein with a higher molecular mass (Fig. 1B). In the oocytes, two protein bands are
detected, however, only the larger band was able to bind methylated DNA in vitro, as assessed
by methylated DNA affinity precipitation (Fig. 1C). To determine the genomic organization
of MeCP2, our Xenopus laevis 5’ RACE sequences were blatted against the Xenopus tropicalis
genome (Fig. 2A). The two isoforms derive their sequence from two different exons. The
MeCP2B isoform derives its 5’ UTR sequence from a different exon that is located more 5’ in
the X. tropicalis MeCP2 locus (Fig. 2B). This RNA lacks the ATG used in the A isoform, but it may
use a second in-frame start codon derived from a shared downstream exon (exon 3, Fig. 2B).
The putative xMeCP2B isoform is 403 amino acids long and misses 64 amino acids from the
N-terminal end compared to its xMeCP2A counterpart. X.tropicalis expresses the MeCP2A but
not MeCP2B isoform (Fig. 2B). Interestingly RNAPII is enriched around the putative MeCP2B
start site, suggesting the presence of a paused RNAPII at this site in X. tropicalis.
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Figure 1. 5’ RACE identifies two Xenopus MeCP2 isoforms (A) Multiple alignment of 5’ RACE clones with
the consensus MeCP2 sequence. Clones: “29-48”, “47-96”, “20-48” and “48-96” correspond to an isoform not
described previously (MeCP2B) and possibly coding for a new MeCP2 protein variant (B) Western blotting of
Xenopus oocyte and embryo extracts prepared at different developmental stages. MeCP2 is present in the
oocytes (blue arrowhead) whereas in the embryos, only an unspecific band of a higher molecular mass was
detected (black arrowhead). (C) The MeCP2 protein detected in the oocyte has the ability to bind methylated
DNA. In vitro (SssI) methylated probes specifically retain oocyte MeCP2 protein.

Antisense oligonucleotide-mediated knockdown of MeCP2
To knock down MeCP2 in vivo, a chemically modified oligonucleotide was used which targets the
MeCP2 mRNA and creates a substrate for RNaseH degradation. N,N-dimethylethylenediamine
(DMED) oligonucleotides are resistant to exonucleases, therefore ensuring efficient knock
down of targeted transcripts (Dagle & Weeks, 2001; Lennox et al, 2006). To make sure that
our antisense strategy targeted both MeCP2 transcripts discovered by 5’ RACE, a sequence
complementary to the 5’ UTR shared by both transcripts was chosen for antisense design.
The MeCP2 antisense (MeCP2-as60) was injected into fertilized eggs, before the first cell
division. Both antisense-injected and control embryos developed normally until the blastula,
when MeCP2-depleted embryos started displaying a developmental delay. In contrast to the
water-injected control, the MeCP2 depleted embryos were not able to complete gastrulation
(Fig. 3A). The depletion of endogenous xMeCP2 transcript, as well as the upregulation of a
previously described xMeCP2 target gene, xHairy2a (Stancheva et al, 2003) were confirmed
by quantitative RT-PCR (Fig. 3B). Even though our attempts to reproduce the published
knockdown of MeCP2 were not successful due to differences in MeCP2 5’UTR sequences, our
data and published data concur on xHairy2a being upregulated following MeCP2 ablation. As
MeCP2 has been linked with neural signaling events (Chen et al, 2003; Martinowich et al, 2003;
Stancheva et al, 2003), we decided to test whether MeCP2 depletion would affect neural tissue
formation. To that end, an in vitro differentiation system using animal pole explants (animal
caps) derived from Xenopus embryos, was established. Animal caps are an excellent model
system to study inductive events and organogenesis, as they can be obtained in large numbers
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to human/mouse MeCP2B which appears to be the only isoform so far described in non‑mammalian vertebrates (Coverdale et al, 2004). It is important to note that the phenotype
of MeCP2B knockdown in Xenopus embryos was rescued by the injection of human MeCP2A
transcript therefore suggesting that the two isoforms probably display a significant functional
overlap. Interestingly, we were not able to reproduce a functional knockdown of MeCP2 using
published antisense tools (Stancheva et al, 2003) and we therefore decided to characterize
the UTR of MeCP2 by 5’ RACE and examine whether additional splice/transcriptional variants
are present in Xenopus embryos. Apart from the known Xenopus MeCP2 transcript (xMeCP2A,
similar but not identical to published human/mouse MeCP2alpha - GenBank: AF106951.1), we
observe an additional transcript containing a novel, presumably untranslated exon which
may potentially use a downstream ATG and code for a smaller protein product. An antisense
strategy targeting both MeCP2 isoforms was implemented to study MeCP2 function during
early embryogenesis. The MeCP2 antisense-injected embryos were not able to complete
gastrulation, possibly as a result of altered transcriptional programs, detected by microarray
expression profiling. Finally, animal cap assays performed on wild type and MeCP2-antisense
embryo suggest an early embryonic requirement for MeCP2.
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Figure 2. Genomic organization of the Xenopus MeCP2 locus. (A) The 5’ RACE sequences obtained from
Xenopus laevis embryos were blasted against the Xenopus tropicalis genome. The MeCP2 gene lies within an
active chromatin environment as judged by H3K4me3 and RNAPII marks. (B) The MeCP2A isoform, resembles the
mammalian MeCP2α whereas the MeCP2B isoform is somewhat longer and has its 5’UTR located in an exon found
further upstream. The two isoforms are transcribed from different promoters and MeCP2B probably codes for
a shorter protein isoform. The coding region is denoted by red boxes.

