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Preface

DNA is the key to the inheritance of genetic information in living organisms,
and the mechanism of duplication of double-stranded DNA is arguably the
molecular process with the widest appreciation in the general public. However,
almost since their discovery in DNA, it was known that the nucleobases could
be further modified by the addition ofmethyl groups. DNAmethylation patterns
resulting from the site-specific presence and absence of methyl marks are often
heritable, leading to the classification of DNA methylation as an epigenetic
mark.We nowknow thatDNAmethylation plays key roles in almost all species,
ranging from bacteria to lower and higher eukaryotes and plants. Moreover,
changes in DNA methylation are associated with the development of human
diseases and the field of epigenetics is currently exploding with connections to
nutrition, behavior, and transgenerational inheritance of traits. The comprehen-
sion of the relevance of DNA methylation in various fields of biology and
medicine has also brought considerable attention to the enzymes responsible for
the transfer of methyl groups to DNA, the so-called DNA methyltransferases.

We both have studied DNA methyltransferases for many years, attracted
by their complicated mechanisms, beautiful structures, and medical relevance;
actually, these enzymes faithfully accompanied us almost our entire career.
Therefore, we felt very honored and excited by the offer from SPRINGER to
edit a book on these fascinating enzymes, and happily took up this challenge.
The second edition of the book now comes 6 years after the first edition, which
has been received by the field with great interest and positive feedback.
Remarkable progress has been made in DNA methyltransferase research in
these few years, with new mechanistic insights and connections to biological
processes and human diseases. This revised book provides a compilation of
chapters that recapitulate and update many of the developments made in the
field, including past achievements and future challenges. All the chapters were
written by renowned experts, who themselves made central contributions to
this vibrant field.

The introduction of the book (Chap. 1) by Jurkowska and Jeltsch
recaptures the development of the field over the last 60 years, highlighting
and conceptualizing many key discoveries. Chapter 2 written by Casadesús
and Sánchez-Romero describes bacterial DNA methyltransferases and the
important role of DNA methylation in bacteria, highlighting many fascinating
new findings. The next three chapters cover DNA methylation and DNA
methyltransferases in mammals. Tajima et al. focus in Chap. 3 on the
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enormous progress made in the structural investigation of the mammalian
DNA methyltransferases mainly based on the work from the authors’ lab.
Then, Jurkowska and Jeltsch describe novel insights into the enzymatic
properties of DNMTs and their regulation in cells (Chap. 4). In Chap. 5,
Dan and Chen review the important contributions of genetic studies to our
current understanding of DNA methylation and DNA methyltransferases.
Next, new developments regarding structures and mechanisms of plant
DNA methyltransferases are described in Chap. 6 written by Leichter et al.,
and in Chap. 7, Wedd et al. present the newest insights into the role of DNA
methylation in honeybees as an example for DNA methylation in lower
eukaryotes. The ongoing progress of science in the field is illustrated by the
recent discovery of adenine-N6 methylation in several higher eukaryotes and
the discussion of whether this mark, still controversial in some cases,
functions as an epigenetic signal, as described in Chap. 8 by O’Brown and
Greer. The next chapters focus on the pathways of DNA demethylation
(Chap. 9 written by Dean) and the structure and mechanism of TET enzymes,
which are involved in this reaction (Chap. 10 contributed by Yin et al.). In
Chap. 11, the topic of DNA methylation is approached from another angle,
and Liu et al. summarize the mechanisms involved in DNA methylation
readout. Next, in Chap. 12, Ren et al. review base flipping as a basic
mechanism involved in the setting, reading, and erasing of DNA methylation,
illustrating fundamental structural and mechanistic processes. The next part of
the book connects DNA MTases to important biological processes and covers
their role in disease, with Chap. 13 by Weisenberger et al. recapitulating the
now well-established role of DNA methylation in cancer, Chap. 14 by Sarkies
describing the intricate involvement of DNA methyltransferases in DNA
damage, and Chap. 15 by Yildiz and Zimmer-Bensch discussing the functions
of DNA methylation in the brain. The last part of the book is devoted to the
ongoing technological development. In Chap. 16, Tost provides a compre-
hensive review of methods to study DNA methylation. Following on this,
Lopez et al. provide an overview of the development and potential application
of DNMT inhibitors in cancer and other diseases in Chap. 17, and Cortés-
Mancera et al. describe emerging approaches to editing DNA methylation
patterns in a targeted manner (Chap. 18). Finally, in Chap. 19, Tomkuvienė
et al. describe developing applications of DNA methyltransferases as molec-
ular biology tools to label DNA.

vi Preface

We anticipate many more years of exciting research focusing on DNA
methylation and DNA methyltransferases, with many new and groundbreak-
ing discoveries to come. It is our aim that this book serves as a rich, up-to-date,
and reliable source of information for specialist scientists, but also students
and researchers entering the field, providing them with a solid fundament of
knowledge, concepts, and methods for future work. At the same time, it
should help researchers to get into this fascinating subject, allowing them to
catch up with the current level of knowledge and learn about recent trends in
this active field of research.

Stuttgart, Germany Albert Jeltsch
Cardiff, UK Renata Z. Jurkowska
June 2022
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Mechanisms and Biological Roles of DNA
Methyltransferases and DNA
Methylation: From Past Achievements
to Future Challenges

1

Renata Z. Jurkowska and Albert Jeltsch

Abstract

DNA methylation and DNA
methyltransferases (MTases)—the enzymes
that introduce the methylation mark into the
DNA—have been studied for almost 70 years.
In this chapter, we review the key
developments in the DNA methylation field
that have led to our current understanding of
the structures and mechanisms of DNA
MTases. We discuss the essential biological
roles of DNA methylation, including the dis-
covery of DNA methylation, cloning and
sequence analysis of the bacterial and eukary-
otic MTases, and the elucidation of their struc-
ture, mechanism, regulation, and molecular
evolution. We describe genetic studies that
contributed greatly to the evolving views on
the role of DNA methylation in development
and diseases, the invention of methods for the
genome-wide analysis of DNA methylation,
and the biochemical identification of DNA
MTases and the TET enzyme family, which
is involved in DNA demethylation. We sum-
marize the roles of MTases in bacterial

epigenetics and the application of MTases in
synthetic biology to generate artificial signal-
ing systems. We finish by highlighting some
open questions for the next years of research in
the field.
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1.1 Discovery of DNA Methylation

DNA from various biological sources contains
the methylated bases C5-methylcytosine,
N4-methylcytosine and N6-methyladenine in
addition to the four standard nucleobases
(Fig. ). Methylation of cytosine at the
C5-position had been discovered in calf thymus
DNA already in 1948 using paper chromatogra-
phy experiments (Hotchkiss ), and
6-methyladenine was found in bacterial DNA in
1955 (Dunn and Smith ).
N4-methylcytosine, the third and least common
methylated base in bacterial DNA, was described
for the first time in 1983 (Janulaitis et al. ).
The methylation of nucleobases at all these
positions places the methyl groups in the major
groove of the double-stranded B-DNA, where
they do not interfere with the Watson/Crick base
pairing, but can easily be detected by proteins
interacting with the DNA (Fig. ). DNA meth-
ylation can, for example, directly prevent the
readout of an AT base pair by glutamine residues
in the major groove (Fig. ). By this and
related processes, DNA methylation can control

1.1c

1.1b

1983

1955

1948

1.1a
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Fig. 1.1 Molecules related to DNA methylation. (a)
Structures of the methylated bases that occur in DNA
and of the AdoMet cofactor, the universal donor for all
DNA methylation reactions. (b) Space fill model of the
structure of B-DNA with a methylated CpG site. The

methyl groups are shown in green in the major groove of
the DNA. (c) Example of the major groove readout of an
AT base pair by Gln as proposed by Seeman and
colleagues in 1976 (Seeman et al. 1976). This contact is
disrupted by methylation of the A at the N6 position

the binding of proteins to DNA and thereby regu-
late biochemical processes taking place on DNA,
for example the expression of the genetic infor-
mation. Hence, the methylation adds extra infor-
mation to the DNA that is not encoded in the
DNA sequence, and the methylated bases can be
considered the fifth, sixth, and seventh letters of
the genetic alphabet (Jeltsch 2002). The epige-
netic toolbox has been further diversified with
the discovery of the oxidized forms of
5-methylcytosine, viz. 5-hydroxymethylcytosine,
5-formylcytosine, and 5-carboxylcytosine, in the
DNA of many species, including mammals;
followed by the discovery of Ten-eleven translo-
cation (TET) enzymes, responsible for generating
them (Tahiliani et al. 2009; Kriaucionis and
Heintz 2009; Munzel et al. 2010; Pfaffeneder
et al. 2011; Ito et al. 2011; He et al. 2011). Despite
the interesting properties of the identified
methylated bases and their importance in living
organisms, many years had passed after the initial
discovery of DNA methylation until work with
DNA methyltransferases, the enzymes that intro-
duce this modification had been systematically
started.
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1.2 Discovery and Early Work
on DNA MTases

DNA methyltransferases were initially discov-
ered as parts of the restriction/modification
(RM) systems, which consist of a DNA
methyltransferase and an associated restriction
endonuclease (Arber and Dussoix 1962).
S-adenosyl-L-methionine (AdoMet)-dependent
DNA and RNA methylation activity was first
described by Gold in 1963 (Gold et al. 1963)
and a series of papers published by Gold in
1964 (Gold et al. 1964; Gold and Hurwitz
1964a, 1964b; Hurwitz et al. 1964a, 1964b).
The E. coli EcoDam (a solitary bacterial MTase
that is not part of an RM system) was initially
described in 1973 (Marinus and Morris 1973) and
purified in 1982 (Herman and Modrich 1982).
The first enzymatic studies with human and
murine DNA MTases were reported in the late
1970s and early 1980s (Browne et al. 1977;
Gruenbaum et al. 1982). However, in the 1970s
and 1980s, DNA MTases remained a kind of
passengers in the ongoing molecular biology rev-
olution, due to their functional and genetic asso-
ciation to restriction endonucleases, which were
absolutely essential as analytical and cloning
tools at this time (Arber and Linn 1969; Boyer
1971; Meselson et al. 1972). In addition, restric-
tion endonucleases and DNA MTases constituted
the first model systems to study the sequence-
specific DNA recognition, a process essential to
the control of gene expression in all forms of life
(Modrich 1982).

With the increasing commercial importance of
restriction endonucleases, biotech companies
were interested to shift the production procedures
away from the purification of enzymes from the
original bacterial strains toward recombinant
expression of cloned enzymes. Therefore, cloning
of restriction enzymes moved into the center of
scientific and economic interest. It was known
that RM systems often reside on mobile genetic
elements, with the genes encoding the
methyltransferase and the endonuclease located
next to each other. Hence, cloning of a DNA
fragment containing the methyltransferase gene

often led to the cloning of the restriction enzyme
gene on the same DNA insert. In a procedure
called the “Hungarian trick,” the group of
Venetianer realized that the special properties of
DNA methyltransferases could be exploited to
selectively clone genes encoding these enzymes
(Szomolanyi et al. 1980). This approach was
based on the fact that after the expression of a
DNA MTase in cells, the enzyme modified its
own encoding DNA. Hence, after shotgun clon-
ing of bacterial genomes, the plasmids containing
DNA inserts were isolated and cleaved with a
restriction enzyme of interest. The protected
DNA likely coded for a methyltransferase,
which methylated DNA within the target region
of the endonuclease and thereby prevented plas-
mid cleavage. After cloning of these protected
inserts, it turned out that very often the gene for
the restriction enzyme was found on the same
piece of DNA next to the methyltransferase
gene. Almost 20 years later, a similar coupling
of genotype and phenotype after the expression of
DNA methyltransferases was applied by Tawfik
and colleagues to develop a novel approach for
protein engineering, which was based on the
expression of libraries of MTase mutants in
water/oil emulsions (Tawfik and Griffiths 1998).

