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Abstracts

Genomic DNA is modified in a postreplicative manner and several modifications, the enzymes responsible for
their deposition as well as proteins that read these modifications, have been described. Here, we focus on the
impact of DNA modifications on the DNA helix and review the writers and readers of cytosine modifications
and how they interplay to shape genome composition, stability, and function.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Epigenetic modifications of mammalian DNA are
crucial regulators of organismic development but
also in pathogenesis. The most abundant and most
studied mammalian DNA modification was
described by Rollin Hotchkiss in 1948, when he
identified, in addition to the four canonical DNA
bases, a fifth peak on a paper chromatogram from
thymus deoxyribonucleic acids. He termed this novel
mammalian DNA base “epicytosine” [1], unknow-
ingly anticipating the modern definition of epige-
netics and the additional layer of information that
epigenetic DNA/chromatin modifications add to the
genetic information of every cell. In the same study,
Hotchkiss suggested that “epicytosine” corre-
sponded to methylated cytosine. In 1972, a sixth
DNA base, named 5-hydroxymethylcytosine
(5hmC), was identified in different vertebrate tissues,
although this was likely the result of an experimental
artifact as in the same study 5-methylcytosine (5mC)
was not detected [2]. Hence, 5mC remained the only
noncanonical mammalian DNA base that was
studied to a larger extent for a long time and helped
explaining how different cellular phenotypes can
arise from the same nucleotide sequence. The
postreplicative covalent addition of a methyl group
to the fifth carbon atom of the cytosine pyrimidine
ring by the DNA methyltransferase (DNMT)
enzymes and oxidation thereof by the Ten-eleven-
r Ltd. All rights reserved.
translocation (TET) enzymes diversify the genome
and shape the chromatin landscape (Fig. 1A). DNA
cytosine methylation is predominantly found in the
context of symmetric CpG dinucleotides and, in the
human genome, 70%e80% of all CpGs harbor
methylated cytosines [3,4]. This modification is
crucial in numerous cellular processes such as X-
chromosome inactivation and imprinting, gene
repression, control of cellular development and
differentiation, silencing of repetitive elements, and
genome stability maintenance [4e7]. Meanwhile,
two more cytosine variants, 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC), were identified as
oxidation products of 5hmC mediated by TET
enzymes [8] (Fig. 1A), shedding light into a possible
active DNA demethylation pathway [9]. However,
5hmC and 5fC were also identified as stable
epigenetic marks [10,11] and all cytosine modifica-
tions are recognized by specific reader proteins [12].
The (hydroxy)methylome is specifically read,
amongst others, by members of the methyl-CpG
binding domain (MBD) protein family (reviewed in
Ref. [13]).
Here, we review the effects of DNA base

modifications on DNA double helix structure and
the interplay between cytosine methylation readers
and modifiers. Although methylation of the nitrogen-
6 of deoxyadenosine (m6dA) has been recently
described in DNA from mammals [14,15] and linked
to nucleosomal positioning in Tetrahymena [16], it
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Fig. 1. Effects of epigenetic cytosine modifications. (A) DNA methyltransferases (DNMT) catalyze the addition of a
methyl group to the fifth carbon atom of the cytosine pyrimidine ring creating 5-methylcytosine (5mC). The methyl group is
oxidized by Ten-eleven-translocation (TET) proteins creating 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC),
and 5-carboxylcytosine (5caC) in an iterative manner. (B) Schematic representation of the effect that different epigenetic
cytosine modifications exert on the melting temperature (Tm; graphically depicted as a thermometer) of the DNA double
helix.
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will be omitted from this review as its existence is still
under debate [17].

Effect of cytosine modifications on DNA
double helix structure and recognition
by proteins

The flexibility of the dynamic DNA double helix
system is a fundamental condition to allow tight
protein-DNA contacts, is sequence dependent, and
mainly determined by the stacking energy of base
steps, hydrogen bondings between base pairs, and
exocyclic functional groups pointing within the major
or minor groove [18]. Since DNA replication,
transcription, and repair all rely on unwinding of the
DNA double helix, the influence of base modifica-
tions on helix parameters might directly affect DNA
metabolic processes.
A variety of in vitro reports showed that, besides

the mere DNA base composition that influences the
melting temperature (Tm) of double-stranded DNA
(dsDNA) [19], also the addition of chemical moieties,
such as methyl or hydroxymethyl groups to DNA
bases can influence the mechano-physical proper-
ties of the DNA double helix. C5 cytosine methyla-
tion was early on described to increase the melting
temperature of an oligonucleotide carrying the
modification in comparison to an unmethylated
counterpart in a highly sequence-dependent manner
[20,21]. In the following years, these findings were
confirmed using UV spectroscopy, thermal melting
analysis, and mechanical strand separation experi-
ments and were also extended to the oxidative
methylcytosine derivatives. Generally, cytosine
methylation was reported to increase DNA melting
temperature, indicative of a stabilization effect on the
DNA double helix, whereas oxidation of the methyl
group decreases the Tm, reversing the methylation-
induced duplex stabilizing impact (Fig. 1B) [22e33].
5hmC was in some studies found to not only revert
the stabilizing influence of cytosine methylation, but
to even further destabilize the double helix, resulting
in a Tm lower than that of nonmodified cytosine (Tm:
5mC > C > 5hmC) [24,25,32].
The influence of cytosine modifications on DNA