and easily manipulated in vitro (Green et al, 1997; Okabayashi & Asashima, 2003; Sedohara et al,
2006). Wild type animal caps isolated from late blastula embryos were exposed to different
activin concentrations in order to determine the minimum concentration necessary for their
elongation, a hallmark of mesoderm induction and convergent extension movements that
normally happen in gastrula-stage embryos. Animal caps started elongating at 10 pM activin
concentration, whereas 100 pM was necessary for their full elongation (Fig. 3D upper right
panel and data not shown). Furthermore, the expression of the NCAM (Neural Cell Adhesion
Molecule) gene was measured by quantitative RT-PCR, as presence of NCAM mRNA is
indicative of neural tissue formation (Jacobson & Rutishauser, 1986; Kintner & Melton, 1987).
The NCAM mRNA was absent at 0 pM activin whereas the expression reached a peak at 100 pM
(Fig. 3C). Animal cap tissue derived from antisense-injected embryos displayed a reduced rate
of spherical structure formation, unlike their control counterparts. Moreover, the MeCP2-as60
caps proved very difficult to maintain in culture, as most of them disintegrated before the
animal cap elongation would occur. Unlike the control animal caps which elongated successfully
upon activin treatment, caps derived from MeCP2-as embryos formed unorganized structures

Figure 3. MeCP2 knockdown in Xenopus embryos. (A) The embryos injected with MeCP2 antisense (as) display
various gastrulation defects leading to eventual embryonic death. Control embryos and embryos injected with
water (H2O) in the same experiment developed normally. (B) MeCP2 antisense injected embryos display reduced
levels of MeCP2 RNA and increased levels of Hairy2a, a well-described MeCP2 target. The error bars represent
SEM of three independent experiments (C) Relative mRNA levels of the neural marker, NCAM, during activin‑induced animal cap elongation. Error bars represent SD of two independent experiments. (D) Activin-induced
animal cap elongation in MeCP2 antisense and wild type embryos. MeCP2-as injected embryos display problems
with convergent extension movements at activin concentration (100 pM) needed for normal elongation.

(Fig. 2D). The defective morphology of MeCP2-as60 explants demonstrates that at an activin
concentration needed for neural induction of control animal caps, MeCP2-as60 animal caps
display problems with convergent extension movements and possibly cellular adhesion.
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Global expression profiling of MeCP2-depleted X. laevis embryos
To carry out a transcriptome survey of xMeCP2 depletion, mRNA from wild-type and xMeCP2-AS
gastrula (st.10.5) embryos was obtained and hybridized to Affymetrix GeneChip® Xenopus laevis
Genome Arrays, representing around 14,400 X. laevis transcripts. The experiment was performed
as a biological duplicate. After normalizing the dataset against a selection of house-keeping
genes, a cut-off based on the distribution of log2 fold changes from both experiments was
performed (Fig. 4A). Data analysis of the normalized gene expression profiles of MeCP2-as60 as
compared to the wild type, revealed that the number of down regulated targets by far exceeded
the number of upregulated genes (Fig. 4B). At face value this is a surprising result as MeCP2 is
known to function as a repressor protein. These results were confirmed by quantitative RT-PCR

117

Figure 4

A
2000

AS
vs. WT
AS(av)
vs(average
WT(av)
Exp1+ 2)

2log ratio

vsvs.
wt(av)
Wwt(1)
TExp.1
WT
average

1000

cut off = -1.5

-3

cut off = 1

0
-10 -8 -6 -4 -2

0

2

4

6

8 10

2L og (AS/W T)
2log
(AS/WT)

B B
Increased
All
Cut-off
-

1

Decreased

2258

2996

365

2742

3

α-Amanitin

frequency

D

St. 10-7

2000

5

D

MeCP2-AS

A

C
PCR
affymetrix

4

Discussion

2
fold change (2log)

C

0

13 14 15 16 17 18 19
1

2

3

4

5

6

7

8

9

10 11 12

3

-2
-4
-6
-8

4

-10

Figure 4. Global expression profiling of MeCP2 knockdown in Xenopus embryos. (A) Distribution of 2log fold
changes of duplicate experiments. The y-axis denotes the number of genes whereas the x-axis corresponds to
the fold change (2log ratio). The ratio of experiment 1 versus average of experiments 1 and 2 represents the
control curve used to determine changes in expression that are result of experimental variation. (B) Numbers
of increased and decreased potential MeCP2 targets before and after filtering. (C) Q-PCR validation of changes
detected by global microarray profiling. Randomly selected upregulated and downregulated targets were
amplified from wild type and MeC2-as cDNA samples and differences in expression were calculated and compared
to the ones observed by microarray profiling. (D) K-means clustering (k = 4) of transcripts affected by MeCP2
antisense with microarray samples of control embryos at stages 7 and 10.5 and embryos treated with α-amanitin.
The first three clusters consist of targets downregulated (blue) by MeCP2 knockdown whereas the fourth cluster
corresponds to targets upregulated by the MeCP2 knockdown (yellow).

on a number of randomly selected targets (Fig. 4C). To obtain more insight into the normal
regulation of the transcripts affected by loss of MeCP2, the microarray data were compared
with microarray data of control embryos at stage 7 and 10.5 and embryos treated with the RNA