1.3 DNA MTases Contain
Conserved Amino Acids
Sequence Motifs

The wide application of the above-described and
related cloning procedures led to the cloning of
hundreds of restriction enzymes together with
their corresponding DNA methyltransferases.
Therefore, the group of bacterial DNA
methyltransferases provided a rich source of
enzymes known to recognize different DNA
sequences for enzymatic, biochemical, and evo-
lutionary studies, which has led to many impor-
tant insights and breakthrough discoveries
(Wilson and Murray 1991; Pingoud and Jeltsch
1997; Pingoud et al. 2014). Comparisons of the
amino acid sequences of DNA methyltransferases
in the early days of multiple sequence alignments



enzymes were shown to be directly involved in
the catalytic process (Cheng 1995; Jeltsch 2002)
and several amino acid motifs identified in the
early alignment studies could later be connected
to defined structural elements in the conserved
methyltransferase fold (Malone et al. 1995; Roth
et al. 1998) (Fig. 1.2).
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Fig. 1.2 Topological scheme of the universal AdoMet
dependent DNA MTase fold. It consists of two Rossman
fold half-domains with several conserved amino acid
sequences, one subdomain forming the binding site for
the AdoMet and the second for the flipped base. DNA
recognition is mediated by a DNA binding domain, which
is variable in sequence and structure. The linear

arrangements of the functional elements vary between
different DNA MTases by circular permutation,
generating several characteristic subgroups of DNA
MTases. (a) Schematic representation of the general struc-
ture of the DNA MTase fold. (b) General structure of
Cytosine-C5 MTases. (c–d) General structure of three
subgroups of Adenine-N6 and Cytosine-N4 MTases

led to the discovery of up to ten amino acid motifs
characteristic of cytosine-C5 methyltransferases
(Posfai et al. ; Klimasauskas et al. ;
Lauster et al. ) (Fig. ). In 1988, Bestor
cloned the first mammalian DNA
methyltransferase that turned out to share exten-
sive sequence similarity with the bacterial
cytosine-C5 methyltransferases in its C-terminal
catalytic part (Bestor et al. ). It was discov-
ered that bacterial adenine-N6 methyltransferases
contained conserved amino acid motifs as well
(Fig. ) (Lauster et al. ; Guschlbauer 1988)
and some of the MTase motifs were shown to be
part of the general signature motifs of AdoMet -
dependent methyltransferases, including small
molecule, protein, and RNA methyltransferases
(Kagan and Clarke ; Ingrosso et al. ).
Although statistical methods were insufficient at
that time, these studies led to the identification of
the key catalytic regions both in adenine-N6 and
cytosine-C5 methyltransferases. Many of the
most conserved residues in both families of

19891994

19871.2

1988

1.21989
19891989

1.4 Structure and Mechanism
of DNA MTases

All DNA methyltransferases use AdoMet as a
methyl group donor. Based on their target atom,
one can distinguish methyltransferases adding the
methyl group to carbon or nitrogen. The former
group comprises cytosine-C5, the latter adenine-
N6 and cytosine-N4 methyltransferases. All DNA
MTases follow a ternary complex mechanism,
where the catalytically competent complex
consists of the enzyme, the DNA substrate and
the AdoMet cofactor. In some enzymes, binding



“base flipping”, which is necessary to allow for
the close access of the catalytic residues to the
substrate base. This unexpected and seminal dis-
covery highlighted the flexibility of DNA and the
dynamic processes that accompany enzymatic
catalysis; research subjects that were intensively
studied afterwards. Today, we appreciate the base
flipping as a universal process in DNA methyla-
tion, but also in other reactions occurring on
DNA, including DNA repair (Roberts 1995;
Roberts and Cheng 1998). Since then, numerous
crystal structures of DNAmethyltransferases with
bound substrate DNA provided additional confir-
mation for base flipping among bacterial and
eucaryotic enzymes, reinforcing this pivotal
discovery.

1 Mechanisms and Biological Roles of DNA Methyltransferases and DNA. . . 5

Fig. 1.3 Catalytic mechanism of DNA MTases. (a) Mechanism of DNA-(cytosine C5)-MTases. (b) Mechanism of
DNA-(adenine N6)-MTases

of the DNA substrate and the AdoMet occurs in
an ordered reaction, in other cases it is random.
Wu and Santi studied the catalytic mechanism of
cytosine-C5 methyltransferases and proposed in
1985 that it follows a Michael addition reaction,
which is characterized by the formation of a
covalent intermediate between the enzyme and
the target base (Wu and Santi , )
(Fig. ). Shortly afterwards, Santi and
coworkers also showed that adenine methylation
proceeds directly at the N6 position, despite the
poor nucleophilicity of the N6 atom, and not by a
transient transfer of the methyl group to the N1
followed by its shift to the N6 (Pogolotti et al.

). Seminal insights into the folding of the
methyltransferases and the arrangement of their
catalytic centers came with the first structure of a
DNA methyltransferase (the bacterial M.HhaI
enzyme) that was solved in 1993 (Cheng et al.

). In 1994, the publication of the first struc-
ture of a DNA methyltransferase (again M.HhaI)
with its DNA substrate by Cheng and coworkers
led to another conceptual breakthrough regarding
the catalytic mechanism of DNA
methyltransferases (Klimasauskas et al. )
(Fig. ). It was observed that the target base
for the methylation reaction was completely
rotated out of the DNA helix and inserted into a
catalytic pocket of the enzyme in a process called

1.4
1994

1993

1988

1.3a
19871985

The first structure of an adenine-N6 MTase
(M.TaqI) was published in 1994 as well (but
without DNA) (Labahn et al. 1994), unexpectedly
showing that both enzyme families contain a
large catalytic domain with an identical fold,
consisting of a similar six-stranded parallel
ß-sheet with a seventh strand inserted in an anti-
parallel fashion between the fifth and sixth strands
(Schluckebier et al. 1995) (Fig. 1.2). This fold is
known today as the AdoMet dependent
methyltransferase fold (Martin and McMillan
2002). The seven-stranded ß-sheet is flanked by
α-helices creating two subdomains with a



Rossman fold architecture: one containing the
binding site for the AdoMet and the other for
the flipped base (Cheng 1995; Jeltsch 2002). In
addition, all MTases contain a second less-
conserved domain involved in DNA recognition.
The first structure of an adenine-N6 MTase with
DNA was solved in 2001 (Goedecke et al. 2001).
It showed that the N6 of the flipped adenine is
positioned in a tetrahedral environment of hydro-
gen bond donors provided by the conserved
residues of the (DNS)PP(YFW) motif, suggesting
that its nucleophilicity is increased by a change in
hybridization from sp2 to sp3 (Fig. 1.3b).
Cytosine-N4 MTases are believed to follow an
analogous mechanism, based on the chemical
similarity of the methyl-acceptor atom and the
observation that the specificity of enzymes form
these families overlap, i.e., that adenine-N6
MTases can also methylate cytosine at N4 and
Cytosine-N4 MTases also methylate adenine
(Jeltsch et al. 1999; Jeltsch 2001).
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Fig. 1.4 Ribbon model of the structure of the EcoDam
DNA MTase (Horton et al. 2006). The AdoMet and the
base binding subdomains are shown in green and blue,
respectively. AdoMet is displayed in space-filled form in

yellow. The DNA binding domain is colored in orange. (a)
Structure of the EcoDam-AdoMet complex. (b) Structure
of the complex of EcoDam with bound substrate DNA
(red, the flipped adenine base is shown in black)

1.5 Molecular Evolution of MTases

As described above, the conserved structure of
the 7-ß strand MTases consists of two half
domains with Rossman folds fused to each

other. One of them mediates the AdoMet interac-
tion, the second provides the binding sites for the
methylation substrates, flipped nucleobases in the
case of DNA MTases. The high structural simi-
larity of all DNA MTases and the presence of the
conserved motifs with similarities even between
different groups of MTases, suggests that these
enzymes are monophyletic. Presumably, the two
subdomains originated from a duplication of a
primordial AdoMet binding Rossman fold
domain (Malone et al. ). Later, one
subdomain continued to bind AdoMet, whereas
the second diverged to generate the binding
pockets for different methylation substrates
including flipped cytosine and adenine bases,
but also small molecules like catecholamine or
amino acids like arginine, leading to the appear-
ance of various groups of contemporary MTases
specific for different methylation substrates.
Moreover, the initial MTase ancestor has
undergone several modifications during molecu-
lar evolution, including circular permutations
(Jeltsch ; Bujnicki ), and in the case of
DNA MTases, the insertion of diverse and unre-
lated DNA binding domain at different places in
the consensus structure, leading to the creation of
different classes of DNA MTases (Malone et al.

) (Fig. ). In Eukaryotes, the catalytic1.21995

20021999

1995
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domain of C5 MTases has taken part in diverse
domain shuffling events and became fused with
many other chromatin interacting domains found
in animals and plants, including PWWP, ADD,
BAH, and Chromodomains. The acquisition of
the various chromatin and protein/nuclei acid
interacting modules by eukaryotic MTases
allowed the functional coupling and crosstalk
between different layers of epigenetic informa-
tion, including histone post-translational
modifications, chromatin remodeling, and
non-coding RNAs.
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Unexpectedly, it turned out that the presence
of 5-methylcytosine puts an evolutionary burden
on organisms that affected the evolution of C5
MTases and shaped cellular DNA methylomes
(Jeltsch 2002). One factor contributing to this is
the accelerated deamination of 5-methylcytosine
(2–4 times) compared to cytosine. The mutational
threat of this reaction is further increased by the
lower repair efficiency of T/G mismatches (aris-
ing from deamination of 5-methylcytosine), as
compared to U/G mismatches (arising from
deamination of unmethylated cytosine). There-
fore, specific repair systems have been developed
to handle T/G mismatches, appearing in the
sequence context of previously methylated cyto-
sine bases. For example, in mammals, specific
repair enzymes exist that act on T/G mismatches
in a TpG context, including the 5-methylcytosine
binding protein MBD4 (Hendrich et al. 1999).
Similarly, in E. coli the VSR mismatch endonu-
clease triggers the repair at T/G mismatches
originating from the deamination of methylated
CCWGG sites, the target of the endogenous
E. coli Dcm DNA-(cytosine C5)-MTase
(Hennecke et al. 1991). Despite the existence of
these and other specialized repair systems,
methylation-mediated mutagenesis had a strong
influence on the genome evolution of vertebrates,
where generally a strong depletion of CpG sites in
the DNA sequences is observed (Cross et al.
1994). Recently, it has been shown that C5
MTases also generate 3-methylcytosine in a side
reaction by methylating the N3 atom of the cyto-
sine base (Rosic et al. 2018). This modified base
is toxic for the cells, because it interferes with

RNA synthesis and DNA replication. It can be
removed by members of the ALKB2 family of
DNA alkylation repair enzymes, in an iron(II) and
2-oxoglutarate-dependent oxidation process. In
fact, ALKB2 enzymes are apparently required in
all species which express active C5-MTases,
because an evolutionary analysis showed that
these two enzyme families are very tightly
connected, reflecting their essential functional
link (Rosic et al. 2018). The disadvantages of
the cytosine-C5 methylation system may explain
why C5-MTases were repeatedly lost and gained
in the evolution of eukaryotes and why they are
lacking in several species (Jeltsch 2010; d
Mendoza et al. 2021). This effect may also
explain why adenine-N6 methylation is far more
abundant in the bacterial world than cytosine-C5
methylation.

1.6 Early Views on the Biological
Role of DNA Methylation

Methylation of human and mammalian DNA at
CpG sites was identified at the beginning of the
1980s (Razin and Riggs 1980; Ehrlich and Wang
1981). In plants, DNA methylation was found
also in CNG sites (where N is any nucleotide)
(Gruenbaum et al. 1981) and non-symmetric
sites. However, the early 1980s was a time when
biology mainly focused on the detailed investiga-
tion of the so-called “model organisms”. While
this approach was extremely far-sighted and
greatly contributed to the explosion in our under-
standing of the molecular basis of life, it did not
come without risk, as illustrated by the general
lack of appreciation for DNA methylation around
that time. Due to an unfortunate coincidence,
many of the carefully selected model organisms
like S. cerevisiae, D. melanogaster, or C. elegans
were lacking detectable DNA methylation. Con-
sistently, there was a widespread belief that DNA
methylation, although interesting, cannot be very
important. On the other hand, it became clear that
DNA methylation had an enormous influence on
the human genome, when Bird discovered the
existence of the CpG islands (Bird 1980; Bird



et al. 1985), which are defined as regions of the
high density of CpG sites within the genome that
was already known to be globally depleted of this
dinucleotide (Swartz et al. 1962). It was realized
that the depletion of the CpG sites from the bulk
genome was indirectly due to the mutagenic
effect of cytosine-C5 methylation (as described
above), leading to the preservation of CpG sites
only if they were unmethylated, as in CpG
islands. Today, we know that DNA methylation
systems are found in almost all organisms and the
model organisms devoid of them listed above
appear to be rather exceptions (Fig. 1.5).
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Fig. 1.5 Phylogenic distribution of DNA methylation
systems and DNA MTases. The distribution of MTases
of the DNMT1 (red), DNMT3 (blue), and
chromomethylase families (green) are shown in several
characteristic species. Red circles denote plant Met1
homologs, diamond enzymes of the fungal Dim-2
families, and squares DNMT1 homologs. Blue circles
denote plant DRM homologs and squares DNMT3

enzymes. DNA methylation data were averaged as
described in (Jeltsch 2010) and shown for CpG (red),
CHH (blue), and CNG (green). CHG methylation is
shown only for plants. The phylogenetic tree was
generated with the National Center for Biotechnology
Information taxonomy and the Interactive Tree of Life.
Reproduced from (Jeltsch 2010) with modifications.
Reprinted with permission from AAAS

1.7 Genetic Studies on DNMTs
in Mammals

While models connecting DNA methylation with
known epigenetic phenomena, gene expression,
and development (see for example (Riggs 1975;
Holliday and Pugh 1975)) were developed, the
general skepticism on the essential role of DNA
methylation in human biology was only over-
come with the discovery of the repressive func-
tion of DNA methylation on gene expression
(Tazi and Bird 1990) and the finding that mice
with a knock-out of DNMT1 (Li et al. 1992), the



only mammalian DNMT known by that time, die
during early embryonic development in the
uterus. However, as often in science, this discov-
ery led to the next question, because it turned out
that DNMT1 knock-out cells were not completely
devoid of DNA methylation (Lei et al. 1996),
which opened a hunt for additional mammalian
DNMTs. Researchers tried to purify additional
DNA methyltransferases from human and
mouse cells; in parallel, the rising flood of DNA
sequences was searched for entries containing the
characteristic DNA methyltransferase motifs
described above. It was the bioinformatics
approach that was successful at the end, leading
to the discovery of the DNMT3A and DNMT3B
enzymes in 1998 (Okano et al. 1998). Shortly
afterwards, both MTases were also shown to be
essential in mice (Okano et al. 1999). Soon after,
genetic studies showed that DNMT3A together
with DNMT3L (a catalytically inactive paralog of
DNMT3A and DNMT3B) were needed to set
impinging marks in the mouse germline
(Bourc’his et al. 2001; Bourc’his and Bestor
2004; Hata et al. 2002; Kaneda et al. 2004).
Recently, DNMT3C, a rodent-specific paralog
of DNMT3B essential for spermatogenesis and
male fertility in mice, has been discovered, fur-
ther diversifying the repertoire of mammalian
MTases (Barau et al. 2016; Jain et al. 2017). It
appears to have arisen from an ancient duplication
of the DNMT3B gene that occurred ~46 million
years ago in the in the Muroidea superfamily
during rodent evolution and had been
previousely wrongly annotated as a nonfunctional
pseudogene (Barau et al. 2016; Jain et al. 2017).
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DNA methylation provides organisms with an
efficient epigenetic regulatory system, which is
particularly important in multicellular organisms,
because of their need to develop stable cellular
differentiation states. It has been proposed that
the development of powerful epigenetic systems,
comprising DNA methyltransferases,
demethylases, and other enzyme systems
introducing modifications on histones, had been
a critical step in the evolution of multicellular life
(Jeltsch 2013). Today, DNA methylation is
recognized as an essential epigenetic mark that

acts in concert with other chromatin
modifications, like histone post-translational
modifications, histone variants, or non-coding
RNA. In mammals, DNA methylation is involved
in the epigenetic processes, like genomic imprint-
ing and X-chromosome inactivation, but it also
has global roles in the generation of heterochro-
matin, silencing of repeats, and gene regulation
during development and disease (Jurkowska et al.
2011).