structure is still highly debated. The general view,
however, is that the modified bases do not change
the global B-DNA conformation, although local
structural changes around the modification site
were measured in a sequence-dependent manner
[27,32,34e37]. Molecular dynamics and all-atom
Monte-Carlo simulations showed that cytosine
methylation changes the geometry of base pair
steps resulting in an increase of the local curvature
of the methylated DNA [34,37e40]. In addition,
methylated DNA stretches can show slid structures
that lead to local DNA distortions [22]; they are stiffer,
more torsionally rigid, and less flexible, since the
steric hindrance of the bulky methyl group within the
major groove counteracts DNA bending [37,41e43].
Moreover, cytosine methylation might lead to a slight
widening of the major groove and in turn a narrower
minor groove [44]. On the contrary, 5hmC and 5fC
containing DNA exhibit changes in base pair
geometry that result in an increased flexibility
[32,42], as well as alterations in the minor groove
geometry [45]. Wanunu et al. showed computation-
ally and experimentally that the increasing polarity of
the cytosine modification leads to a lowering of the
rigidity of the DNA stretch. In turn, the change from
hydrophobicity (5mC) to hydrophilicity (oxidized
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variants) of the DNA base modification can lead to a
less stable DNA duplex [32], thereby linking DNA
structural changes to DNA flexibility and rigidity, the
solvent shell state, and eventually double helix
stability.
The addition of a functional group to DNA bases

can also influence DNA structure by changing base
stacking and hydrogen bonding between base pairs.
Cytosine methylation enhances base stacking inter-
actions [22,28,30,34,46], due to a higher molecular
polarizability upon methyl substitution [47]. Interest-
ingly, base stacking abilities for 5hmC, 5fC, and
5caC were found to be similar [48]. Hydrogen
bondings between base pairs containing 5mC or
5hmC were found not to be influenced by cytosine
modifications [39,46,49]; however, there are reports
that 5fC and 5caC substantially affect H-bonding
interactions [34,50] and form intranucleobase hydro-
gen bonds between the oxygens of the ketone
groups and the exocyclic N4 amino group of the
cytosine [45,48].
These base modificationedependent changes in

the local structure of DNA were proposed to
represent a way to their selective recognition by
proteins. High-resolution DNase I cleavage profiles
and bisulfite sequencing data showed a significant
increase in DNase I cleavage adjacent to methylated
CpGs over unmethylated CpGs and this DNase
hypersensitivity was attributed to methylation-
induced minor groove narrowing [51]. The electron-
withdrawing effect of the formyl and carboxyl groups
and the concomitant weakening of the 5fC:G and
5caC:G base pairing was postulated to facilitate the
flipping out of the double helix of these modified
bases for recognition and excision by the thymine-
DNA glycosylase (TDG) during the DNA demethyla-
tion pathway [50]. Accordingly, minor groove altera-
tions in formylated and carboxylated DNA were
proposed to be specifically recognized by TDG,
resulting in its substrate specificity [26,45]. The
contradictory results found by others, however,
provide doubts to the 5fC-induced structural
changes of DNA being a weighty DNA recognition
platform for proteins, as the changes are rather
subtle and very local [35,45]. In general, (modified)
DNA readout can depend on base or shape readout.
Both can be influenced by modification of cytosines;
the addition of a bulky methyl group to the major
groove could facilitate or interfere with protein side
chain contacts [52], whereas the local structural
change in DNA upon base modification may allow or
inhibit protein recognition and binding [51]. Hence,
changes in DNA shape were also demonstrated to
play a role in enhancing DNA binding of the
transcription factor p53 [53].
The changes in groove geometry that come along

with cytosine methylation were related to alterations
in solvation dynamics and water densities compared
to unmodified DNA [32]. Conformingly and in view of
DNA shape variations as a mechanism for specific
protein recognition, MeCP2 was found to interact
and recognize specific water molecules within the
hydration shell of the major groove of methylated
DNA, rather than the methylated cytosine per se [54].
Additionally, the above-mentioned narrowing of the
minor grove observed in 5mC containing
DNA enhances the negative electrostatic potential.
The latter, in turn, can more efficiently attract basic
side chains of DNA binding proteins [44,51,55]. Of
note, the MBD domains of MeCP2, MBD1, and
MBD2 were found to identify the mCpG dinucleotide
via two conserved positively charged arginine rich
fingers [54,56,57], which might exploit the described
changes for binding site identification. Besides the
recognition/binding of mCpG dinucleotides via its
MBD domain, MeCP2 exhibits two conserved AT-
hooks that specifically recognize adjacent AT-runs
[58], which were also shown to have a tendency for
binding narrow minor grooves [55]. It is therefore
tempting to speculate about a possible DNA
shapeebased recognition mechanism of 5mC that
relies on local changes of the DNA double helix
structure arising upon base modification.
DNMT writers, MBD readers, and TET
modifiers