118

The prevailing model of MeCP2 action involves binding of methylated CpGs and subsequent
recruitment of various corepressor complexes which in turn silence gene transcription (Jones
et al, 1998; Lorincz et al, 2001; Nan et al, 1993). However, recent studies have demonstrated
that apart from being a transcriptional silencer, MeCP2 can activate transcription in certain
biological contexts (Chahrour et al, 2008). We also found that DNA methylation does not
dominantly repress transcription in early embryos, contrasting with oocytes and late-stage
embryos in which DNA methylation is coupled to transcriptional repression (Chapter 4). In the
present study we report that antisense depletion of MeCP2 in the developing Xenopus embryo
causes changes in the embryonic transcriptional program. Furthermore, we demonstrate that
MeCP2-antisense perturbs amphibian development possibly as a result of aberrant mesoderm
induction (Fig. 3D). However, efforts to produce an efficient rescue of the MeCP2 knockdown
were not successful; the results presented in this study should be considered as preliminary.
MeCP2 seems to be highly expressed in the oocytes, while in the embryo our antibody was
only able to detect a protein with a higher molecular mass (Fig. 1B, C). It is possible that such a
band corresponds to a postranslationally modified variant of MeCP2, as MeCP2 phosphorylation
in vertebrates is a well described phenomenon (Chen et al, 2003; Martinowich et al, 2003; Tao
et al, 2009). However phosphatase treatment of embryo extracts did not cause a shift in the
mobility of this band, suggesting it may represent a cross reactivity (data not shown). Also,
the antisense depletion of MeCP2 did not result in reduction of the higher band recognized
by the MeCP2 antibody although a significant reduction of MeCP2 RNA was measured by
quantitative PCR (Fig. 2B, data not shown). Still, our DNA affinity precipitation experiments
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polymerase II inhibitor α-amanitin (Jacobi et al, 2007) Jacobi and Veenstra unpublished). For
that purpose, clustering based on the k-means (k=4) algorithm was executed (Fig. 3D). The
first cluster (1) corresponds to genes downregulated by the MeCP2 antisense and upregulated
during embryonic development (st.7-st.10). Surprisingly, most of them are not affected by the
RNAP II inhibitor, α-amanitin, suggesting that these genes might be transcribed by polymerases
other than RNAP II. The second cluster (2) also consists of targets downregulated by MeCP2
knockdown, expression of which increases during development. These genes, however, are
RNAPII-dependent as demonstrated by their inactivation upon α-amanitin treatment. The
third cluster (3) consists of genes down regulated by MeCP2 knockdown. The expression
intensity of these genes does not change as the development progresses suggesting that
some of them might be maternally expressed genes. The analysis also unveiled a group of
transcripts (4) upregulated by the xMeCP2 knockdown (xMeCP2-as). This group mostly consists
of transcripts downregulated at stage 10 as compared to stage 7 (st. 10-7) which means that
they are expressed maternally and that they get degraded between blastula and gastrula stages
as a part of the maternal to embryonic transition in gene regulation. These observations may
be attributed to the stabilization of maternal mRNA in the absence of MeCP2 which can be a
side effect of an arrest in embryogenesis. Also, this group of transcripts was upregulated upon
α-amanitin treatment, possibly meaning that the degradation of this subset of maternal RNA
is dependent on a pathway that requires embryonic transcription. These data altogether show
that the xMeCP2 antisense oligonucleotide affects the embryonic transcriptional program.
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appears to be a far more complex disease than it was previously thought. While mice MeCP2‑knockout models helped us to understand the mode of action of MeCP2 and the extent to
which it regulates transcription in the mammalian brain, further experiments will be needed
in order to address cell type-specific roles of the MeCP2 protein. Experiments on different
animal models might provide valuable clues in the field of MeCP2 function and may help us
in determining the directions for RTT therapeutic design. Here, we have used Xenopus laevis
as a model system to study the loss of MeCP2 in a developing vertebrate embryo. In order
to generate a better molecular and biological understanding of MeCP2 function, it will be
important to determine the MeCP2 genomic binding sites and see how MeCP2 recruitment
affects gene expression during early development. It will also be of great interest to examine in
more detail the postranslational regulation of MeCP2 and determine how these modifications
affect MeCP2-DNA interactions. In addition, mammalian ES cells in culture can be used as a
platform for studying induction events in the absence of MeCP2 and other MBD proteins. Such
approaches will expand our general knowledge of MBD function and deepen our understanding
of the roles played by MBD proteins in health and disease.