1.8 Structure, Function,
and Regulation of Mammalian
DNA MTases

While time was progressing, structures of
DNMT3A (Jia et al. 2007; Guo et al. 2015;
Zhang et al. 2018), DNMT1 (Takeshita et al.
2011; Song et al. 2011, 2012; Adam et al.
2020), and lately also DNMT3B (Gao et al.
2020; Lin et al. 2020) were published showing
that complicated regulatory processes, including
oligomerization, distinct chromatin contacts, con-
formational changes and auto-inhibition, all inter-
play to accurately control the activity of these
enzymes. In 1997, targeting of DNMT1 to repli-
cation foci via its interaction with PCNA was
discovered (Chuang et al. 1997), but later it
became clear that the interaction of DNMT1
with UHRF1 is even more essential for the
targeting and activity of DNMT1 (Bostick et al.
2007; Sharif et al. 2007). Furthermore, it was
found that in addition to the indirect targeting by
other complex partners, DNMTs directly interact
with chromatin. DNMT3A, DNMT3B, and
DNMT3L use their ADD domains for binding to
H3 tails unmethylated at K4 (Ooi et al. 2007;
Zhang et al. 2010), DNMT3A and DNMT3B
use their PWWP domains for binding to
H3K36me2/3 (Dhayalan et al. 2010), and
DNMT3A1 (an isoform of DNMT3A) binds
with its UDR domain H2AK119ub1 (Weinberg
et al. 2021). DNMT1 interacts with its replication
foci targeting domain (RFTD) with ubiquitinated
H3 tails (Nishiyama et al. 2013) and H3K9me3
(Ren et al. 2020) and via its BAH domain it binds



H3K40me3 (Ren et al. 2021). Moreover, the
principles of the regulation of the activity and
stability of DNMTs via post-translational
modifications begin to emerge (Esteve et al.
2011; Deplus et al. 2014), adding another
fascinating layer to the study of these enzymes.
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1.9 Discovery of TET Enzymes

A similar changeful journey as in the field of
DNA methylation was undertaken in the investi-
gation of DNA demethylation, starting from the
question of whether an active process of DNA
demethylation might exist at all, leading to its
discovery and the study of its mechanisms (Ooi
and Bestor 2008). It was only in 2009 that the
combination of powerful biochemical and bioin-
formatics approaches led to the discovery of the
Ten-eleven Translocation (TET) enzymes
(Tahiliani et al. 2009), which oxidize
5-methylcytosine to the hydroxymethyl, formyl
or carboxyl state, and the discovery of these
modified bases in human DNA (Tahiliani et al.
2009; Kriaucionis and Heintz 2009; Munzel et al.
2010; Pfaffeneder et al. 2011; Ito et al. 2011; He
et al. 2011). The exact role of these additional
modified bases and the complete pathway of
DNA demethylation is not yet fully understood
(Wu and Zhang 2017), but it has been well-
established that the TDG glycosylase can remove
5-formylcytosine and 5-carboxylcytosine, even-
tually leading to the generation of an
unmethylated cytosine (He et al. 2011; Maiti
and Drohat 2011). Moreover, it is becoming
increasingly clear that the TET-derived oxidative
cytosine bases constitute distinct epigenetic
marks by themselves that can be read by
specialized reader domains and confer biological
functions (Song and Pfeifer 2016; Song et al.
2021). Currently, it is understood that the
genome-wide and locus-specific DNA methyla-
tion level is determined by a steady state reached
through the combined action of MTases,
demethylases, and DNA replication (Jeltsch and
Jurkowska 2014).

1.10 Methods for Site-Specific
Detection of DNA Methylation

The detection of DNAmethylation for a long time
was based on the initial methods: TLC (followed
initially by HPLC, and today by mass spectrome-
try), allowing for a quantitative overall genome
methylation analysis, but without sequence reso-
lution; and restriction digestion using enzymes
sensitive to DNA methylation, allowing site-
specific genome-wide analysis, but only at
defined restriction sites. For cytosine-C5 methyl-
ation, this situation dramatically changed with the
development of the bisulfite conversion method,
which can be combined with a battery of down-
stream technologies to enable a genome-wide
analysis of 5-methylcytosine at single nucleotide
resolution (Frommer et al. 1992; Clark et al.
1994). This technology in concert with the
breakthroughs in DNA sequencing technologies
has enabled researchers starting in 2008 to pro-
vide the first genome-wide DNA methylation
maps of plant and mouse cells (Cokus et al.
2008; Lister et al. 2008; Meissner et al. 2008).
Powerful variants of bisulfite sequencing, includ-
ing oxidative bisulfite sequencing, have been
developed, allowing detection of not only
5-methylcytosine but also its oxidized forms at
single base resolution (Booth et al. 2013).
Nanopore sequencing is another emerging tech-
nique that has been applied for the direct detec-
tion of 5-methylcytosine in genomic DNA
(Laszlo et al. 2013; Lee et al. 2020; Sakamoto
et al. 2020).

For N-methylation, it was only in 2010, almost
20 years after the discovery of the bisulfite tech-
nology, when the development of single-
molecule real-time (SMRT) sequencing for the
first time provided a method for the genome-
wide analysis of 6-methyladenine at single nucle-
otide resolution (Flusberg et al. 2010). This
invention was followed by a flurry of bacterial
N6-adenine methylomes, including those of
E. coli and C. crescentus (Sanchez-Romero
et al. 2015), which provided novel insights into
the role of DNA methylation in bacteria in



defense mechanisms, cell division, gene expres-
sion, and DNA repair. Recently, nanopore
sequencing has been applied for the direct detec-
tion of 6-methyladenine in bacterial DNA as well
(McIntyre et al. 2019). Moreover, nitrite sequenc-
ing has been described for the base-specific read-
out of 6-methyladenine by DNA sequencing
(Mahdavi-Amiri et al. 2021). Conceptually simi-
lar to bisulfite sequencing used for the detection
of cytosine methylation, nitrite sequencing is
based on the selective conversion of adenine to
hypoxanthine, which is blocked by adenine-N6
methylation.
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1.11 DNA MTases and Bacterial
Epigenetics

In bacteria, DNA methylation is involved in the
control of DNA replication and repair, host
defense by restriction/modification
(RM) system, and control of gene expression
(Jeltsch 2002; Wion and Casadesus 2006;
Casadesus and Low 2006; Sanchez-Romero and
Casadesus 2020). Most of the known bacterial
DNA MTases introduce N6-methyladenine and
belong to the RM systems, which serve as defense
systems to protect prokaryotes from bacterio-
phage infections (Matic et al. 1996). RM systems
comprise a restriction endonuclease and a DNA
MTase, with both enzymes recognizing the same
target DNA sequence. In the most common type
II RM systems, the DNA target sites are 4–8 base
pair long palindromic sequences. The restriction
endonuclease cleaves the DNA at the target
sequence only in an unmethylated state, as
found on an invading phage DNA during the
early steps of infection. The bacterial host cell
DNA is kept in a methylated state by the
corresponding DNA MTase and thereby it is
protected from cleavage (Pingoud and Jeltsch
2001). These systems are complemented by the
adaptable CRISPR-Cas systems that have been
discovered only recently as an additional defense
system of bacteria and archaea against
bacteriophages, which is independent of DNA
methylation (Bhaya et al. 2011).

Aside from RM systems, bacteria also contain
so-called solitary or orphaned MTases that are not
accompanied by a restriction enzyme. The
Escherichia coli deoxyadenosine DNA
methyltransferase (Dam) and the Caulobacter
crescentus cell-cycle-regulated methyltransferase
(CcrM) are two well-characterized examples of
this type (Jeltsch 2002; Wion and Casadesus
2006; Casadesus and Low 2006; Sanchez-
Romero and Casadesus 2020). E. coli Dam is
involved in DNA mismatch repair, initiation of
chromosome replication, and regulation of gene
expression, including the pap phase variation in
uropathogenic E. coli (Marinus and Morris 1973;
Lobner-Olesen et al. 2005; Low and Casadesus
2008; Marinus and Casadesus 2009; van der
Woude 2011), indicating that DNA methylation
patterns are involved in bacterial gene regulation.
In all these processes, the main underlying princi-
ple is that DNA methylation alters protein–DNA
interactions, because the binding of repressor
proteins to certain operator sites is impaired by
DNAmethylation. Although MTases are active in
these bacteria, certain target sites can be protected
against methylation by bound repressors,
generating a methylation pattern. Under specific
conditions, these patterns can be heritable and
transmit epigenetic information used for example
to regulate switching of cell states (Sanchez-
Romero and Casadesus 2020). Of note, similar
principles can also operate in eukaryotes, includ-
ing mammals, as many transcriptional regulators
show sensitivity to DNA methylation of their
binding sites (Yin et al. 2017).

1.12 Role of DNA Methylation
in Cancer

In 1983, the first groups reported global
hypomethylation of DNA in cancer cells
(Feinberg and Vogelstein 1983; Gama-Sosa
et al. 1983). Shortly afterwards, the first examples
of local hypermethylation at gene promoters of
tumor suppressors, leading to their inactivation in
cancer cells, were discovered (Baylin et al. 1986;
Greger et al. 1989). It is now well-established that



these two processes, global DNA
hypomethylation and regional hypermethylation,
occur in most tumor cells and are directly
connected to the progression of the disease
(Baylin 2012; Bergman and Cedar 2013). In
2010, it was discovered that somatic mutations
in DNMT3A are prevalently observed in Acute
myeloid leukemia (AML) patients, among them
the R882H exchange was found with particularly
high frequency (Yamashita et al. 2010). Later
work has confirmed and extended this finding
and showed that mutations in DNMT3A are
drivers of the disease process (Hamidi et al.
2015).
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The frequent observation of the inactivation of
tumor suppressor genes in cancers by
hypermethylation has prompted the development
of DNA methyltransferase inhibitors for clinical
applications. This field was pioneered by Jones
with the development of 5-azacytidine (Jones and
Taylor 1980), which afterwards was confirmed to
form an irreversible covalent complex with DNA
methyltransferases (Santi et al. 1984). Later,
cofactor analogs were also introduced to inhibit
DNA methyltransferases (Reich and Mashhoon
1990). Today, many derivatives of these initial
compounds have been developed and several are
in clinical use for the treatment of cancer and
other diseases (Yang et al. 2010; Fahy et al.
2012). Further development led to the idea of
combination treatments, where DNMT inhibitors
could be combined with other antitumor drugs,
leading to higher efficacy (Ren et al. 2021).

1.13 Application of MTases
in Artificial Epigenetic Systems

The field of synthetic biology emerged almost
20 years ago, based on several key developments
in molecular biology techniques. Two reports in
2000 showing the construction and engineering
of synthetic genetic circuits, a “toggle switch”
and a “repressilator”, are now often considered
hallmarks of the design of synthetic circuits and
the field of synthetic biology in general (Gardner
et al. 2000; Elowitz and Leibler 2000). After-
wards, engineered circuits became more diverse

and versatile, with an increasing number of con-
trol elements integrated. In an artificial DNA
methylation-based epigenetic memory system in
E.coli, the CcrM DNA methyltransferase was
combined with a designed zinc finger (ZnF),
which only binds to unmethylated target sites
(Maier et al. 2017). Hence, it regulates an operon
expressing the CcrM MTase, which leads to posi-
tive feedback and stable switching of the system.
With this system, an initial trigger, like the pres-
ence of arabinose, tetracyclin, or DNA damage is
memorized in life E. coli cells (Maier et al. 2017;
Ullrich et al. 2020). A switchable system based on
Salmonella enterica and dam methyltransferase
has been developed as well (Olivenza et al.
2019). Moreover, Park et al. described the devel-
opment of a full artificial epigenetic system,
based on adenine-N6 methylation in a human
cell line (Park et al. 2019). It employs the dam
MTase as a writer and the DpnI binding domain
as reader of the GATC methylation. Notably, it
was shown to regulate gene expression in a DNA
methylation-dependent manner and conferred the
inheritance of the methylation states.