DNMT writer enzymes and the 5mC mark

Methylation of cytosine in eukaryotic DNA relies on
the action of the members of the S-adenosyl-L-
methionine dependent DNA methyltransferase
family (DNMT), which are capable of introducing
new DNA methylation sites, as well as maintaining
the methylation state upon DNA replication during
the cell cycle. DNMT1, the first member of this family,
can be considered an epigenetic janitor, since it
methylates hemimethylated CpG sites that occur in
the course of DNA replication and repair [59e61].
DNMT3a and DNMT3b, in contrast, are de novo
methyltransferases; both show a strong affinity for
unmethylated DNA and establish the initial DNA
methylation patterns during embryogenesis and
gametogenesis. Both proteins are essential for
pluripotency repression during cell differentiation
and development, are highly expressed in ES and
germ cells, but are downregulated upon differentia-
tion and in general in somatic tissues [62e64]. While
DNMT3a was shown to play an important role in
setting parental imprints [63], DNMT3b was linked to
the correct methylation pattern of pericentric DNA
regions and, hence, chromosome structure [62]. The
physiological importance of DNMT1, DNMT3a, and
DNMT3b is underlined by the negative effects their
depletion has on organismic development and
survival, as well as their link to human diseases.
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The majority of cytosines in the human genome
that reside within CpG dinucleotides are marked by a
methyl group [3,4], and, due to the mutagenic
potential of 5mC, a global CpG depletion is observed
[65e67]. However, the majority of the CpGs are
hypermethylated and found mostly in repetitive and
parasitic DNA elements, such as retrotransposons,
LINE1 (long interspersed nuclear elements), and Alu
elements [68,69], whose silencing depends on CpG
methylation. Recent studies showed that transcrip-
tional regulation via DNA methylation is context-
dependent, with methylation within promoter regions
generally correlated with gene repression, and gene
body methylation typically related to gene activation
[70e73]. In addition to CpG methylation, recent
sequencing-based studies demonstrated the pre-
sence of non-CpG methylation in pluripotent cells
and neurons [74e78]. Interestingly, the methyl-CpG
binding protein MeCP2 was recently shown to
Fig. 2. Schematic representation of selected 5mC rea
selected members of the mousemethyl-CpG binding domain pr
a MBD1 isoform that lacks the third CXXC domain. The doma
CXXC (CXXC zinc finger domain), TRD (transcriptional repres
GR (glycine/arginine), E (glutamic acid). (B) Domain organizat
and the short isoforms of TET1 and TET3. Shown are the N-ter
(CRD), and the double-stranded beta helix (DSBH), which is in
and 2-oxoglutarate binding sites. The respective chromosoma
length in amino acid (AA) and the predicted size in kilo Dalton (k
were generated using DOG 1.0 [213].
recognize and bind methylated cytosines in non-
CpG contexts (mCAC) and to regulate the repres-
sion of long genes in the brain [56,79e82].

MBD reader proteins

DNA methylation was early-on linked to transcrip-
tional repression amongst other mechanisms via the
binding of members of the MBD protein family
(Fig. 2A). The MBD (methyl-CpG binding domain)
protein family is one of the best studied protein
families capable of reading the genomic (hydroxy)
methylome and thereby mediating between cytosine
modifications, DNA and histone modifying enzyme
complexes, non-coding RNAs and distinct chromatin
states. The protein family comprises 11 members,
namely MeCP2, MBD1-6, SETDB1, SETDB2,
BAZ2A, and BAZ2B [83e88]. Besides the con-
served methyl-CpG binding domain (MBD) that all
der and modifier proteins. (A) Domain organization of
oteins including MBD1, MBD2, MBD3, MBD4, MeCP2, and
ins shown include the MBD (methyl-CpG binding domain),
sion domain), and NID (NCoR/SMRT interaction domain,
ions of the long isoforms of mouse TET1, TET2, and TET3
minal zinc finger domain (CXXC), the cysteine-rich domain
terrupted by a low complexity insert and harbors the Fe(II)-
l locations are given in brackets next to the names. Protein
Da) are given next to the structures. Protein domain graphs
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family members share, the domain composition of
MBD proteins is highly specific for each member,
conferring them distinct DNA and protein binding
specificities and functions. Hereafter, we will focus
on the best studied members of the family, MBD1-4
and MeCP2.