Methods
Oocyte and embryo extract preparation
Staged embryos and oocytes were collected in a tube and resuspended in the WCE-LS buffer
(20 mM Tris (pH=8,0), 70 mM KCl, 1 mM EDTA, 10% glycerol, 5 mM DTT, 0,125% NP40, protease
inhibitors). The extract was centrifuged and the supernatant collected and quick-frozen in
liquid nitrogen. The embryo/oocyte concentration in the extract was 0,2-0,5 embryo or oocyte
equivalents per uL.
Western blotting
Oocyte and embryo extracts (2 equivalents) were resolved on 10 % or 12 % polyacrilamide
gels and subjected to western blotting. The antibody used was an in-house made α-MeCP2
antibody (V17-1), raised against the C-terminal peptide (PRPTREEPVDTRTT). Western blotting
has been done as described before (Veenstra et al, 1999).
DNA affinity precipitation
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(Chapter 4) suggest that MeCP2 is present in Xenopus embryos during late blastula and
gastrula stages, however, at levels much lower than those observed in oocytes. A previous
study linked the absence of MeCP2 in Xenopus with aberrant neural differentiation and a
severe phenotype involving improper dorsal axis formation (Stancheva et al, 2003). Although
our study is suggestive of an earlier requirement for MeCP2, we were able to reproduce the
upregulation of the xHairy2a gene upon MeCP2 knockdown (Fig. 2B), despite the fact that the
antisense tools used by Stancheva et al. (Stancheva et al, 2003) were ineffective in our hands.
Our understanding of MBD function and cellular processes they take part in has increased
throughout the last decade. A number of recent studies have linked MBDs with various
differentiation processes (Hutchins et al, 2002; Kaji et al, 2006; Kaji et al, 2007; Mann et al,
2007; Stancheva et al, 2003). Therefore, we decided to test to what extent MeCP2 contributes
to neural induction events in the vertebrate brain. For that purpose, an in vitro differentiation
system of animal cap tissue explants was used (Green et al, 1997; Okabayashi & Asashima, 2003;
Sedohara et al, 2006). Unfortunately, the MeCP2-depleted animal caps proved to be difficult
to culture in vitro, as most of them disintegrated even before differentiation could occur.
However, we were able to observe the morphological defects present on a small number of
MeCP2-defficient animal caps which survived in culture (Fig. 3D). In the light of our results and
previous findings implying MBD proteins in embryonic differentiation, it would be interesting
to see whether the defects observed in these animal caps are caused by an abnormal response
to TGF-beta (activin) signaling. It is possible that absence of MeCP2 and perhaps other MBD
proteins causes certain cell populations to respond erroneously when exposed to growth
factor gradients. Gene expression profiling of neural tissues isolated from MeCP2-null mice
and cell lines corresponding to RTT patients, uniformly showed that MeCP2 does not play a
global role in gene regulation in mammals (Jordan et al, 2007; Traynor et al, 2002; Tudor et al,
2002). In all the above mentioned studies, the fold expression changes of presumed MeCP2
targets did not seem to be drastically affected by loss of MeCP2. Our global gene expression
profiling demonstrated that MeCP2 in Xenopus might be associated with the modulation of
gene expression of a subset of genes. Transcription of 365 genes is increased by > twofold upon
MeCP2-as injection whereas 2742 targets display more than threefold downregulation in gene
activity (Fig. 3). Therefore, the majority of putative targets affected in duplicate experiments
seem to decrease in transcription upon MeCP2 depletion. It is possible that in Xenopus embryos
MeCP2 associates with transcriptional activators such as CREB-1 as described for mammalian
cells (Chahrour et al, 2008; Yasui et al, 2007). However, we do not exclude the possibility that
downregulation in gene expression caused by MeCP2 depletion might be a secondary effect of
the knockdown. Interestingly, when clustering based on the k-means algorithm was performed,
we noticed that another group of genes, the ones upregulated by MeCP2 knockdown, cluster
well with maternally expressed genes and genes upregulated by α-amanitin treatment of the
embryos. The genes upregulated by α-amanitin treatment are probably genes which utilize an
active degradation pathway dependent on Pol II expression and when Pol II is blocked those
transcripts tend to accumulate. Such a relationship of zygotic transcription and maternal mRNA
degradation has been described before. For example, the knockdown of TBP in early zebrafish
embryos increases the stability of a certain group of maternal transcripts (Ferg et al, 2007). It is
possible that MeCP2 knockdown in Xenopus embryos directly or indirectly disrupts the active
RNA degradation pathway resulting in accumulation of maternal transcripts. Rett syndrome

The DNA probe was obtained by annealing of 50 µg of two complementary oligonucleotides
(5’-GATCCCGGAGTTAA and 5’-GATCTTAACTCCGG), modified from Klose et al. (Klose et al,
2005). The annealed probe was phosphorylated with T4 polynucleotide kinase (New England
Biolabs) for 2h at 37ºC, purified by phenol-chlorophorm and precipitated with EtOH. The
concatamerization reaction was performed at RT for 4h with T4 ligase (Promega) in the presence
of 10 mM ATP to replenish the ATP from the ligase buffer. The ligation process was monitored
using 1% agarose gel electrophoresis. The reaction was EtOH precipitated for one hour at -20°C.
After DNA precipitation, two biotinylated nucleotides, biotin-16-dUTP and biotin-14-dATP
were used to fill in the overhangs in a polymerization reaction using the Klenow fragment
(New England Biolabs). All the nucleotides in the reaction were present at a concentration
of 0.1 mM. The reaction was allowed to proceed for 45 minutes at room temperature. The
biotinylated DNA was then purified using a gel extraction kit (Qiagen) and the samples were
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recovered in 30 μl elution buffer. The biotinylated oligos (~50 μg) were methylated with SssI
methyltransferase in a 500 μl reaction for 2h at 37ºC. Phenol-chlorophorm extraction was used
to clean the methylated DNA which was then precipitated by EtOH. The methylated probe was
then coupled to streptavidin beads (DYNA beads M-280). For each 3 μg of DNA, 30 μl of the
streptavidin beads was used. The beads were washed 3X with the WB (1 M NaCl, 20 mM Tris pH
8.0, 1 mM EDTA) buffer. After washing, 3μg of the methylated probe (10 μl) was mixed with 40 μl
of WB buffer. Out of the 50 μl of the WB buffer, 10 μl were separated for subsequent gel analysis
while the remaining 40 μL was added to streptavidin beads. The mixture was incubated on a
thermomixer set at 30ºC for 30 minutes with shaking. Oocyte extracts (100 μL ) were coupled
to the immobilized probe in affinity precipitation (AP) buffer (20 mM Tris pH 8.0, 1 mM EDTA,
5 mM DTT, 5mM MgCl2, 100 mM KCl, 0.125% NP40, protease inhibitors) in a 1:1 ratio and left
rotating over night at 4ºC. After incubation the mixtures were washed with washing buffer
(20 mM Tris (pH=8,0), 1 mM EDTA, 5 mM DTT, 5mM MgCl 2, 100-200 mM KCl, 0,125% NP40,
protease inhibitors) for three times and the bound fraction was eluted with 50 μL 1X Laemmli
sample buffer and analyzed by western blotting.
Antisense knockdown in Xenopus embryos