In 1997, Xu & Bestor developed the targeted
methylation approach, a method in which a DNA
MTase is fused to a DNA binding domain that
targets the fusion protein to specific genomic loci
and results in the introduction of DNA methyla-
tion at these sites (Xu and Bestor 1997). Later,
different programable DNA targeting domains,
relying on C2H2 zinc fingers, the TAL effector
arrays (TALE) or catalytically inactive CRISPR-
Cas9 nuclease were fused to an epigenetic writer
or reader domains have been employed to syn-
thetically reprogram epigenetic and transcrip-
tional changes in mammalian systems
(Kungulovski and Jeltsch 2016; Jurkowska and
Jurkowski 2019; Rots and Jeltsch 2018).

1.14 Conclusions and Outlook

Although DNA MTases, the enzymes that intro-
duce methylation into DNA, have been inten-
sively studied, the interest in these enzymes has
remained high over many years (Fig. 1.6). This is
due to an ever-growing importance of DNA



methylation as an epigenetic modification in
organismic development and human diseases.
Despite decades of active research in the fields
of DNA methylation and DNA
methyltransferases, and progress in mapping the
methylation landscapes at high resolution, many
exciting questions still await answers and future
challenges extend from our current level of
knowledge. How is DNA methylation (and epi-
genetic information in general) deposited during
organismic development and how is it maintained
and altered if needed? How are DNA MTases
regulated and targeted to achieve these goals?
How does DNA methylation interact with other
epigenetic systems in mammals, lower
eukaryotes, and even bacteria? Will it be soon
possible to develop epigenetic antibacterial
drugs, addressing processes like phase variation
or drug resistance? How can we make use of
epigenetic editing, including targeted DNA meth-
ylation or demethylation, to repair aberrant,
disease-causing epigenetic states and combat
diseases like cancer? Which biological function
(s) have the oxidized forms of 5-methylcytosine?
Is there an active demethylation of
N6-methyladenine in the cell? What is the role
of this modification in other higher organisms?
How can we use DNA methyltransferases in arti-
ficial epigenetic circuits more efficiently? We
anticipate many more years of exciting research
to come in the field of DNA methylation and the
study of DNA MTases is an integral objective in
this development.
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Fig. 1.6 Number of
PubMed entries with the
term “DNA” and
“Methyltransferase” in title
or abstract (as of December
2021)
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Abstract

The genomes of bacteria, archaea, and phage
contain small amounts of C5-methylcytosine,
N4-methylcytosine, and N6-methyladenine.
Base methylation takes place after DNA repli-
cation and is catalyzed by DNA
methyltransferases that recognize specific tar-
get sequences. Prokaryotic DNA
methyltransferases can be classified into two
main types: (1) belonging to restriction-
modification systems and (2) solitary
(or “orphan”) enzymes that lack a restriction
enzyme partner. All known roles of DNA
methylation involve control of interactions
between DNA-binding proteins and their cog-
nate sites. Such roles include protection from
DNA restriction, strand discrimination during
mismatch repair, cell cycle control, and regu-
lation of transcription. DNA methylation often
affects the interaction of bacterial pathogens
with their hosts, raising the possibility of epi-
genetic therapies for infectious diseases.
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Abbreviations

CcrM Cell-cycle regulated DNA
methyltransferase

Mod Modification protein in restriction-
modification systems
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2.1 Introduction

The presence of C5-methylcytosine in bacterial
DNA was discovered in 1948 (Hotchkiss 1948).
In the following decades, N6-methyladenine
(Dunn and Smith 1955) and N4-methylcytosine
(Janulaitis et al. 1983) were found in prokaryotic
genomes. The introduction of methyl groups into
nucleobases is performed by DNA
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methyltransferases that recognize specific nucle-
otide targets and use S-adenosyl-methionine
(SAM) as a methyl group donor. Base methyla-
tion is postreplicative, and the chemistry of the
methylation reaction is known in exquisite detail
(Cheng 1995; Horton et al. 2006; Malone et al.
1995; Jeltsch et al. 1999; Jeltsch 2002; Horton
et al. 2019). Prokaryotic DNA methyltransferases
are active on nonmethylated DNA substrates
(de novo methylation) and on hemimethylated
substrates produced by DNA replication (mainte-
nance methylation) (M.G. Marinus 1996; Jeltsch
2002; Wion and Casadesus 2006). Maintenance
methylation transmits to daughter DNA
molecules (and therefore to the offspring) the
DNA methylation pattern of the mother cell.
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In the 1960s, base methylation was found to be
associated with the possession of restriction-
modification systems that protect bacteria against
phages and other invading DNAs (Arber and Linn
1969). Classical restriction-modification systems
are currently classified into four main types on the
basis of structural features, pattern of DNA cleav-
age, and cofactor requirements (Tock and Dryden
2005). In types I and III, the adenine or cytosine
methyltransferase is part of a multisubunit
enzyme involved in both restriction and modifi-
cation. In contrast, type II systems consist of two
separate enzymes, a restriction endonuclease and
an adenine or cytosine methyltransferase. In addi-
tion to these three types of systems in which DNA
methylation protects against endonucleolytic
cleavage, restriction systems that cleave
methylated DNA (type IV) have been described
(Tock and Dryden 2005).

Under the classical paradigm of DNA methyl-
ation as a genome defense mechanism, solitary
DNA methyltransferases (e.g., Dam in
γ-proteobacteria and CcrM in α-proteobacteria)
were considered exceptions. However, current
evidence indicates that solitary DNA
methyltransferases are common in the genomes
of bacteria (Blow et al. 2016), archaea (Harris and
Goldman 2020), and bacteriophages (Murphy
et al. 2013). This abundance is mainly a conse-
quence of horizontal gene transfer at high rates
(Oliveira et al. 2014; Anton and Roberts 2021).
However, bacterial genomes also contain solitary

DNA methyltransferases evolved from ancestral
restriction-modification systems that have lost
their restriction enzyme component (Fox et al.
2007a; Blow et al. 2016).

As in eukaryotes, a major role of DNA meth-
ylation in bacterial physiology is transcriptional
control. Under this paradigm, epigenetic regula-
tion of gene expression was traditionally viewed
as a task of solitary DNA methyltransferases and
a consequence of long co-evolution that had
adapted the epigenome to physiological needs.
This view has been overturned in the last decade,
and current evidence supports a radically different
scenario: that any DNA methyltransferase, either
solitary or belonging to a restriction-modification
system, can regulate transcription if it happens to
methylate a DNA target at a promoter or at a
region involved in transcriptional control
(Casadesus and Low 2006; Vasu and Nagaraja
2013; Phillips et al. 2019; Sanchez-Romero and
Casadesus 2020; Anton and Roberts 2021). In
fact, a horizontally acquired DNA
methyltransferase can immediately overtake the
control of gene expression, triggering a saltational
evolutionary event (Chao et al. 2015). Another
example of saltational evolution triggered by
DNA methylation has been described in Myco-
bacterium abscessus, where acquisition of DNA
methyltransferases through horizontal gene trans-
fer increases the pathogenic potential of environ-
mental clones (Bryant et al. 2021).

The study of bacterial DNA methylation was
slowed down for decades because of the difficulty
to detect methylated bases. One cause of this
hurdle was that the bisulfite treatment widely
used in eukaryotes to detect C5-methylcytosine
had little utility in prokaryotes as most studies
dealt with N6-methyladenine (Casadesus and
Low 2006; Wion and Casadesus 2006). This
obstacle has been overcome by advances in
nucleic acid technology that permit the detection
of N6-methyladenine and other base
modifications as an integral part of the sequenc-
ing method. Two such methods, SMRT sequenc-
ing (Flusberg et al. 2010) and nanopore
sequencing (Rand et al. 2017) can decipher the
complete methylation pattern of a bacterial
genome (the “methylome”). By identifying the



target(s) of a DNA methyltransferase and the
spatial and temporal patterns of genome methyla-
tion, these technologies can provide crucial infor-
mation to unravel the physiological roles of DNA
methylation in a given species (Casadesus and
Low 2006; Sanchez-Romero et al. 2015; Anton
and Roberts 2021; Sanchez-Romero and
Casadesus 2020). Furthermore, methylome anal-
ysis has extended the study of DNA methylation
well beyond its traditional boundaries. For
instance, some archaea have been found to harbor
solitary DNA methyltransferases (Blow et al.
2016), raising the possibility that DNA methyla-
tion may play a role in gene expression or have
other unknown functions in a biological kingdom
where DNA methylation had remained virtually
unknown (Harris and Goldman 2020).
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Even though SMRT and nanopore sequencing
have made bacterial DNA methylation a
burgeoning field, two DNA adenine
methyltransferases, CcrM in α-proteobacteria
and Dam in γ-proteobacteria, remain paradigms
with known roles in bacterial physiology
(Casadesus and Torreblanca 1996; Casadesus
and Low 2006; Adhikari and Curtis 2016;
Mouammine and Collier 2018; Mohapatra et al.
2014b). The overall bias of this chapter toward
N6-methyladenine thus reflects the preponderant
involvement of this DNA modification in bacte-
rial epigenetics, and CcrM and Dam receive spe-
cial attention.

2.2 CcrM Methylation

CcrM (acronym for “cell-cycle regulated
methyltransferase”) was initially identified in
Caulobacter crescentus, a bacterial species that
undergoes asymmetric cell division producing
swarmer and stalked cells. CcrM catalyzes the
transfer of a methyl group from SAM to the
adenine moiety of 50GANTC30 targets, where N
is any nucleotide (Stephens et al. 1996; Robertson
et al. 2000; Kahng and Shapiro 2001; Mohapatra
et al. 2014a; Mouammine and Collier 2018).
CcrM is active both as a monomer and as a
dimer and shows a slight preference for
hemimethylated DNA substrates (Stephens et al.

1996; Robertson et al. 2000; Kahng and Shapiro
2001; Mohapatra et al. 2014a).

CcrM homologs are common in
α-proteobacteria. Examples are Agrobacterium
tumefaciens, the causative agent of crown gall
disease in dicotyledonous plants (Kahng and
Shapiro 2001), the nitrogen-fixing symbionts of
legumes once known as Rhizobium and nowadays
given other names (Wright et al. 1997; diCenzo
et al. 2022) and the animal pathogen Brucella
abortus (Robertson et al. 2000). A gene that
encodes a CcrM homolog known as YhdJ is
also found in the genomes of E. coli and Salmo-
nella (Broadbent et al. 2007; Blow et al. 2016).
YhdJ can methylate the 30 adenosine moiety of
50AGTCAT30 targets in vitro. However, YhdJ
does not seem to be produced in vivo, at least
under laboratory conditions (Broadbent et al.
2007).

In α-proteobacteria, chromosome
hemimethylation after the passage of the replica-
tion fork is long-lived, especially at loci located
near the origin of replication, because CcrM syn-
thesis is restricted to a late stage of chromosome
replication, immediately before cell division
(Stephens et al. 1996; Collier 2009). The burst
of CcrM synthesis is brief because the enzyme is
quickly degraded by the Lon protease (Wright
et al. 1996). Different temporal patterns of CcrM
degradation by the Lon protease are detected in
swarmer and stalked cells (Zhou et al. 2019),
suggesting that CcrM methylation may play a
role in Caulobacter cellular dimorphism. CcrM
methylation does not govern the initiation of
chromosome replication and controls the
Caulobacter cell cycle by mechanisms that
remain incompletely understood (Kozdon et al.
2013; Fioravanti et al. 2013; Mohapatra et al.
2014a). It is conceivable that CcrM methylation
may regulate the cell cycle, at least in part, by
controlling the transcription of genes that encode
cell cycle regulators (Fioravanti et al. 2013).

Hemimethylation of GANTC sites has been
shown to activate and to repress transcription in
Caulobacter (Gonzalez and Collier 2013;
Gonzalez et al. 2014). Examples of activation by
CcrM hemimethylation are the cell cycle regu-
latory gene ctrA (Mohapatra et al. 2014a;



Gonzalez et al. 2014) and the creS gene which
encodes crescentin, a structural protein responsi-
ble for the curved shape of Caulobacter cells
(Mohapatra et al. 2020). A noteworthy feature
of methylation-dependent creS transcription is
DNA strand discrimination, which permits tran-
scription in only one of the hemimethylated
chromosomes after replication (Mohapatra et al.
2020). This bias may cause differences in CreS
synthesis among daughter cells, perhaps
contributing to the distinct shapes of swarmer
and stalked cells. In turn, transcriptional repres-
sion by hemimethylation has been described in
the cell division genes ftsZ and mipZ (Gonzalez
et al. 2014).
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2.3 Dam Methylation

The Dam methyltransferase, initially
characterized in E. coli, is present in many
γ-proteobacteria (Marinus 1996). Dam is a mono-
mer in solution, and introduces a methyl group
into the N6 position of the adenine residue in
50GATC30 sequences (Marinus 1996). Dam is
both a de novo methyltransferase and a mainte-
nance methyltransferase, and there is little differ-
ence in the rate of in vitro methylation between
nonmethylated and hemimethylated DNA
substrates (Herman and Modrich 1982). Dam
contains two SAM binding sites; one is the cata-
lytic site and the other increases specific binding
to DNA, probably through allosteric regulation
(Bergerat et al. 1991). Dam is a highly processive
enzyme, and methylates about 55 GATC sites per
binding event (Urig et al. 2002).

Synthesis of Dam methyltransferase is under
transcriptional control. The dam gene contains
five promoters (Løbner-Olesen et al. 1992), and
one of them is regulated by the growth rate. This
control adjusts the cellular level of Dam, which
consists of about 130 molecules during exponen-
tial growth in rich medium. The amount of Dam
methyltransferase may be additionally controlled
by proteolysis (Calmann and Marinus 2003).