MeCP2

MeCP2 was the first protein described to selec-
tively bind symmetrically methylated CpG dinucleo-
tides [88], and its MBD domain was later used to
identify further MBD domain containing proteins [86].
Alternative splicing leads to two MeCP2 isoforms
(MeCP2 e1 and MeCP2 e2) that differ in their N-
terminus [89] and are mainly considered to have
similar functions although they exhibit different
expression patterns in developing and postnatal
mice brain [90,91]. Both variants contain an N-
terminal MBD domain mediating specific binding of
methylated CpGs [45] and a transcriptional repres-
sion domain (TRD) involved in transcriptional silen-
cing [88,92]. MeCP2 DNA binding, however, is not
merely mediated via its MBD domain. Regions
outside this domain, including the TRD, the inter-
vening domain (ID), and the C-terminal domain
alpha, also contribute to the overall sequence
unspecific binding of DNA [93,94]. Additional to the
interactions with DNA, MeCP2 also harbors a
chromatin interaction surface that was found to
interact with histone H3 [95]. Besides the MeCP2-
DNA interactions, various protein-protein interac-
tions (reviewed in Ref. [13]), as for example,
complexes with histone deacetylase 2 (HDAC2)
and the transcriptional co-repressor SIN3A [96] as
well as homo- and hetero-interactions of MeCP2 and
MBD2 [97], were demonstrated and shown to
establish and keep a repressive heterochromatin
state in a dose-dependent manner [98]. MeCP2 is
highly expressed in the central nervous system,
especially in postmitotic neurons [99,100].MeCP2�/

� mice show a Rett syndrome like phenotype with
reduced brain and neuronal cell size [101,102].
Various deletions and mutations within the MeCP2
gene were found in Rett syndrome patients
(reviewed in Ref. [13]).
MBD1

MBD1 is the largest MBD protein family member
and has, due to its unique structure, particular
binding abilities and specific functions in gene
regulation. Besides its N-terminal MBD and C-
terminal TRD domains, MBD1 contains, isoform-
dependent, two or three CXXC zinc finger motifs
[85,103,104]. Yeast-2-hybrid and co-immunopreci-
pitation assays revealed interactions with a variety of
chromatin-associated proteins involved in histone
modification and replication dependent assembly,
DNA transcription and repair, polycomb repressive
complex and sumoylation [105e115]. The isoform
containing the first two CXXC motifs (CXXC1 and
CXXC2) [103] can bind methylated CpGs via its
MBD domain [116]. The presence of the third CXXC
domain (CXXC3), which is homologous to, among
others, the zinc finger of DNMT1, was shown to bind
unmethylated CpGs [103,117], and enables MBD1
to also bind to unmodified DNA [103,118]. This dual-
affinity to methylated and nonmodified DNA of the
i s o f o rm con t a i n i n g t h r ee z i n c f i n ge r s
(MBD1a) enables MBD1 to regulate transcriptional
repression regardless of the modification state of the
DNA, whereas the isoform lacking the CXXC3
(MBD1b) can only repress expression of highly
methylated genes [103,119,120]. The third zinc
finger could thus facilitate MBD1 binding in genomes
with low DNA methylation, as in preimplantation
embryos or primordial germ cells (PGCs). Studies in
fibroblast cells showed that the CXXC3 targets
nonmodified CpGs, that MBD1 can repress the
expression of non-methylated genes, that MBD1
harboring all three CXXC fingers can accumulate at
hypomethylated constitutive heterochromatin in
Dnmt1�/� fibroblasts, and that the deletion of
CXXC3 drastically reduces localization at hetero-
chromatin in these cells [103,121]. This is in contrast
to a ChIP-seq study in mouse ES cells that showed
no binding of MBD1 to unmethylated DNA, despite
the presence of the CXXC3, and neither mutations of
the MBD domain nor loss of DNA methylation could
cause binding to nonmodified DNA [122]. This
discrepancy may be related to the fact that, in the
latter study, the long MBD1 isoform was over-
expressed ectopically and constitutively as a fusion
protein with BirA biotin ligase. Altogether these
findings point towards MBD1 acting in a cell type
specific mode and likely dependent on the level and/
or ratio of its isoforms. Although MBD1 is expressed
in a variety of tissues, high expression levels are
especially found in neuronal stem cells (NSCs) and
neurons. MBD1 plays an important role in the
maintenance of NSC integrity and stemness and
its deficiency in mice leads to accumulation of
undifferentiated NSCs and impairs the transition
into the neuronal lineage [123]. Mbd1�/� mice are
viable and develop normally, but have decreased
adult neurogenesis and knockout neural stem cells
show less neuronal differentiation as well as
increased genomic instability [124].