Xenopus animal cap assay
Animal pole explants from late blastula Xenopus embryos were surgically removed using the
Gastromaster microsurgery tool (Gastromaster). The microsurgery was performed in 1XMMR
solution (100 mM NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM Hepes). The animal caps
were transferred to agarose coated 96-well plates filled with 65% L15 medium (sigma) containing
1-150 pM activin. Once the control embryos reached the tadpole stage, the animal caps were
quick-frozen and used for subsequent RNA isolation.
PCR reactions
cDNA isolated from 10 – 20 gastrula embryos or 10 - 20 animal caps was synthesized using
the Superscript III kit (Invitrogen). The quantitative RT-PCR reactions were carried out on
1:10 dilutions of cDNA using the iQ SYBR Green Supermix (Biorad). The values obtained from
a standard dilution curve approximation were then normalized against the levels of GAPDH
expression.
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RNA isolation and microarray hybridization
RNA from Xenopus embryos was isolated using the TRIzol (invitrogen) extraction solution and
RNeasy (Qiagen) purification columns. 10 μg of total embryonic RNA was amplified using the
Affymetrix once-cycle amplification kit. Further manipulation of the sample was done according
to the standard Affymetrix protocol for labeling, hybridization, washing and staining of eukaryotic
expression samples (Affymetrix GeneChip manual for eukaryotic sample and array processing).
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The N,N-dimethylethylenediamine (DMED) oligonucleotide targeting the 3’UTR of the MeCP2
gene was synthesized as described before (Dagle & Weeks, 2001; Lennox et al, 2006). The following
sequence was utilized for antisense (MeCP2-as60) design: C+T+T+G+A+TCCTCAG+A+T+T+T+T
(each “+” corresponds to a modified nucleotide). Fertilized Xenopus eggs were injected with
0,3 ng of MeCP2-as60 antisense before the first division occurred.
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Probing for DNA methylation-protein
interactions in early Xenopus embryos
In Chapter 3 we provide detailed procedures describing methylated DNA affinity precipitation
and MethylCap techniques and their use with Xenopus embryo/oocyte material. The
binding of methyl-CpG proteins to methylated DNA can be regulated by post-translational
modifications such as phosphorylation (Chen et al, 2003; Martinowich et al, 2003; Tao
et al, 2009). These phosphorylation events can be of significant physiological relevance.
For example, association of MeCP2 with chromatin is weakened by phosphorylation of its
Serine 80 residue in cultured neurons (Tao et al, 2009). It is therefore important to have
functional assays where such interactions can be efficiently probed for and quantified within
a developmental context. The amount of DNA methylation in Xenopus laevis embryos does
not drastically change during early embryogenesis (Veenstra & Wolffe, 2001). However,
we observed that methylated reporters, while efficiently repressed in Xenopus oocytes,
are robustly expressed in both pre- and post-gastrula embryos (Chapter 4, Fig. S10). We
therefore postulated that DNA methylation might be differentially interpreted on the level of
posttranslational modifications and altered binding affinities of methyl-CpG binding proteins
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(MBDs). To that end, we have concatamerized and immobilized a sequence associated with
DNA methylation-specific MeCP2 binding (Klose et al, 2005). These immobilized sequences
were then in vitro methylated, incubated with oocyte/embryo extracts and the bound proteins
eluted. The eluted fractions were examined by Western blotting and probed for proteins such
as MeCP2, MBD3 and Mi-2, previously shown to be associated with embryonic chromatin in
Xenopus (Guschin et al, 2000; Kikyo et al, 2000; Wade et al, 1999). These methylated DNA
affinity precipitations have a wide range of applications as they can be coupled to various
downstream procedures such as HDAC assays, two-dimensional (2D) electrophoresis
or perhaps even quantitative Mass Spectrometry (MS). For example, the protein eluates
corresponding to different developmental stages can be probed by fluorimetric HDAC assays
to measure differential recruitment of HDAC-containing complexes such as NuRD or Sin3
during developmental progression (Jones et al, 1998; Wade et al, 1999). In order to combine
methylated DNA affinity pulldown assays with quantitative MS, further optimization will be
needed to ensure for sufficient enrichment and purity of the eluted protein samples. For
example, instead of preparing whole cell embryonic extracts, nuclear extracts can be prepared.
In addition, the experiments should be scaled up to ensure starting protein amounts of at
least a few milligrams. Once optimized, MS can be used to quantify differential binding of
DNA methylation-binding proteins at two or more developmental stages. In cell cultures the
quantification of different samples is made easy by SILAC (Stable Isotope Labeling by Amino
Acids in Cell Culture), a method used for differential labeling of samples belonging to two
distinct experimental conditions. Affinity pulldowns combined with SILAC and subsequent
MS analysis have provided important insights into the interactions of modified histone tails
with transcriptional regulators (Bartke et al, 2010; Vermeulen et al, 2010; Vermeulen et al,
2007). A similar approach can be used to determine the interactions of proteins that bind DNA
methylation during development; proteins corresponding to two different developmental
time points, eluted from methylated DNA affinity resins, can be differentially labeled and
analyzed by quantitative MS to reveal differences in MBD binding. The major challenges
in such an experiment will be the differential sample labeling as well as the preparation of
clean nuclear extracts. In cell cultures, the cell growth will depend on the added medium and
therefore the uptake of labeled amino acids is made easy. Xenopus embryos, however, start
their development with robust maternal protein/RNA stores, sufficient to provide them with
all the metabolic components needed for proper early development. Early Xenopus embryos
can develop in water and with no components added. Therefore, procedures that depend on
the differential labeling of protein samples rather than living cells/organisms will be suitable
for such assays. For example, in zebrafish embryos the quantification of differences between
two protein samples is usually enabled by Stable Isotope Labeling by Amination of Tryptic
Peptides (Lemeer et al, 2008). Interestingly, a recent study described the use of zebrafish
SILAC, a method that involves direct labeling of zebrafish in vivo (Westman-Brinkmalm et al,
2011). In this study, the zebrafish were fed 13C6-Lys - or 12C6-Lys SILAC-Mouse Diet for four
months with no apparent consequences for their health except for the inability to breed.
The sterility of the animals, indicative of abnormal physiology, was probably caused by
differences in the nutritional requirements between rodents and fish. It will therefore be of
great interest to optimize such assays for use with Xenopus or zebrafish and ensure that the
animals are able to breed under altered nutritional conditions. In such a system, the animals
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DNA methylation is a gene-repressive epigenetic mechanism essential for vertebrate
development. This chemical modification, which involves the addition of a methyl group
onto the cytosine pyrimidine ring, mostly occurs within the context of CpG dinucleotides
even though other types of methylation such as CpA have also been described in mammals.
The majority of CpG sequences in vertebrate genomes are methylated with the exception
of clusters rich in CpG dinucleotides called “CpG islands”. These methylation-free genomic
regions frequently coincide with gene promoters in vertebrates. DNA methylation is a
heritable DNA modification; its mechanisms of propagation during the cell cycle have been
thoroughly studied and the enzymatic machinery involved in its establishment and inheritance,
well described. DNA methylation-mediated transcriptional repression mostly occurs via the
recruitment of proteins with DNA methylation-binding modules. These proteins can serve
as docking sites for repressor complexes bearing HDAC activity. Yet, despite myriad studies
performed on various in vitro systems ranging from biochemical preparations to differentiating
cell cultures, little is known on how DNA methylation is interpreted in vivo within the context
of normal development. The aim of the project described in this thesis was to provide more
insight into the function of DNA methylation and some of its interpreters, such as MeCP2,
during early vertebrate embryogenesis. First, we optimized and used two affinity based‑enrichment strategies to probe for DNA methylation - protein interactions in early Xenopus
embryos (Chapter 3). Using Methylated DNA affinity Capture (MethylCap) coupled to Next‑Generation Sequencing, we have sequenced fractions of methylated DNA from Xenopus
embryos at two developmental stages (Chapter 4). We find that DNA methylation is by and
large uncoupled from transcriptional repression during pluripotency stages but not during
organogenesis and differentiation. In Chapter 5, we provide preliminary data on the function of
a methyl-CpG binding protein (MeCP2) during early Xenopus development. Our findings and
their implications as well as future research perspectives will be discussed.
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Lack of DNA methylation-mediated repression
during early embryogenesis
Using the MethylCap technique described in Chapter 3, we have enriched for the methylated
fraction of Xenopus tropicalis genomic DNA isolated from blastula and gastrula stages. The
enriched fractions were then sequenced using the Solexa platform. In accordance with
previous studies in vertebrate embryos (Macleod et al, 1999; Veenstra & Wolffe, 2001), we
did not observe any major changes in neither content nor distribution of DNA methylation
between blastula and gastrula stages. Interestingly, however, we noticed that a relatively
high number (~ 900) of expressed genes display strong DNA methylation enrichment within
1kb upstream of their 5’end (Chapter 4, Fig. S6). In parallel, a similar observation has been
made in mouse ES cells (Fouse et al, 2008); many active promoters, including promoters