The functions of Dam methylation in bacterial
physiology are especially well known in E. coli
and Salmonella owing to decades of research

(Marinus 1996; Løbner-Olesen et al. 2005; Boye
et al. 1992; Wion and Casadesus 2006). At the
turn of the century, the involvement of Dam
methylation in Salmonella virulence (Garcia-Del
Portillo et al. 1999; Heithoff et al. 1999) fostered
the study of Dam methylation in other bacterial
pathogens, and novel examples of
Dam-dependent virulence were found (Heusipp
et al. 2007; Giacomodonato et al. 2009; Marinus
and Casadesus 2009; Adhikari and Curtis 2016;
Sanchez-Romero and Casadesus 2020).
Unknown roles of Dam methylation in bacterial
physiology may remain to be found as Dam
homologs appear to be widespread in the
genomes of γ-proteobacteria (Balbontin et al.
2006; Oliveira et al. 2020; Oliveira and Fang
2021).

2.3.1 Role of Dam Methylation
in DNA Mismatch Repair

Replication-generated DNA mismatches involve
normal (non-damaged) nucleotides that cannot be
replaced by base excision repair or by nucleotide
excision repair. Furthermore, mismatch repair
needs to discriminate between the error-free tem-
plate strand and the error-prone daughter strand.
E. coli and other γ-proteobacteria use Dam
hemimethylation for this discrimination (Iyer
et al. 2006) (Fig. 2.1). Mismatched base pairs
are recognized by a protein known as MutS,
which recruits two additional proteins, MutL
and MutH. When the MutS-MutL-MutH complex
is assembled at a DNA mismatch, MutH acquires
endonuclease activity and cleaves the
phosphodiester bond located at the 50 side of the
G in the closest GATC on the nonmethylated
DNA strand (Iyer et al. 2006). After cleavage,
the UvrD helicase dislodges MutH from the ter-
nary complex and single strand degradation by
exonucleases occurs. The resulting gap is filled by
DNA polymerase III, and the nick is sealed by the
formation of a phosphodiester bond by DNA
ligase (Iyer et al. 2006). Finally, Dam
methyltransferase converts the hemimethylated
GATC to a fully methylated site (Fig. 2.1).
Because MutH cannot cleave methylated DNA,



mismatch repair is confined to a short
hemimethylated region, estimated to be around
10 kb long, behind the replication fork. Transient
lack of GATC methylation in the newly
synthesized strand thus provides the signal for
DNA strand discrimination (Pukkila et al. 1983).
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Fig. 2.1 Dam-directed
repair of a DNA mismatch.
Detection of the mismatch
by MutS recruits MutH and
MutL, and the MutHLS
complex is assembled.
MutH-mediated
endonucleolytic cleavage of
the newly synthesized DNA
strand occurs at the nearest
GATC. The nicked single
strand is then degraded by
exonucleases. The gap is
filled by DNA polymerase
III, and the nick is sealed by
DNA ligase. Finally, the
hemimethylated GATC is
methylated by the Dam
methyltransferase
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Upon assembly of the MutH-MutL-MutS
complex, MutH endonuclease can cleave
nonmethylated GATC duplexes. As a conse-
quence, dam mutants can suffer MutH-mediated
cleavage in both DNA strands (Iyer et al. 2006).

Double-strand DNA breakage explains several
traits of enterobacterial dammutants: (1) sensitiv-
ity to agents that induce DNA injuries recognized
by MutS (Karran and Marinus ; Prieto et al.

); (2) dependence on homologous recombi-
nation and other DNA repair functions to cope
with DNA damage (Wang and Smith 1986;
Marinus ; Torreblanca and Casadesus

); and (3) permanent induction of the SOS
response (Torreblanca and Casadesus ).
Another consequence of the involvement of
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DNA adenine methylation in mismatch repair is
that dammutants of E. coli and S. enterica show a
hypermutable phenotype, indicative of the inabil-
ity of dam mutants to repair DNA replication
errors that introduce mismatched base pairs
(Glickman et al. 1978). E. coli and Salmonella
strains that overproduce Dam methyltransferase
also show elevated mutation rates, higher than in
dam mutants (Pukkila et al. 1983; Marinus et al.
1984; Torreblanca and Casadesus 1996). Albeit
paradoxical at first sight, this observation
underscores the relevance of transient
hemimethylation as a signal for mismatch repair:
excess Dam methyltransferase shortens the
hemimethylation period in newly replicated
DNA molecules, thus preventing strand discrimi-
nation. The need of precise amounts of Dam
methyltransferase may explain the tight and com-
plex control of dam gene expression (Løbner-
Olesen et al. 1992).
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2.3.2 Control of Chromosome
Replication by Dam
Methylation

Initiation of chromosome replication in E. coli
requires binding of an ATP-bound form of the
initiator protein DnaA to the replication origin
(oriC), followed by separation of the two strands
of the double helix and loading of the DnaB DNA
helicase (Mott and Berger 2007). The density of
GATC sites in the oriC region is roughly tenfold
higher than the average in the E. coli chromosome
(Marinus 1996), and DnaA binding is only possi-
ble if the GATCs located in the region are
methylated; a hemimethylated origin is inactive
(Messer et al. 1985).

DNA replication is not followed by immediate
methylation of the oriC. Actually, the GATC sites
within oriC remain hemimethylated for a substan-
tial fraction of the cell cycle (Messer et al. 1985;
Boye et al. 2000). Extension of the
hemimethylation period is a consequence of
oriC sequestration by a protein called SeqA,
which excludes Dam methyltransferase from the
oriC in the daughter chromosomes (Lu et al.
1994). As long as SeqA-mediated sequestration

and concomitant hemimethylation persist, the
oriC remains inactive and the start of a new
replication cycle is delayed (Boye et al. 2000).
Binding of SeqA to hemimethylated GATC sites
behind the DNA replication fork also plays roles
in the spatial organization of the nucleoid
(Waldminghaus and Skarstad 2009) and in sister
chromosome cohesion (Joshi et al. 2013).

2.3.3 Transcriptional Control by Dam
Methylation

If a DNA methyltransferase target is embedded in
a promoter or a regulatory region, its methylation
state can modulate the binding of RNA polymer-
ase or transcription factors, making transcription
responsive to DNA methylation (Wion and
Casadesus 2006; Casadesus and Low 2006; Low
and Casadesus 2008). Dam methylation-
dependent transcriptional controls can be classi-
fied into two main types: (i) clock-like controls
that use the methylation state of DNA (methyla-
tion or hemimethylation) as a signal to couple
gene expression to a specific stage of the cell
cycle (Low and Casadesus 2008); (ii) switch-
like controls that turn off and on gene expression,
sometimes in a reversible manner, by the forma-
tion of specific DNA methylation patterns. The
latter are combinations of methylated and
nonmethylated sites reminiscent of the methyla-
tion patterns found in eukaryotic chromosomes
(Low and Casadesus 2008).

A common procedure for the identification of
genes under DNAmethylation control is to search
for genes that show an altered expression pattern
in DNA methyltransferase mutant strains. Such
gene expression changes, however, do not neces-
sarily indicate that transcription is DNA
methylation-sensitive. An example is found in
the DNA-damage responsive SOS regulon of
E. coli and Salmonella, which shows elevated
expression in dam mutants (M.G. Marinus 1996;
Marinus and Casadesus 2009). However, tran-
scription of SOS genes is not under Dam methyl-
ation control, and elevated expression in dam
mutants is a consequence of DNA double-strand
breakage by the MutHLS mismatch repair system



(M.G. Marinus 1996; Marinus and Casadesus
2009). To confirm the direct dependence of tran-
scription on DNA methylation, genetic or
transcriptomic evidence must be followed by
mutational analysis of the putative
methyltransferase target(s). For instance, if the
elimination of one or more GATC sites abolishes
Dam-dependent control, one may tentatively con-
clude that transcription is Dam-dependent indeed
(Camacho and Casadesus 2002). A potential
problem of such tests is that site-directed muta-
genesis can impair the binding site of a transcrip-
tional regulator and/or disrupt promoter function.
The most direct methods to identify a
methylation-sensitive DNA–protein interaction
are electrophoretic mobility shift analysis and/or
DNAse I footprinting using methylated and
nonmethylated DNA substrates (Camacho and
Casadesus 2002). In certain cases,
hemimethylated DNA substrates must be also
used (Camacho and Casadesus 2005).
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Bioinformatic searches to identify genes
whose transcription is controlled by Dam methyl-
ation are more difficult than one might expect a
priori. It is not always obvious where the search
for relevant GATC sites must be performed,
because Dam methylation can regulate a pro-
moter from sites more than 100 bp away from
the transcription start (A. Hernday et al. 2002;
Casadesus and Low 2006; Jakomin et al. 2008;
Broadbent et al. 2010; Cota et al. 2012; Sanchez-
Romero and Casadesus 2020). In E. coli, for
instance, the average distance between GATC
neighbor sites is 214 base pairs (Henaut et al.
1996), with the obvious consequence that
GATC sites at distances potentially relevant for
transcriptional control are found at many
promoters. To make bioinformatic prediction
more uncertain, the presence of a GATC site at
a seemingly critical position can be misleading, as
exemplified by the cre gene of bacteriophage P1
(Sternberg et al. 1986) and the carAB operon of
E. coli (Charlier et al. 1995) whose promoters
contain GATC sites not involved in transcrip-
tional control. An additional complication arises
from the fact that GATC-less genes can be indi-
rectly controlled by Dam methylation if their
transcription is regulated by a factor under direct

Dam methylation control. An example is found in
Salmonella pathogenicity island 1 (SPI-1), a clus-
ter of virulence genes whose expression is
reduced in dam mutants (Balbontin et al. 2006;
Lopez-Garrido and Casadesus 2010). Regulation
of SPI-1 by Dam methylation is indirect and
requires StdE and StdF, two proteins encoded
by the Dam-dependent std operon (Lopez-
Garrido and Casadesus 2012; Garcia-Pastor
et al. 2018b).

2.3.3.1 Temporal Regulation of Gene
Expression by Dam Methylation

RNA polymerase and certain transcription factors
can discriminate DNA hemimethylation from full
(double-stranded) methylation (Wion and
Casadesus 2006; Casadesus and Low 2006; Low
and Casadesus 2008; Marinus and Casadesus
2009). This discrimination can have physiologi-
cal significance as DNA hemimethylation is
indicative of active growth while two-strand
DNA methylation indicates the absence of
growth. Hemimethylation can either activate or
repress gene expression but activation seems to
be more common than repression (Casadesus and
Low 2006; Wion and Casadesus 2006).

The insertion element IS10 provides a classical
example of transcriptional activation by DNA
hemimethylation. The promoter of the IS10
transposase gene contains a GATC site that
overlaps the �10 module, and methylation of
this site prevents transcriptional initiation, pre-
sumably by hindrance of RNA polymerase bind-
ing (Roberts et al. 1985). When the replication
fork passes by the IS10 transposase promoter, the
GATC site becomes hemimethylated, and
hemimethylation permits transient transcription
(Roberts et al. 1985). An additional feature of
Dam-dependent control of the IS10 transposase
promoter is strand-specificity: DNA replication
generates two daughter IS10 elements that are
identical except for their GATC hemimethylation
pattern. However, transcription of the transposase
gene is permitted in one of the hemimethylated
IS10 species only (Roberts et al. 1985).

Another case of transcriptional activation by
strand-specific DNA hemimethylation is found in
the traJ gene of the Salmonella virulence



plasmid, a relative of the E. coli F sex factor
(Camacho and Casadesus 2005). The traJ gene
encodes a transcriptional activator, and its expres-
sion is controlled by multiple factors including
Lrp, a global regulator of the bacterial cell
(Camacho and Casadesus 2002). Lrp activates
traJ transcription by binding two cognate sites
upstream of the traJ promoter, and one site
contains a GATC (Camacho and Casadesus
2002). Methylation of this GATC impairs Lrp
binding and prevents traJ transcription
(Fig. 2.2). When replication occurs and the
GATC site becomes hemimethylated, Lrp bind-
ing activates the transcription of traJ in one of the
daughter plasmid molecules (Camacho and
Casadesus 2005). As in IS10, it is noteworthy
that identical DNA molecules can acquire distinct
epigenetic properties upon addition of a single
methyl group (Low and Casadesus 2008).
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In both IS10 and traJ, activation of transcrip-
tion by DNA adenine hemimethylation may per-
mit the production of potentially dangerous cell
products during active growth only. Strand-
specific DNA hemimethylation may further
restrain the synthesis of such products. Indeed, a
low amount of IS10 transposase may prevent
multiple transposition events and/or other

transposase-mediated DNA rearrangements
(Casadesus and Low 2006; Low and Casadesus
2008). Furthermore, coupling of transposition to
DNA replication, a stage of the cell cycle in
which two daughter chromosomes exist, may
decrease the danger of lethal transposition
(Casadesus and Low 2006). In the case of TraJ,
plasmid replication may provide a signal of cellu-
lar welfare, and Lrp dependence may ensure that
the physiological conditions are appropriate to
build the conjugation apparatus and to undertake
mating. TraJ synthesis in only one of the daughter
plasmids may further relieve the burden of such
an energy-consuming process.