MBD2

MBD2 and MBD3 are the only MBD protein family
members that share high sequence similarity also
outside the MBD domain, suggesting an ancestral
gene duplication [85,86]. MBD2 exists in three
isoforms, MBD2a, MBD2b, and MBD2c (also
referred to as MBD2t), which all contain the MBD
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domain. MBD2a and MBD2b arise from different
translational start sites and vary only in the inclusion
of an N-terminal glycine and arginine (GR) repeat in
MBD2a [85,125]. Both variants contain the C-
terminal TRD domain, which is essential for interac-
tions with corepressor complexes, such as the
nucleosome remodeling and histone deacetylase
(NuRD) or the SIN3A complex [126e129]. MBD2c
includes an alternative exon, which results in a
truncated protein lacking the TRD domain due to a
premature stop codon [85]. This isoform is solely
expressed in testes and ES cells and does not
interact with the NuRD complex, due to the lack of
the TRD domain [85,122,130]. Arginine methylation
within the GR motif by protein arginine methyltrans-
ferase 1 and 5 (PRMT1 and PRMT5) [131,132]
regulates MBD2-DNA and MBD2-HDAC repressor
complex formation and reduces the MBD2 transcrip-
tional repression action [132]. MBD2�/� mice are
viable and fertile and, contrary to Mecp2�/� and
Mbd1�/� mice, show only a mild phenotype,
including pup nurturing deficits and hypoactivity,
suggesting that the impact on brain function is
smaller than that of MBD1 or MeCP2 [133,134].
Alternative splicing and the resulting switch between
MBD2a and MBD2c is essential for self-renewal in
human pluripotent stem cells (hPSCs). While over-
expression of the long isoform MBD2a in hPSCs
interferes with pluripotency and promotes differentia-
tion, potentially through downregulating NANOG and
OCT4 expression via the NuRD complex, over-
expressing MBD2c, which shows no interaction with
the NuRD complex, does not influence hPSCs. Of
note, overexpressing MBD2c in combination with
reprogramming factors in fibroblasts enhanced
reprogramming and the formation of induced plur-
ipotent stem cells [130].

MBD3

MBD3 is the smallest member of the MBD protein
family, yet three isoforms are described. Besides the
N-terminal MBD domain, it contains a C-terminal
poly-glutamate stretch [85]. The major difference to
MBD2 is that MBD3 has two crucial amino acid
exchanges in its MBD domain, which impair the
binding of methylated DNA. Binding to 5hmC was
p r o p o s e d , i s h o w e v e r s t i l l d e b a t e d
[12,122,135e138]. Similar to MBD2, MBD3 is also
part of the NuRD complex; however, biochemical
analyses showed that they are mutually exclusive
within the complex [131,139,140]. MBD3 deletion
leads to early embryonic lethality in mice [133] and
stem cells lacking MBD3 fail to differentiate and
show aberrant self-renewal, even in the absence of
leukemia inhibitory factor (LIF) [141,142]. MBD3
depletion in somatic cells together with expression of
the reprogramming factors OCT4, SOX2, KLF4, and
c-MYC enhanced reprogramming efficiency
[143,144], and accordingly MBD3 was proposed to
play an important role in pluripotency and lineage
commitment [137,145,146]. Nevertheless, opposing
results were found when neural and epiblast-derived
stem cells were used [147], indicating a context-
dependent influence of MBD3 on pluripotency.
MBD4

MBD4 (also known as MED1) is associated with
specific functions due to its unique domain compo-
sition. Besides its N-terminal MBD domain, MBD4
contains a C-terminal glycosylase motif, unique
among MBD proteins [85]. The MBD enables MBD4
binding to methylated CpG as well as mCAC sites
for the human variant [56]; however, it was found to
also bind 5hmC in neural progenitor cells [12]. The
glycosylase domain of MBD4 is similar to the one
found in 3-methyladenine DNA glycosylase II (AlkA)
[148], recognizes mCG/TG mismatches, and shows
enzymatic activity towards T/G or U/G mismatches
that occur via deamination of 5mC or cytosine,
respectively [125,149]. Base removal via MBD4
relies on several steps, including a base flipping
mechanism and, eventually, repair of the abasic site
via BER proteins [148,150,151]. MBD4 null mice
are viable and fertile, but they show increased
number of CpG to TpG transitions [152]. Although
MBD4 was shown to excise 5hmU in vitro and was
therefore implicated in DNA demethylation [153],
oxidation-dependent reactivation of methylated
reporter genes was only possible in the presence
of TDG but not MBD4 [154].
DNA methylation and binding of MBD
readers