regulated by pluripotency factors are heavily methylated in mouse ES cells. Little is known
about distances through which DNA methylation may act to repress transcription (Kaludov &
Wolffe, 2000; Kass et al, 1997). We therefore sought to identify active genes with methylated
TSSs, as such a configuration would provide more proof that DNA methylation does not
act as an obligatory gene-repressive mechanism during pluripotency stages. Indeed, we
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identified 16 active genes, as judged by RNA-seq, where active/permissive marks (H3K4me3,
RNAPII, TBP) overlap a fully methylated TSS (Chapter 4, Fig. S7). A number of these sequences
were further validated by bisulfite sequencing that confirmed our observations; DNA
methylation and transcription are not necessarily two mutually exclusive phenomena, at
least not within the context of early development. It is still possible; however, that a number
of loci identified as methylated (5mc) are actually hydroxymethylated (5hmc), as bisulfite
sequencing techniques do not discriminate between these two chemical modifications.
5-hydroxymethylation has been under extensive investigation over the last couple of years.
Recent work demonstrated that 5-hydroxymethylcytosine probably serves as an intermediate
in the complex pathway of active DNA demethylation that involves at least three different
groups of enzymes that hydroxylate and oxidize, deaminate and repair the DNA molecule
(Bhutani et al, 2010; Cortellino et al, 2011; Guo et al, 2011; Rai et al, 2008; Wu et al, 2011b).
A number of groups have investigated the genomic distribution of this modification in
embryonic stem cells and during processes such as differentiation, however, the role and
the physiological significance of 5-hydroxymethylation, both remain unclear (Ficz et al, 2011;
Pastor et al, 2011; Wu et al, 2011a). It has been postulated that 5-hydroxymethylation can act
as possible means of reactivating genes silenced by DNA methylation, yet many genes with
5-hydroxymethylated promoters are found to be transcriptionally inactive (Ficz et al, 2011;
Pastor et al, 2011; Williams et al, 2011). In the light of these new findings it will be interesting
to determine both the 5mc and 5hmc content of the Xenopus genome and their contribution
to transcriptional repression.
To explore the time window during which DNA methylation exhibits a reduced repression
potential, we have generated transgenic Xenopus laevis frogs carrying methylated transgenes.
Surprisingly, during blastula and gastrula stages, both methylated and unmethylated constructs
were expressed at similar levels. The strong repression potential of DNA methylation, similar
to the one observed in Xenopus oocytes, again becomes evident at neurula stages and
even stronger during tailbud stages, where the transcripts originating from the methylated
transgenes are not detectable anymore. Such findings suggest that the early (pluripotent)
embryonic chromatin is open and permissive in contrast to the chromatin of later stage embryos
where processes such as organogenesis and differentiation are taking place. The observations
that “open”, permissive chromatin is associated with pluripotency have previously been
made in mammalian ES cells. In ES cells, certain chromatin proteins such as Heterochromatin
Protein 1 (HP1) exist in a hyperdynamic state that is characterized by less rigid DNA binding
(Meshorer et al, 2006). Such a state is characteristic of ES cells but not differentiated cells such
as Neural Progenitor Cells (NPCs). In the same study, the authors also demonstrate that the
binding of core histones to DNA is looser in ES cells than in neural progenitor cells (NPCs).
These observations find further support in a recent survey where it has been shown by light
and electron spectroscopic imaging (ESI) that chromatin compaction is a hallmark of lineagecommitted but not pluripotent ES cells or early embryos (Ahmed et al, 2010). Altogether, various
lines of evidence demonstrate that the early embryonic chromatin is open and permissive.
Moreover, promoter-proximal DNA methylation can be compatible with transcription during
early, pluripotent stages of vertebrate development. Such differential interpretation of the
DNA methylation mark bypasses the need for active methylome reprogramming during these
initial, dynamic developmental stages.
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would produce embryos that are already labeled and therefore suitable for use with various
quantitative proteomics procedures. Both labeling by protein modification and labeling
by in vivo incorporation of stable isotopes have their advantages and pitfalls. Labeling by
amination of tryptic peptides is cost effective but prone to certain labeling biases whereas the
costly SILAC-based techniques produce samples with extremely high (~100%) incorporation
rates. Once optimized, DNA affinity pulldowns coupled to MS will generate a powerful tool
to detect and quantify developmental differences in the recruitment of proteins with DNA
methylation-binding abilities.
To map and quantify DNA methylation levels in early embryos we have employed the
MethylCap approach (Bock et al, 2010; Brinkman et al, 2010; Kangaspeska et al, 2008) and
optimized it for use with embryonic material. MethylCap is an affinity-based approach where an
immobilized MBD domain is incubated with sonicated genomic DNA and the bound fractions
eluted with increasing salt concentrations (Brinkman et al, 2010). Such approaches have so
far been successfully used for genome-wide profiling of DNA methylation levels of cellular
cultures (Martens et al, 2010; Serre et al, 2010). In terms of accuracy, MethylCap performs as
well as MeDIP (Methylated DNA IP) (Mohn et al, 2009; Weber et al, 2005) and even slightly
better than MeDIP in the identification of Differentially Methylated Regions (DMRs) (Bock et al,
2010). We have tested a number of DNA methylation (as identified by MeDIP) positive loci to
establish the functionality of the MethylCap approach; the majority of methylated regions elute
at NaCl concentrations ranging from 500 - 700 mM. The measured concentrations of eluted
fractions were high enough to use these samples for library preparation for Next-Generation
Sequencing procedures (> 1 ng/μl). The two affinity-based strategies described in Chapter 3
allow for quantitative profiling of DNA methylation-dependent interactions in Xenopus
embryos. With further optimization, the above described protocols can be applied to other
vertebrate model organisms such as zebrafish or medaka.
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In Chapter 5 we set up an antisense strategy to explore the functions of methyl-CpG binding
protein 2 (MeCP2) during early Xenopus development. Since the discovery that linked mutations
in MeCP2 to Rett Syndrome in humans (Amir et al, 2005), this protein has been under extensive
investigation in numerous model systems. Actually, a study performed in Xenopus laevis
provided important insights into the molecular function of the MeCP2 protein (Stancheva et al,
2003). In order to expand on these results and deepen our understanding of the MeCP2 function
during early vertebrate embryogenesis, we tried to reproduce the published findings using the
previously described MeCP2 morpholino. However, these antisense tools were ineffective in
our hands which led us to further characterize the genomic architecture of MeCP2 and deduce
its 5’ UTR sequence. Besides the canonical MeCP2 transcript, for which we determined the full 5’
UTR, we also identified an alternative, less abundant transcript that potentially codes for a smaller
MeCP2 protein product. Keeping that in mind, an RNAseH antisense strategy (Dagle & Weeks,
2001; Lennox et al, 2006) targeting both transcripts was designed. MeCP2 antisense-injected
(MeCP2-as) embryos displayed a strong developmental phenotype and failed to complete
gastrulation. In addition, when exposed to activin gradients, animal cap explants obtained
from MeCP2-as injected embryos displayed problems with convergent extension movements
and likely other processes such as cellular adhesion. MBD proteins have been implicated in
differentiation processes in various model systems (Hutchins et al, 2002; Kaji et al, 2006; Kaji
et al, 2007; Mann et al, 2007; Stancheva et al, 2003). It will therefore be important to examine
whether the defects observed are due to improper responses to TGF-beta (activin) signaling
upon MeCP2 depletion. Unfortunately, the MeCP2 knockdown affects embryos in such a way
that treated tissue explants display a low survival rate in culture. Whether such a low survival
rate is caused by the loss of MeCP2 or by potential secondary antisense effects remains to be
determined. However, similar experiments can be performed in MeCP2-null ES cells (Okabe
et al, 2010). Interestingly, experiments carried out on MeCP2-null cells suggest that MeCP2 is
not required for the maintenance of pluripotency (Okabe et al, 2010). A similar observation
has been made for DNA methyl-transferases (DNMTs), enzymes responsible for the deposition
and maintenance of the DNA methylation mark (Tsumura et al, 2006). These results fit well
with our findings (Chapter 4) that suggest a relaxed interpretation of DNA methylation during
pluripotency stages. The observed MeCP2-as embryonic phenotypes prompted us to examine
the transcriptome of MeCP2-as embryos and investigate to what extent does the loss of MeCP2
influence global transcriptional levels. The preliminary data suggests that the majority of affected
genes are actually downregulated in MeCP2-as injected embryos contrasting the prevailing
dogma that MeCP2 functions as a transcriptional repressor. These results are compatible with a
study performed in mice hypothalami which provided experimental evidence for the association
of MeCP2 with transcriptional activators such as CREB1 and a potential transcriptional activator
protein Pur-alpha (Chahrour et al, 2008). Such findings are also compatible with our reporter
construct experiments described in Chapter 4. MeCP2 is robustly expressed in Xenopus oocytes
where it also displays strong DNA methylation-specific binding (Chapter 4, Chapter 5; Fig. 1).
Such a configuration results in strong DNA methylation-mediated repression in the oocyte,
cf. refs. (Jones et al, 1998; Kass et al, 1997 and Chapter 4). In blastula and gastrula embryos,
methylated reporters are robustly expressed and DNA affinity precipitation experiments suggest