Fig. 2.2 Activation of traJ transcription by strand-
specific Dam hemimethylation. Passage of the replication
fork leaves the traJ UAS hemimethylated. The transcrip-
tional activator Lrp binds the traJ UAS with different
patterns depending on the DNA strand that contains a
methyl group. Only one Lrp binding pattern permits
transcription

An example of transcriptional repression by
DNA adenine hemimethylation is found in the
dnaA gene of E. coli, which maps near the origin
of chromosome replication, oriC. One of the three
dnaA promoters (dnaA2) contains three GATC
sites and is only active if the GATCs are
methylated (Braun and Wright 1986; Kucherer
et al. 1986). After DNA replication, the GATC-
rich oriC-dnaA region becomes hemimethylated
and is sequestered by SeqA (Lu et al. 1994).
Because sequestration prevents Dam
methyltransferase activity, the oriC-dnaA region
remains hemimethylated. Initiation of the follow-
ing chromosome replication round will thus
require SeqA release from the dnaA promoter
and subsequent GATC methylation by the Dam
methyltransferase to permit transient transcription
of the dnaA gene (Waldminghaus and Skarstad
2009).

2.3.3.2 Regulation of Bistability by Dam
Methylation

As a rule, hemimethylation of GATC sites in
γ-protobacterial genomes is transient because
the Dam methyltransferase trails the DNA repli-
cation fork at a relatively short distance, and
methylation of the daughter DNA strand restores
two-strand methylation (Marinus 1996; Wion and
Casadesus 2006). However, the activity of the
Dam methyltransferase at specific GATC sites
can be hindered by the binding of proteins, in a
manner reminiscent of sequestration of oriC by
SeqA (Blyn et al. 1990; Wang and Church 1992;
Ringquist and Smith 1992). As a consequence, a



fraction of GATC sites in the genomes of E. coli
and Salmonella are stably undermethylated
(hemimethylated or nonmethylated) (Blyn et al.
1990; Wang and Church 1992; Ringquist and
Smith 1992; Sanchez-Romero et al. 2020).
Because active demethylation is not known to
occur in bacteria except during DNA repair
(Li et al. 2012), competition between specific
DNA-binding proteins and Dam
methyltransferase may be a common mechanism
to generate stable hemimethylation (Casadesus
and Low 2006). Nonmethylation occurs when
DNA methyltransferase activity is blocked during
two consecutive DNA replication rounds. Some
undermethylated GATC sites show distinct meth-
ylation states depending on growth conditions,
suggesting that undermethylation might be the
consequence of protein binding in response to
physiological or environmental stimuli
(Ringquist and Smith 1992; Tavazoie and Church
1998; Hale et al. 1994). Undermethylation of
GATC sites may not be an exception: orphan
DNA methyltransferases other than Dam seem
to perform incomplete methylation of their targets
(Blow et al. 2016). Hindrance of Dam methyla-
tion by competing proteins requires that the
processivity of Dammethyltransferase is reduced.
This reduction typically occurs at a GATC sites
that are part of GATC clusters (two or more
GATC sites separated by short distances) and
contain AT-rich sequences at their boundaries
(Peterson and Reich 2006; Coffin and Reich
2008).
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The formation of undermethylated GATC sites
at promoters or regulatory regions is often an
indication of transcriptional control by DNA
methylation and can be a source of bistability,
reversible or not (Sanchez-Romero and
Casadesus 2020). Bistable gene expression
generates phenotypic lineages, which can have
adaptive value in hostile and changing
environments and are often involved in host–
pathogen interactions (Sanchez-Romero and
Casadesus 2021). A classical example is the pap
operon of uropathogenic E. coli strains which
encodes fimbrial adhesins for adherence to the
urinary tract epithelium (Blyn et al. 1990; van
der Woude et al. 1996; Braaten et al. 1994).

Populations of uropathogenic E. coli contain a
mixture of PapON and PapOFF cells, and the
PapOFF subpopulation is always larger because
switching is skewed toward the OFF state (van
der Woude et al. 1996; A. Hernday et al. 2002).
PapON and PapOFF subpopulations harbor distinct
DNA methylation patterns in the pap regulatory
region, which contains two GATC sites of the
reduced processivity type. In the OFF state,
GATCprox is nonmethylated and GATCdist is
methylated. In the ON state, GATCprox is
methylated and GATCdist is nonmethylated
(Fig. 2.3).

The methylation-blocking protein that creates
Dam methylation patterns at the pap operon is the
global regulator Lrp. The upstream regulatory
region (UAS) of pap contains six sites for Lrp
binding, and two such sites contain GATCs.
When the pap operon is not transcribed (OFF
state), Lrp is bound to the three downstream
sites and represses transcription. Binding to the
downstream sites reduces Lrp affinity for the
upstream sites, generating a feedback loop that
propagates the OFF state (Hernday et al. 2003).
Occupancy of the downstream sites prevents
methylation of GATCprox while GATCdist is
methylated. This DNA methylation pattern
undergoes endless propagation unless a protein
called PapI is present (Kaltenbach et al. 1995;
Hernday et al. 2003).

Synthesis of the switching factor PapI is low
and probably noisy (Hernday et al. 2002;
Hernday et al. 2003). Above a critical threshold,
PapI stimulates the translocation of Lrp to the
three upstream binding sites in the pap UAS
(van der Woude et al. 1996; Casadesus and Low
2006). Binding of Lrp and PapI prevents methyl-
ation of GATCdist, which consequently becomes
nonmethylated. In turn, GATCprox is no longer
bound by Lrp and is methylated by the Dam
methyltransferase. This configuration (GATCdist

nonmethylated, GATCprox methylated) permits
pap transcription (Casadesus and Low 2006; van
der Woude et al. 1996). A positive feedback loop
sustains the PapON state: one of the proteins
encoded by the pap operon, PapB, enhances tran-
scription of the papI gene (van der Woude et al.
1996). Under laboratory conditions, the ON state



is perpetuated during 10–12 generations on aver-
age, probably with large fluctuations (Casadesus
and Low 2006).
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Fig. 2.3 Phase variation in
the pap and opvAB operons.
DNA hemimethylation
states during switching are
not shown

Switching from ON on OFF requires a
decrease in the concentration of PapI below a
critical threshold, perhaps by proteolytic degrada-
tion (van der Woude et al. 1996). In the absence
of PapI, Lrp is unable to bind the upstream regu-
latory sites and translocates to the downstream
sites. Release of the upstream sites by Lrp permits
methylation of GATCdist, and Lrp translocation to
the downstream sites hinders methylation of
GATCprox (van der Woude et al. 1996; Casadesus
and Low 2006). The PapOFF pattern (GATCdist

methylated, GATCprox nonmethylated) is thus
restored (Casadesus and Low 2006, 2013; Low
and Casadesus 2008; van der Woude et al. 1996).

Other phase variation systems regulated by
Dam methylation and Lrp are the foo, clp, and
pef fimbrial operons, and the architecture of their
regulatory regions reminds of pap (Casadesus and
Low 2006). Certain phase variation loci con-
trolled by Dam methylation use DNA-binding
regulators other than Lrp, including OxyR and
HdfR (Table 2.1). A paradigm of this class is
the E. coli agn43 locus, which encodes an outer
membrane protein involved in biofilm formation
and host–pathogen interaction (Henderson and
Owen 1999; Danese et al. 2000; Luthje and
Brauner 2010). Binding of OxyR to the agn43
regulatory region blocks methylation of three
GATC sites, and inhibits agn43 transcription
(Waldron et al. 2002; Haagmans and van der
Woude 2000) Switching to the Agn43ON state
requires full (two-strand) GATC methylation,



Species Locus Function

and may be facilitated by the fact that the agn43
GATC sites do not have flanking sequences able
to reduce the processivity of Dam
methyltransferase. Hence, if the GATCs are not
bound by OxyR, Dam will processively methyl-
ate them. Switching to the Agn43OFF state can
occur after DNA replication, when the three
GATCs are hemimethylated (Wallecha et al.
2002). OxyR has a higher affinity for agn43
DNA containing hemimethylated GATCs than
for fully methylated agn43 DNA. Thus,
switching to OFF will be possible if OxyR binds
to the GATC region before Dam methylates the
GATC sites (Wallecha et al. 2003; Kaminska and
van der Woude 2010).
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Table 2.1 Examples of bacterial genes under transcriptional control by DNA methylation-sensitive proteins or protein
complexes

Methylation-sensitive Active state of the promoter
protein or protein complex or the regulatory region

Caulobacter
crescentus

ctrA GcrA Hemimethylated Cell cycle control

Caulobacter
crescentus

creS GcrA Hemimethylated Crescentin (structural
protein)

E. coli Tnp
(IS10)

RNA polymerase Hemimethylated Transposition

E. coli dnaA SeqA Methylated DNA replication
E. coli Pap Lrp Methylation pattern Fimbriae
E. coli agn43 OxyR Methylated Adhesion
E. coli sciH Fur Nonmethylated Type VI secretion
Neisseria
meningitidis

Eda MisR Methylated Enter-Doudorov aldolase

Salmonella
enterica

traJ Lrp Hemimethylated Plasmid transfer

Salmonella
enterica

Std HdfR Nonmethylated Fimbriae and pleiotropic
control of gene expression

Salmonella
enterica

Gtr OxyR Methylation pattern Lipopolysaccharide
modification

Salmonella
enterica

opvAB OxyR Methylation pattern Lipopolysaccharide
modification

Phase variation systems reminiscent of agn43
include the gtr (glycotransferase) locus of bacte-
riophage P22 (Broadbent et al. 2010), certain gtr
loci of the Salmonella chromosome (Davies et al.
2013), and the Salmonella opvAB operon (Cota
et al. 2012). All these loci encode proteins that
modify the bacterial lipopolysaccharide, and their
transcription is controlled by Dam methylation
and OxyR. In the opvAB operon, binding of
OxyR generates distinct patterns of DNA

methylation in OpvABON and OpvABOFF cells,
and Dam-dependent regulation is especially com-
plex as it involves 2 OxyR binding sites (actually,
4 half-sites) and 4 GATC sites (Cota et al. 2016).
Expression of opvAB produces a subpopulation of
Salmonella cells resistant to phages that use the
O-antigen as receptor (Cota et al. 2015).

Another complex Dam-dependent switch is
found in the std operon of Salmonella enterica,
which encodes fimbriae that promote adhesion to
fucose residues in the mucus layer of the large
intestine (Chessa et al. 2009). Salmonella
populations contain StdOFF and StdON cells, and
the StdON subpopulation is small under laboratory
conditions (Garcia-Pastor et al. 2018b) and large
in the intestine (Suwandi et al. 2019). The envi-
ronmental signal(s) and mechanisms that control
subpopulation sizes remain hypothetical but the
molecular basis of transcriptional bistability is
well known (Garcia-Pastor et al. 2019). The std
operon contains two genes that encode transcrip-
tional regulators (Garcia-Pastor et al. 2018b). One
such protein, StdF, is an autogenous activator of
std transcription while StdE is a transcriptional
activator of the hdfR gene, which encodes the



main activator of std transcription (Fig. 2.4). Acti-
vation of std expression thus involves a double
feedback loop that generates an AND logic gate
(Garcia-Pastor et al. 2019). Further complexity
arises from the fact that StdE and StdF regulate
transcription of more than one hundred Salmo-
nella genes, in some cases as activators and in
others as repressors (Lopez-Garrido and
Casadesus 2012; Garcia-Pastor et al. 2018b).
StdOFF and StdON cells thus differ in multiple
phenotypic traits besides the presence or absence
of Std fimbriae, a phenomenon that may be
viewed as a rudimentary example of bacterial
differentiation. Formation of cell variants during
infection may adapt Salmonella subpopulations
to distinct animal niches, either as a division of
labor or as a bet-hedging strategy (Garcia-Pastor
et al. 2018a; Sanchez-Romero and Casadesus
2021). Pleiotropic control of gene expression by
StdE and StdF may be also reminiscent of the
phase-variable regulons described later in this
chapter.
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Fig. 2.4 Model for
formation of StdOFF and
StdON lineages. In the
StdON lineage, StdE
disrupts autogenous
repression of hdfR
expression and increases
the HdfR level above a
critical threshold required
for std transcription. StdF is
a transcriptional
co-activator, which binds
an upstream site in the
std UAS
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In the above examples, DNA methylation
patterns generate cell-to-cell differences in gene
expression by promoting transcriptional

bistability in a reversible, programmed manner.
However, an example of Dam-dependent
bistability lacking programmed reversion is
found in the sci1 operon of E. coli (Brunet et al.
2011), and additional examples may exist.

Another feature that departs from classical
Dam-dependent bistability is found in genes
where Dam methylation produces cell-to-cell var-
iation by promoting graded transcription, perhaps
through enhancement of noise (Sanchez-Romero
et al. 2020). The possibility that the presence of
N6-methyladenine at or near promoters increases
noise may be supported by old observations
indicating that base methylation decreases the
thermodynamic stability of the double helix
(Engel and von Hippel 1978) and alters DNA
curvature (Diekmann 1987; Polaczek et al. 1998).

2.4 Phase Variable DNA Adenine
Methylation

A significant fraction, perhaps one-fifth, of
restriction-modification systems of types I and
III show phase-variable expression (Atack et al.