In line with in vitro binding assays [85,88],
genome-wide mapping of MBD protein binding in
mouse ES and differentiated cells showed a general
linear dependence of binding and methylation
density for all MBDs except MBD3, as well as the
requirement of a functional MBD domain and
methylated CGs, CAs, and CACs [56,155]. For
some MBDs, additional sequence preference has
been reported, with high affinity binding of MeCP2
relying upon an A/T run adjacent to the mCpG [156]
and the MBD1 MBD shown to preferentially bind to
methylated CpGs within TmCGCA and TGmCGCA
sequences [157]. These prerequisites target MBD1/
2/4 and MeCP2 to methylated, regulatory, and
inactive regions of the genome and, conformingly,
de novo methylated CpG-rich regions gain MBD
binding during differentiation [122]. Still, substantial
binding to unmethylated CpG islands was found for
MBD2 and MBD4 [122] and DNA binding of MeCP2
was previously shown to not only rely on DNA
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methylation [93,155,158,159]. Sequence unspecific
and unmethylated DNA binding is described to be
mediated by the respective additional domains or
protein-protein interactions. An example for an
additional domain that confers unmethylated DNA
binding is the isoform-specific CXXC3 domain of
MBD1 as mentioned before [103]. MBD3 distribution
is highly controversial, as binding downstream of
CpG-rich and hydroxymethylated promoters, as well
as CpG density and (hydroxy)methylation indepen-
dent binding of regulatory regions were reported
[122,137]. Some studies also report binding of
MeCP2 as well as MBD4 to 5hmC [12,137,160],
but this conclusion has not been validated by other
studies [94,99,153].
Microscopic analysis in tissues and in cultured wild

type and DNMT deficient cells of the subnuclear
distribution of MBDs relative to DNA distribution,
compaction, and methylation unanimously reported
their enrichment at highly methylated and com-
pacted DNA, with the exception of MBD3
[85,92,98,103,121,158]. These types of analyses
by their nature do not exclude tandem or other repeat
DNA sequences, which are though mostly non- or
under-represented in genomics studies.

TET modifiers and oxidized cytosine variants

Ten-eleven-translocation proteins, oxidative cyto-
sine variants, and DNA demethylation

The 5-methylcytosine mark was for long regarded
to be a relatively stable epigenetic mark, due to the
chemical nature of the C-C bond between the
pyrimidine C5 and the methyl group carbon. There-
fore, DNA demethylation was believed to occur via
replication-dependent dilution either upon inhibiting
DNA methyltransferases or in their complete
absence. This hypothesis, however, had to be
reviewed when a replication-independent demethy-
lation wave was found in mouse zygotes, where the
paternal genome was shown to experience an
almost complete loss of the methyl marks before
the first round of DNA replication [161,162]. Several
attempts to identify the methyl cytosine demethy-
lase were followed by intense debate and not
confirmed in other laboratories. A major break-
through in the field of active loss of DNAmethylation
was achieved in 2009, when an additional modified
cytosine base, 5hmC, and the corresponding writer
enzymes were discovered [163,164]. Besides the
sixth base 5hmC, three human homologs of
trypanosomal 2-oxoglutarate- and iron(II)-depen-
dent dioxygenases JBP1 and JBP2 were identified,
named TET1, TET2, and TET3 (Fig. 2B). The
acronym TET stands for “Ten-Eleven Transloca-
tion” and derives from a t(10;11)(q22;q23) translo-
cation that generates a MLL-TET1 fusion protein,
which is found in acute myeloid leukemia [165,166].
TETs were shown to catalyze the oxidation reaction
from 5mC to 5hmC in cultured cells as well as in
vivo [164]. Subsequently, TET proteins were shown
to further oxidize 5hmC to 5fC and 5caC
[8,167,168]. After their discovery, TET proteins
were positioned in the context of active DNA
demethylation, assuming that the demethylation
reaction relies on the stepwise oxidation of 5mC to
5caC by TETs, followed by thymine DNA glycosy-
lase (TDG) or Nei-like 1 (NEIL1) glycosylase
m e d i a t e d e x c i s i o n o f 5 f C o r 5 c a C
[9,154,169e171]. The resulting abasic site is sub-
sequently targeted by base-excision repair (BER)
proteins, leading to the insertion of a nonmodified
cytosine [167,172]. TET enzymes and oxidative
cytosine variants are suggested to play an essential
role in major demethylation cascades during
embryonic development [162,173e179] and
accordingly, the loss of functional TET and TDG
enzymes impairs mouse ES cell differentiation and
is embryonically lethal in mice [101,102]. Recent
reports, however, suggest that 5hmC and 5fC can
also act as stable epigenetic marks, as opposed to
being mere DNA demethylation intermediates
[9e11,171]. Quantification of genomic cytosine
modifications revealed drastic differences in the
abundance of the different derivatives. Whereas
methylated cytosines account for ~4.5% of all
cytosines, 5hmC levels are ten-fold lower, with
0.45% of all cytosines in average in brain tissue and
0.39% in mouse embryonic stem (ES) cells
[8,168,180]. In mouse ES cells, 5fC levels are 10
to 100-fold lower than 5hmC levels, only 0.02% to
0.002% of all cytosines carry the formyl mark
[8,168] and 5caC is even less abundant, accounting
for only 0.0002% of all cytosines [8].
Genomic distribution of oxidative cytosine variants