that MeCP2 is indeed present at levels much lower than those observed in oocytes. To assess
the contribution of MeCP2 to DNA methylation-mediated repression during early development,
we have overexpressed MeCP2 and measured activity of methylated reporters by QPCR.
Surprisingly, we found that overexpression of MeCP2 does not negatively influence methylated
reporter transcription; MeCP2 was expressed at levels similar to those present in the oocyte and
displayed high DNA methylation binding affinity. In addition, we performed an experiment where
the Transcription Repression Domain (TRD) of MeCP2 was targeted to a reporter construct by
the DNA binding domain of Gal4 (Kaludov & Wolffe, 2000). In oocytes, such a setup resulted
in strong transcriptional repression, similar to the one observed for methylated reporters.
However, in gastrula embryos, MeCP2-TRD was not able to shut down transcription. Actually,
we observed an increase rather than decrease in the transcriptional activity of the targeted
reporter. Together with the data obtained by transcriptome profiling of MeCP2-as embryos,
these results are compatible with a possible role of MeCP2 as transcriptional activator (Chahrour
et al, 2008). To put these findings in a developmental perspective, we developed a hypothesis
for the mode of action of DNA methylation and MBD proteins during early development (Fig. 1).
In the oocyte, proteins with methyl-CpG binding specificity tend to associate with repressor
complexes to induce the formation of inactive chromatin on targeted loci. Probably after the
onset of zygotic transcription, these repressor complexes dissociate from methylated DNA and
are replaced by transcriptional activators such as CREB1. Once the cells start differentiating into
different tissues and organs, the repressive potential of DNA methylation is restored to ensure
proper tissue-specific gene expression patterns. The nature of this “permanent” transcriptional
silencing might be mediated by either the same HDAC containing complexes observed in the
oocyte or by different, more elaborate mechanisms. To prove such a model, further biochemical
studies involving the purification of the MeCP2 complex will be needed. Once purified, the
composition of such a complex can be determined at different developmental stages. One of
the many efficient antisense strategies can be used to specifically knockdown MeCP2 complex
subunits and assess how their loss affects DNA-methylation mediated transcriptional repression
at a given developmental time-point. Our preliminary data on the embryonic MeCP2 function
enhance the current understanding of the complex relationship of DNA methylation and its
interpreters and provide an avenue for future research directions in the MeCP2 field.
Figure 1