2018; Atack et al. 2020). In type III systems,
phase variation usually involves contraction or
expansion of short sequence repeats, generating
cell lineages with an active (ON) or an inactive
system (OFF) (Seib et al. 2020). In type I systems,
phase variation is often triggered by recombina-
tion, which causes switching in target specificity.
In either case, switching between OFF and ON
states or change in DNA methyltransferase speci-
ficity can alter gene expression in a pleiotropic
manner, producing a phase-variable regulon or
“phasevarion.” Only a modest survey of
phasevarions is made here as comprehensive
reviews have been published (Srikhanta et al.
2005, 2009b, 2010; Phillips et al. 2019; Seib
et al. 2020).
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Certain type III phasevarions conserve their
restriction-modification activity (Fox et al.
2007b); in others, however, the modification
gene (mod) remains active but the restriction
enzyme is inactivated by mutation. Whatever the
case, phase-variable synthesis of Mod
methyltransferase generates two subpopulations
of bacterial cells, one of which contains
N6-methyladenine in its genome while the other
subpopulation does not. As a consequence, each
lineage shows a distinct pattern of expression of
DNA methylation-sensitive loci (Srikhanta et al.
2005, 2009a, 2010).

A paradigm among type III restriction-
modification systems is the ModA phasevarion
of the respiratory pathogen Haemophilus
influenzae. More than twenty ModA alleles with
different target specificities have been described,
each controlling in a strain-specific manner the
expression of genes involved in virulence, eva-
sion of the immune system, antibiotic resistance,
and other adaptive traits (Atack et al. 2015).

Virulence-related phasevarions have been also
described in Neisseria meningitidis, an opportu-
nistic pathogen that can cause meningitis and
other pathologies, and in Neisseria gonorrheae,
the causative agent of gonorrhea. As above, Mod
alleles exist and each Mod variant controls the
expression of a distinct set of genes, whose num-
ber differs among variants (e.g., 250 in ModA11,
26 in ModA12, 54 in ModA13, etc.) (Srikhanta
et al. 2010; Seib et al. 2020). In N. gonorrhoeae,

lack of the ModA13 methyltransferase impairs
antimicrobial resistance, invasion of epithelial
cells, and biofilm formation (Srikhanta et al.
2009a). In turn, the N. gonorrhoeae NgoAXP
restriction-modification system controls biofilm
formation, adhesion to host cells and epithelial
cell invasion, and may regulate the transcription
of more than 100 genes (Kwiatek et al. 2015). In
many cases, it is not known whether phasevarion-
mediated control of transcription is direct or indi-
rect. An exception is found in Neisseria
meningitidis, where methylation of the 30 adenine
at 50ACGTAGG30 targets by ModA11
methyltransferase directly controls transcription
of the eda gene, which encodes Entner–
Doudoroff aldolase, an enzyme involved in glu-
cose catabolism to pyruvate (Jen et al. 2020).
Type III phasevarions, each with a distinct role
in virulence, have been also described in
Moraxella catarrhalis (Blakeway et al. 2014),
Helicobacter pylori (Bayliss et al. 2006;
Srikhanta et al. 2017b) and Kingella kingae
(Srikhanta et al. 2017a).

Even though the study of type III
phase-variable DNA methylation has been so far
centered on pathogenic species, bioinformatic
analysis predicts the existence of phasevarions
in environmental bacteria including E. coli and
Pseudomonas (Atack et al. 2018). A potential
involvement of type III phasevarions in bacterio-
phage resistance has been proposed (Atack et al.
2020).

Among type I phasevarions, a fascinating
example has been described in Streptococcus
pneumoniae, an opportunistic pathogen that
causes several types of acute infection including
pneumonia and meningitis (Weiser et al. 1994).
Switching occurs by homologous recombination
and produces six DNA methyltransferase variants
(Manso et al. 2014; De Ste Croix et al. 2017).
Each variant generates a distinct pattern of
genome methylation that gives rise to cell types
with distinct virulence properties. Formation of
such lineages may facilitate adaptation during
different stages of the infection (Manso et al.
2014; Li et al. 2016; Oliver et al. 2017).

A N6-methyladenine phasevarion involving a
restriction-modification system of the rare type



IIG (presumably derived from a type I system)
has been described in Campylobacter jejunii, and
a potential role in restriction of bacteriophage
replication has been proposed (Anjum et al.
2016).
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2.5 Additional Examples of DNA
Adenine Methylation

SMRT and nanopore sequencing, accompanied
by increasing refinement of bioinformatic
procedures, have identified active DNA
methyltransferase genes in numerous bacterial
genera (Blow et al. 2016; Beaulaurier et al.
2018; Atack et al. 2018; Anton and Roberts
2021). These studies remain at a descriptive
stage in most cases but exceptions exist. For
instance, DNA methylation is required for viru-
lence in the Gram-positive pathogen
Clostridioides difficile, where the lack of a soli-
tary DNA methyltransferase known as CamA
impairs sporulation and biofilm formation
(Oliveira et al. 2020). CamA methylates the 30

adenine of 50CAAAAA30 targets (Oliveira et al.
2020) and its catalytic mechanism presents the
unusual feature that SAM binds the enzyme
with low affinity (Zhou et al. 2021a). This trait
has raised the possibility of designing specific
inhibitors (Zhou et al. 2021b). Another example
of biomedical interest involves two DNA
methyltransferases of the opportunistic pathogen
Burkholderia caenocepacia, one solitary and the
other type III, each involved in control of particu-
lar virulence-related traits (Vandenbussche et al.
2020). An additional, noteworthy case involves
CtsM, an orphan DNA adenine methyltransferase
of the food poisoning pathogen Campylobacter
jejuni. Methylation of the 30 adenine of
50RAATTY30 sites by CtsM controls DNA dis-
crimination in natural transformation
(Beauchamp et al. 2017).

An intriguing connection between DNA
adenine methylation and virulence is found in
Mycobacterium tuberculosis. Strains of the
Euro-American lineage of M. tuberculosis harbor
a DNA adenine methyltransferase called MamA,
which is absent from strains of the Beijing

lineage. MamA methylation appears to control
survival in hypoxia, a stress condition found dur-
ing human infection and may regulate the expres-
sion of a number of M. tuberculosis genes (Shell
et al. 2013). A different DNA adenine
methyltransferase is found in the Beijing lineage,
suggesting that strain-specific differences in DNA
methylation might control lineage-specific
features, perhaps explaining differences in viru-
lence and transmissibility (Shell et al. 2013).

2.6 C5-Methylcytosine

A C5-methylcytosine methyltransferase known as
Dcm was described in E. coli several decades ago
and is present in other enteric bacteria (Marinus
1996). Dcm methylates the C5 position of internal
cytosine residues in 50CCAGG30 and 50CCTGG30

sites, and its existence has been a long-lasting
paradox (Marinus 1996; Marinus and Casadesus
2009). Hydrolytic deamination of C5-
methylcytosine produces thymine, generating T:
G mismatches. Even though enteric bacteria pos-
sess a repair system that restores C:G pairs before
replication, mutations due to C5-methylcytosine
deamination are frequent, especially in stationary
phase (Poole et al. 2001). Mutational hotspots are
thus created (Cherry 2018). The paradox is fur-
ther strengthened by the fact that the potential
benefits of C5-methylcytosine formation remain
a mystery as loss of Dcm does not have obvious
phenotypic consequences, at least under labora-
tory conditions (Marinus and Casadesus 2009).

Recent studies, however, suggest that Dcm
methylation may play physiological roles in
E. coli, perhaps of a subtle nature, including reg-
ulation of gene expression. E. coli dcm mutants
show increased expression of the sigma factor
RpoS (Kahramanoglou et al. 2012) and
overexpress a membrane protein involved in
ethidium bromide transport (Militello et al.
2014). However, it remains unclear whether con-
trol of transcription is direct or indirect.

In Helicobacter pylori, the JHP1050
C5-methylcytosine methyltransferase provides a
paradigm for transcriptional control by C5-
methylcytosine in prokaryotes. This enzyme



derives from an ancestral restriction-modification
system and its absence causes loss of adherence to
host cells, impaired competence for DNA uptake,
altered cell shape, and susceptibility to copper
(Estibariz et al. 2019). These phenotypes correlate
with altered patterns of gene expression, and tran-
scriptional control by C5-methylcytosine appears
to be direct (Estibariz et al. 2019).

2 DNA Methylation in Prokaryotes 35

Another H. pylori C5-methylcytosine
methyltransferase, HpyAVIBM, controls the
expression of genes involved in motility, adhe-
sion, and virulence but it has not been established
whether the effect is direct or indirect (Kumar
et al. 2012). Because DNA repeats are present in
the hpyAVIBM coding sequence, one may specu-
late that repeat expansion and/or contraction
might cause phase-variable expression, thus
forming a C5-methylcytosine phasevarion
(Kumar et al. 2012).

In Vibrio cholerae, an orphan C5-
methylcytosine methyltransferase known as
VhcM is necessary for optimal growth both
in vitro and during infection and modulates stress
responses. Transcriptome changes in vhcM dele-
tion mutants may be a consequence of direct
transcriptional control but indirect effects are
also conceivable (Chao et al. 2015).

2.7 N4-Methylcytosine

N4-methylcytosine produced by DNA
methyltransferases of restriction-modification
systems is scarce in most bacterial genomes
(Beaulaurier et al. 2018). Exceptions are thermo-
philic bacteria where the presence of N4-
methylcytosine may have selective value because
it is more resistant to heat-induced deamination
than C5-methylcytosine (Ehrlich et al. 1985).
Aside from its role in protection from restriction,
the biological functions of N4-methylcytosine
remain largely unknown. An exception is found
in a strain of Helicobacter pylori where deletion
of a solitary DNA methyltransferase that
introduces a methyl group at the N4 position in
the 50 C of 50TCTTC30 motifs alters the expres-
sion of over one hundred genes and results in
pleiotropic virulence defects (S. Kumar et al.

2018). As in other studies discussed above, tran-
scriptional control may be direct or indirect
(S. Kumar et al. 2018).

2.8 Biomedical
and Biotechnological
Applications of Dam
Methylation

Because attenuation of virulence in DNA
methyltransferase mutants is widespread among
human pathogens, one can consider the possibil-
ity of using DNA methyltransferase inhibitors as
antibacterial drugs (Marinus and Casadesus
2009). Such drugs have been already described
for the DNA adenine methyltransferases CcrM
and Dam (Benkovic et al. 2005; Mashhoon et al.
2006). In pathogens in which DNA methylation
controls virulence but is not essential, inhibitors
can be expected to attenuate virulence by
transforming wild-type bacteria into phenocopies
of DNA methyltransferase mutants. In principle,
such drugs should be harmless for the host
because N6-methyladenine is rare, if not absent,
in mammalian cells (Ratel et al. 2006; Xiao et al.
2018; Douvlataniotis et al. 2020). However, the
effects of DNA methylation inhibitors on the
normal intestinal microbiome cannot be
predicted, and experimental tests have not yet
been reported. If DNA methyltransferase
inhibitors pass such tests, they may be advanta-
geous over bactericidal antibiotics because the
absence of lethal selection can be expected to
reduce the frequency of resistance mutations. In
the case of Dam methyltransferase inhibitors,
another therapeutic use might be the enhancement
of the efficacy of antibiotics (Cohen et al. 2016).
Lack of Dam methylation increases the bacteri-
cidal activity of β-lactams because exposure to
the antibiotic causes oxidative damage, which
induces the SOS response including error-prone
DNA repair. As a consequence, mismatches are
produced. In the absence of DNA strand discrim-
ination, the MutHLS mismatch repair system
generates double-strand breaks (Iyer et al. 2006).
Such breaks further activate the SOS response,
thus generating a toxic feedback loop that



potentiates the lethal action of the antibiotic
(Cohen et al. 2016). Another therapeutic strategy
based on DNA methylation envisages the use of
bacteriophages that encode DNA
methyltransferases in phage therapy, in the hope
that methylation of the phage genome will delay
the killing of the incoming phage by host
restriction-modification systems (Murphy et al.
2013).
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Application of DNA to synthetic biology is
another emerging field. Synthetic memory
devices able to store information in the form of
CcrM-dependent methylation patterns have been
described in E. coli (Maier et al. 2017; Klingel
et al. 2021). Other studies have used either CcrM
or Dam methylation to build biological sensors.
Examples include a CcrM methylation-based tet-
racycline sensor (Ullrich et al. 2020) and Dam
methylation-dependent switches aimed to pro-
mote the formation of bacterial subpopulations
with predetermined sizes (Olivenza et al. 2019)
and to detect the presence of bacteriophages in
environmental samples (Olivenza et al. 2020). A
side benefit of synthetic biology manipulations is
that they sometimes reveal subtle, previously
overlooked traits of the biological system under
study (Olivenza et al. 2019). Following Richard
Feynman’s dictum, “What I cannot create I do not
understand,” use of DNA methylation in syn-
thetic biology can thus be expected to reveal
hitherto unknown aspects of DNA methylation
biochemistry.
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Dnmt3a, and Dnmt3b DNA
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Abstract

In mammals, three major DNA
methyltransferases, Dnmt1, Dnmt3a, and
Dnmt3b, have been identified. Dnmt3a and
Dnmt3b are responsible for establishing DNA
methylation patterns produced through their de
novo-type DNA methylation activity in
implantation stage embryos and during germ
cell differentiation. Dnmt3-like (Dnmt3l),
which is a member of the Dnmt3 family but
does not possess DNA methylation activity,
was reported to be indispensable for global
methylation in germ cells. Once the DNA
methylation patterns are established,
maintenance-type DNA methyltransferase
Dnmt1 faithfully propagates them to the next
generation via replication. All Dnmts possess

multiple domains. For instance, Dnmt3a and
Dnmt3b each contain a Pro-Trp-Trp-Pro
(PWWP) domain that recognizes the histone
H3K36me2/3 mark, an Atrx-Dnmt3-Dnmt3l
(ADD) domain that recognizes unmodified
histone H3 tail, and a catalytic domain that
methylates CpG sites. Dnmt1 contains an
N-terminal independently folded domain
(NTD) that interacts with a variety of regu-
latory factors, a replication foci-targeting
sequence (RFTS) domain that recognizes the
histone H3K9me3 mark and H3
ubiquitylation, a CXXC domain that
recognizes unmodified CpG DNA, two tan-
dem Bromo-Adjacent-homology (BAH1 and
BAH2) domains that read the H4K20me3
mark with BAH1, and a catalytic domain that
preferentially methylates hemimethylated
CpG sites. In this chapter, the structures and
functions of these domains are described.
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DMR Differentially methylated region
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ES cells Embryonic stem cells
ICF
syndrome