Genome-wide studies in ES cells and brain tissues
found 5hmC to be enriched in euchromatic chroma-
tin regions and especially at/around transcriptional
start sites, promoters with moderate and low CpG
content and gene bodies, where the amount is
positively correlated to gene expression [181e185].
In ES cells, the oxidative mark is widespread but
predominantly found at developmentally regulated
bivalent genes that are polycomb repressive com-
plex 2 (PRC2) targets, near transcription factor
binding sites, at gene enhancers and CTCF binding
sites as well as DNAse I hypersensitive chromatin
[186e188]. In the brain, hydroxymethylated cyto-
sines are more enriched at poised enhancers than at
active enhancers [189]. Similar to 5hmC, 5fC is
found at promoters of actively transcribed genes,
H3K4me3 and RNA polymerase II marked transcrip-
tional start sites, exons, and poised enhancers in ES
cells [190e192].



1738 DNA Modification Readers and Writers
TET isoforms

A structural feature that separates the three TET
proteins from one another and finetunes their
respective biological function in different develop-
mental stages and tissues is their N-terminal CXXC
domain. Although the zinc finger domains of TET1
and TET3 as well as the TET2 associated IDAX/
CXXC4 belong to the same subgroup of CXXC-
domains [193], they highly differ in their respective
binding affinities and substrates. TET2 lost its zinc
finger during evolution in a chromosomal inversion,
and it is now encoded by the genomically adjacent
IDAX/CXXC4, which negatively regulates TET2
expression and modulates its catalytic activity
[194]. TET1 and TET3, in contrast, kept their
respective zinc finger domains and the CXXC
domain of TET3 was shown to preferentially bind
5caC [195]. However, TET1 CXXC domain was
found to bind mostly nonmodified DNA [117], which
was implicated in the prevention of DNA methylation
spreading into unmethylated, euchromatic regions
[196]. While three different isoforms of TET2 and
also TET3 have been characterized to date
[195,197], an N-terminally truncated TET1 isoform,
which lacks the CXXC domain, was described
recently and attributed a role in mouse development,
but also in cancerogenesis [198,199].
Interplay of DNA methylation readers
and modifiers

Cytosine methylation writers, readers, and modi-
fiers need a tight spatio-temporal regulation to avoid
aberrant DNA methylation, a hallmark of numerous
human disorders. Deregulation of members of the
DNMT, MBD, or TET protein families and their
interplay can impair the genomic methylome, as
well as chromatin structure and organization, as
observed in patients suffering from the neurode-
generative HSANIE disorder (hereditary sensory
and autonomic neuropathy, mutations in the TS
domain of DNMT1), the Rett syndrome (MeCP2
mutations), or AML (acute myeloid leukemia, TET2
mutations/deletions) [98,200e202]. Shaping of
DNA modification patterns can be regulated by the
localization, activity, stability, interactome, sub-
strate preference, and cofactor availability of the
writer and modifier enzymes [168,203e209]. As
previously discussed, the distribution of DNA
modifications throughout the genome is not random
but tightly associated with highly specific genomic
regions and concomitantly presenting distinct pro-
tein recognition platforms. Consequently, the bind-
ing profile of cytosine modification reader proteins is
greatly influenced and defined by the genomic
landscape of the modifications and the latter is
proposed to shape the genomic location of the
readers. Indeed, the catalytic activity of TET
proteins was found to affect the binding of different
members of the MBD protein family [12]. However,
since MBD readers and TET modifiers share (at
least) one common substrate, the opposite role can
also be envisaged: recognition and binding of 5mC
(and/or 5hmC) by MBDs modulate the activity of
TET proteins and in turn the epigenetic makeup of
DNA, its physical properties, and hence DNA meta-
bolism. According to this model, the reader proteins
shape the DNA modification distribution via regula-
tion of the accessibility of the modified DNA bases
to modifier enzymes.
Hashimoto and coworkers found by in vitro