HD

Methyl-CpG binding protein 2 (MeCP2):
activator or repressor of transcription?

X

m

late embryo
(organogenesis)

Figure 1. Theoretical model for MeCP2 function during early development. In the oocyte, MeCP2 associates
with HDAC-containing complexes such as Sin3, to repress transcription. After the onset of zygotic transcription,
MeCP2 might recruit transcriptional activators and thereby contribute to the permissiveness of pluripotent
chromatin. During organogenesis, the strong transcriptional repression observed in the oocyte is restored by
yet unexplored mechanisms. The red circles represent methylated CpGs.
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The work presented in this thesis provided many important insights into the function
of DNA methylation during early vertebrate development. By using both bioinformatics
and transgenic approaches it was demonstrated that DNA methylation displays reduced
transcriptional repression potential during pluripotency stages of Xenopus embryogenesis.
Initial bioinformatics analyses argue that such a temporary lapse in epigenetic regulation is
conserved to humans as judged by DNA methylation profiles in ES cells in culture. Yet, Xenopus
and mammals display many differences in terms of epigenetic regulation. Xenopus lacks the
demethylation program observed in mammalian embryos as well as phenomena such as
X-inactivation and imprinting. It will therefore be of great interest to try to reproduce these
interesting results in mammalian systems and assess how conserved these phenomena are
across different species. In addition, these findings can be further corroborated in teleosts such
as zebrafish or medaka, well known model organisms for transgenic approaches combined
with fluorescence microscopy. Reporter genes such as GFP and RFP can be subjected to
in vitro methylation and inserted into the genome by one of the many available transgenesis
methods. In such a system the expression of methylated and unmethyated reporters can
be monitored and quantified in vivo by fluorescence microscopy. The biochemical basis for
this differential interpretation of DNA methylation remains to be determined. It is possible
that at least a part of the answer lies in proteins with methyl-CpG binding specificity. These
methyl-CpG binding proteins such as MeCP2 can possibly act as both transcriptional activators
and repressors, depending on the factors they recruit. In addition, MeCP2 binding can be
regulated by the phosphorylation of its amino acid residues that have proven crucial for its
function. For example, mass spectrometry–based proteomics can be employed to determine
the sites of posttranslational modifications of proteins with methyl-CpG binding specificity.
These potential modification sites can then be mutated and the mutations examined within a
developmental context. In addition, it will be paramount to determine the cohort of proteins
that are present on methylated DNA during different developmental time points. For such a
study, methylated DNA affinity precipitations (Chapter 3) can be employed and coupled to
quantitative mass spectrometry or two-dimensional (2D) gel electrophoresis analyses. This will
result in the precise quantitation of differences in DNA methylation-specific binding between
different stages and likely provide more insight into the cause of differential DNA methylation
interpretation during early embryogenesis. The work presented in this study provides a useful
framework that will help in deducing the phenomena associated with transcriptional repression
and activation in the early vertebrate embryo. The combination of Next-Generation Sequencing
technologies and quantitative proteomics approaches will enable the thorough examination
of the embryonic epigenomes and aid the understanding of fundamental developmental
processes such as cell specification, differentiation and regeneration.
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