inhibition experiments that binding of methylated
DNA by MeCP2 inhibits TET1 activity, thereby
suggesting a potential mechanism for 5hmC level
regulation in vivo [153]. Another study suggested
that MeCP2 binding of 5mC itself was correlated with
lack of 5mC oxidation [210]. Recently, a more
indepth analysis on the interplay of 5mC, MBD,
and TET proteins interrogated whether and how
binding of MBD proteins to a methylated substrate
influences TET-mediated DNA demethylation. Inter-
estingly and in line with the respective substrate
preference, especially the binding of the MBD
protein family members MeCP2 and MBD2 was
found to protect 5mC from TET1 mediated oxidation.
Importantly, quantification of the TET1 level demon-
strated that it was similar to the physiological levels
and the same was the case for MeCP2 levels that
mimicked its concentration in neuronal cells. Hence,
the conditions used reflected the physiological
situation. This blocking of TET-mediated 5mC
oxidation was MBD protein concentration dependent
and relied both on MeCP2 and MBD2 binding 5mC
directly via their MBD or, in the case of MeCP2,
additionally by its binding to nonmodified DNA
(Fig. 3). Thus, protection of TET1-dependent 5mC
oxidation arose from direct blocking of access to the
DNA as well as 5mC.
To ensure genomic stability, minimize transcrip-

tional noise of noncoding genomic repeats (e.g.,
major satellite repeats, MaSat), and insertions of
mobile retrotransposons (e.g., long interspersed
nuclear elements, LINEs), cells developed a variety
of mechanisms to silence the expression of these
elements, the most important being cytosine methy-
lation. MBD proteinemediated blocking of 5mC
oxidation was shown to prevent the reactivation of
silenced repetitive elements such as major satellite
repeats or LINE elements, thereby maintaining
chromatin composition, as well as genome stability
[158,211]. Accordingly, chromocentric 5hmC levels
in the pons of a mouse model for Rett syndrome
(MeCP2y/-) were significantly increased and in situ
RNA-FISH as well as quantitative PCR analyses
revealed higher levels of major satellite expression
compared to wildtype. This suggested that



Fig. 3. Role of MBD proteins in modifying and protecting cytosine modifications. Graphical summary of the
specific DNA binding abilities of MBD proteins and their influence on the DNA base modifier TET1. Whereas MBD1 full-
length (fl) recruits TET1 to methylated cytosine thereby enhancing 5-hydroxymethylcytosine generation, MeCP2, MBD2,
and MBD1DCXXC3 bind 5-methylcytosine, blocking TET1 access and protecting 5-methylcytosine from oxidation.
C ¼ cytosine, mC ¼ 5-methylcytosine, hmC ¼ 5-hydroxymethylcytosine.
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unrestricted TET1 activity might increase repeat
element transcription in animal models of Rett
syndrome. Thus, these studies disclose the potential
of a pathophysiological pathway of TET enzymes in
Rett syndrome, as well as a role of MeCP2 and
MBD2 as guardians of the epigenome and in
genome stability.
In contrast to MeCP2 and MBD2, MBD3 and

MBD4 were not found to influence TET1-mediated
5hmC formation. On the other hand, MBD1 was
shown to enhance TET1, but not TET2 and TET3,
mediated 5mC oxidation. The underlying mechan-
ism relies on an MBD1-dependent increase of TET1
localization at highly methylated heterochromatin,
and this recruitment is favored by protein-protein
interactions between MBD1 and TET1 [121]. Inter-
estingly, the recruitment is cell-cycle stage indepen-
dent. Akin to the blocking effect observed upon
MeCP2 or MBD2 binding to 5mC, the MBD1-
dependent TET1 recruitment effect observed in low
TET1 overexpressing cells reflects physiological
situation comparable to mouse ES cells. Recruit-
ment and catalytic activity of TET1 at heterochro-
matin ultimately leads to the displacement of MBD1,
as 5hmC is a less favored binding substrate relative
to 5mC. Interestingly, MBD1-mediated enhance-
ment of TET1 localization at heterochromatin as
well as 5mC oxidation is MBD1 isoform dependent
(Fig. 2A). In contrast to the MBD1 isoform containing
all three CXXC domains (MBD1 fl or MBD1a), the
short isoform lacking the third zinc finger
(MBD1DCXXC3 or MBD1b) blocks TET1-mediated
5hmC formation, suggesting different biological
functions of the MBD1 isoforms (Fig. 3). This
CXXC3 dependency might indicate that the latter
targets MBD1 to CpG-dense regions via binding to
unmethylated CpGs, recruiting TET1 without simul-
taneously blocking its ability to oxidize methylated
DNA substrates [121].
Concluding remarks/Perspectives

Altogether these studies unveil new mechan-
isms of a time and dose-dependent cross-regula-
tion of cytosine modifications and their readers
and modifiers, relying on inhibiting each other's
binding. Until now, DNA modifications are gen-
erally seen as shapers of the reader's binding
profiles, and, hence, their genomic localization
[160,212]. Conversely, cytosine modification read-
ers do not only play important roles in translating
the modifications into distinct chromatin states,
thereby regulating transcription and conserving
genome integrity, but also in shaping the genomic
modification landscape by protecting from or
enhancing oxidation.
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