Immunodeficiency, centromeric
instability, and facial anomalies
syndrome

NTD The N-terminal independently
folded domain

RFTS
domain

Replication foci-targeting sequence
domain

SAH S-Adenosyl-L-homocysteine
SRA
domain

The SET and RING-associated
domain

TDG Thymine DNA glycosylase
Tet
enzyme

Ten-eleven translocation enzyme

TRD Target recognition domain

3.1 DNA Methylation
and Methyltransferases
in Mammals

The methylation patterns of genomic DNA are
established at an early stage of embryogenesis.
Once the global methylation patterns are
established, they are maintained during replica-
tion in a cell lineage-dependent manner
(Fig. 3.1a). In mammals, a second methylation
reprogramming occurs in gametogenesis. The
global DNA methylation patterns are removed
during an early stage of germ cell development
and reestablished before meiosis in gonocytes in
males and growing oocytes in females (Bird
2002). The expression of more than a hundred
genes on autosomes is regulated in a
sex-dependent manner, these genes being called
imprinted genes. These genes are characterized
by differentially methylated regions (DMRs),
which undergo distinct DNA methylation in the
male and female genomes. Generally, the DMR
methylation patterns are established in germ cells
at an identical stage to that of global DNA meth-
ylation (Kaneda et al. 2004). In mammals, three
major DNA methyltransferases, Dnmt1, Dnmt3a,
and Dnmt3b, have been identified (Bestor et al.
1988; Okano et al. 1998). Dnmt3a and Dnmt3b
are responsible for establishing DNA methylation

patterns produced through their de novo-type
DNA methylation activity in implantation stage
embryos and during germ cell differentiation
(Okano et al. 1999). In addition, Dnmt3c, an
enzyme closely related to Dnmt3b, methylates
evolutionarily young transposons in the mouse
male germ line (Barau et al. 2016; Jain et al.
2017). Dnmt3-like (Dnmt3l), which is a member
of the Dnmt3 family but does not possess DNA
methylation activity, was reported to be indis-
pensable for global methylation in germ cells
(Bourc’his et al. 2001; Hata et al. 2002). Once
the DNA methylation patterns are established, the
maintenance-type DNA methyltransferase Dnmt1
faithfully propagates them to the next generation
after DNA replication. Dnmt1 preferentially
methylates hemimethylated CpG sites, which
appear after DNA replication and repair.

3.2 Enzymes Responsible
for the Establishment of DNA
Methylation Patterns

In mammals, the establishment of DNA methyla-
tion patterns is mainly mediated by the de novo
DNA-(cytosine C5)-methyltransferases Dnmt3a
and Dnmt3b, which are encoded in distinct gene
loci (Aoki et al. 2001; Okano et al. 1999). Their
domain arrangements are similar, each compris-
ing a Pro-Trp-Trp-Pro (PWWP), Atrx-Dnmt3-
Dnmt3l (ADD), and C-terminal catalytic domain
(Fig. 3.1b). The PWWP domain is reported to
bind to DNA (Qiu et al. 2002) and histone tails
(Dhayalan et al. 2010) and the ADD domain to
interact with various proteins including histone
tails, as described below (Brenner et al. 2005;
Fuks et al. 2001; Otani et al. 2009). In addition,
Dnmt3a isoform 1 (Dnmt3a1) contains a
ubiquitin-dependent recruitment region (UDR)
that binds to monoubiquitylated histone H2A
lysine 119 (H2AK119ub) (Fig. 3.1b) (Weinberg
et al. 2021). Dnmt3l, a homolog of Dnmt3a and
Dnmt3b, possesses no conserved domain for
DNA methylation but contains an ADD domain
(Aapola et al. 2000) and is necessary for global



DNA methylation (Bourc’his et al. 2001; Hata
et al. 2002).
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Fig. 3.1 Schematic illustration of establishment and
maintenance of DNA methylation patterns. (a) The meth-
ylation patterns of genomic DNA are established at an
early stage of embryogenesis by de novo-type DNA
methyltransferases, Dnmt3a and Dnmt3b, with the aid of
Dnmt3l. Once the global methylation patterns are
established, they are maintained during replication by
maintenance DNA methyltransferase Dnmt1 in

collaboration with Uhrf1 in a cell lineage-dependent man-
ner. (b) Schematic illustration of mammalian DNA
methyltransferases, Dnmt1, Dnmt3a, and Dnmt3b.
Dnmt3a has a short isoform utilizing different promoter
and a transcription start site, Dnmt3a2. Dnmt3l, a member
of the Dnmt3 family, lacks the catalytic domain and thus
does not exhibit DNA methylation activity

3.2.1 PWWP Domain

The PWWP domain of Dnmt3 enzymes, compris-
ing 100–150 amino acid residues, is characterized
by a central core sequence motif of Pro-Trp-Trp-
Pro. It was hypothesized that the domain
contributes to protein–protein interactions, espe-
cially of proteins involved in cell division,
growth, and differentiation, based on a compari-
son of 39 proteins containing a PWWP domain
(Stec et al. 2000). The PWWP domains of

Dnmt3a and Dnmt3b tether them to chromatin
regions (Ge et al. 2004), especially to pericentric
heterochromatin and thus are responsible for their
DNA methylation (Chen et al. 2004).

The PWWP domain of Dnmt3b, comprising a
beta-barrel structure with 5 beta-strands followed
by a five-helix bundle, turned out to be a fold
responsible for DNA binding (Qiu et al. 2002).
Positively charged Lys and Arg residues on the
surface of the domain are expected to be the sites
for DNA binding. The beta-barrel part of the
PWWP domain is homologous to that of the
SAND domain (named after Sp100, AIRE-1,
NucP41/75, DEAF-1), which is a DNA-binding
motif, and the Tudor domain, which is generally a



histone-binding motif. The PWWP domain of
Dnmt3b binds to histone H3 tri-methylated at
lysine 36 (H3K36me3) via a hydrophobic cage
(Fig. 3.2a) (Rondelet et al. 2016), which is
responsible for the recruitment of Dnmt3b, but
not that of Dnmt3a, to the H3K36me3-containing
gene body for de novo methylation (Baubec et al.
2015). A point mutation in the PWWP domain in
Dnmt3b was found to be the cause of the immu-
nodeficiency, centromeric instability, and facial
anomalies (ICF) syndrome (Shirohzu et al.
2002), which is the consequence of
hypomethylation of the pericentromere (Hansen
et al. 1999; Okano et al. 1999).
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The PWWP domain of Dnmt3a is highly
homologous to that of Dnmt3b, possessing a
corresponding hydrophobic cage (Fig. 3.2b).
The Dnmt3a PWWP domain binds to both
H3K36me2 and H3K36me3, with a subtle prefer-
ence toward H3K36me2 (Dhayalan et al. 2010;
Dukatz et al. 2019; Weinberg et al. 2019). The
PWWP-H3K36me2 interaction ensures DNA
methylation at the intergenic repeats (Weinberg
et al. 2019). The PWWP domain of Dnmt3a also
binds to DNA, which is important for chromatin
association of Dnmt3a, though the affinity toward
DNA is one order of magnitude lower compared
to that of the PWWP domain of Dnmt3b (Dukatz
et al. 2019; Purdy et al. 2010).

ZHX1, a member of the zinc finger and
homeobox protein family, interacts with the
PWWP domain of Dnmt3b and contributes to
gene silencing (Kim et al. 2007). In addition,
thymine DNA glycosylase (TDG), which is a
T/G mismatch glycosylase, interacts with the
PWWP and/or catalytic domains of Dnmt3a to
modulate its DNA methylation activity. TDG
was postulated to be responsible for the removal
of formylcytosine and carboxylcytosine, which
are the oxidation products of methylcytosine via
hydroxymethylcytosine for active demethylation
initiated by Ten-eleven translocation (Tet)
enzymes (He et al. 2011; Maiti and Drohat
2011). The interaction between TDG and
Dnmt3a suggests their functional interplay.

3.2.2 ADD Domain

The plant homeodomain (PHD)-like ADD
domain is rich in Cys residues and reportedly
binds to many factors. The ADD domain of
Dnmt3a was reported to bind to corepressor
RP58 (Fuks et al. 2001), oncogene c-myc
(Brenner et al. 2005), Lys 9 histone H3 (H3K9)
methylase Suv39h1 and heterochromatin protein
1 (HP1) beta (Fuks et al. 2003), H3K9 methylase
Setdb1 (Li et al. 2006), or histone H3
un-methylated at Lys 4 (H3K4me0) (Otani et al.
2009; Zhang et al. 2010).

The three-dimensional structure of the ADD
domain of Dnmt3a is similar to those of Dnmt3l
and ATRX (Argentaro et al. 2007; Ooi et al.
2007) (Fig. 3.2c) and possibly Dnmt3b as well
(Zhang et al. 2010). The affinity of the ADD
domain of Dnmt3a to histone H3 tail is in the
sub-micromolar range and is decreased by meth-
ylation modification at Lys 4 (Otani et al. 2009).
This explains why the H3K4me3, which is a mark
associated with active gene promoters, protects
DNA from methylation (Okitsu and Hsieh 2007;
Weber et al. 2007). X-ray crystallography showed
that the histone H3 tail fits into the shallow
groove of the PHD finger motif in the ADD
domain. The main chain of Arg 2 to Thr 6 of
histone H3 forms hydrogen bonds with the
ADD, and this induces a conformational change
of the ADD (Otani et al. 2009). The mode of
recognition of the H3K4me0 by the ADD domain
of Dnmt3a is similar to that of Dnmt3l (Fig. 3.2d),
although the affinity is tenfold higher. As
described below, Dnmt3l interacts directly with
Dnmt3a and Dnmt3b (Suetake et al. 2004), and
the proteins exist as a complex in embryonic stem
(ES) cells (Li et al. 2007). Selective recognition of
H3K4me0 by the ADD domains of Dnmt3a
(Dnmt3b) and Dnmt3l may recruit de novo
methyltransferases to the sites to be methylated.
Conversion of the Dnmt3a ADD domain into a
H3 Lys 4 methylation or H3 Thr 3 phosphoryla-
tion-insensitive module via protein engineering
led to altered gene expression and/or



chromosome instability in mouse ES cells (Noh
et al. 2015), confirming the contribution of the
ADD domain to Dnmt3 targeting and function.
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Fig. 3.2 Structures of the PWWP and ADD domains of
Dnmt3s. (a) Ribbon diagram of the human DNMT3B
PWWP domain bound to a H3K36me3 peptide (orange
sticks), with the H3K36me3-binding cage shown in stick
representation. (b) Ribbon diagram of the human
DNMT3A PWWP domain, with the potential
H3K36me2-binding cage shown in stick representation.

(c, d) Ribbon diagram of the ADD domain of human
DNMT3A (PDB accession number 3A1B) (c) and
human DNMT3L (PDB accession number 2PVC) (d)
bound to a histone H3 peptide (orange sticks). The
H3-interacting residues are conserved in Dnmt3l and
Dnmt3a. The zinc ions are shown in sphere representation

Interestingly, the ADD domain of Dnmt3a is
located at a position that inhibits the accession of
substrate DNA to the catalytic domain (Guo et al.
2015). The binding of the N-terminal tail of his-
tone H3 induces rearrangement of the ADD
domain to change its position to the one that
DNA can access. Enhancement of de novo

methylation at the chromatin region enriched in
nucleosomes containing H3K4me0 reported pre-
viously (Li et al. ; Zhang et al. ) may be
well explained by the conformational rearrange-
ment of the ADD domain positioning (Guo et al.

) (Fig. ). It will be important to determine
whether or not other factors that are reported to
interact with the ADD domain of Dnmt3a or
Dnmt3b induce similar rearrangement of the
enzyme to enhance de novo DNA methylation
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activity, or rather reinforce ADD-mediated inhi-
bition, as reported for methyl CpG binding pro-
tein 2 (MeCP2) (Rajavelu et al. 2018).

50 S. Tajima et al.

Fig. 3.3 Autoinhibition of DNMT3A by the ADD
domain and histone H3 tail-induced activation of DNA
methylation activity. (a) Ribbon illustrations of the struc-
ture of the complex of the catalytic domain with the ADD
domain of Dnmt3a and the C-terminal half of Dnmt3l
without (upper) or with (lower) a histone H3 tail. The
catalytic domain is shown in magenta, the ADD domain
in cyan, and the C-terminal region of Dnmt3l in gray. S-
Adenosyl-L-homocysteine (SAH) is in yellow and the
histone H3 tail in red. In the absence of a histone H3 tail,

substrate DNA cannot gain access to the catalytic center as
the ADD domain is in a position that inhibits the DNA
binding (autoinhibitory form; PDB accession number
4U7P). The addition of a histone H3 tail (red) drastically
changes the position of the ADD domain to one that allows
accession of DNA to the catalytic center (active form;
PDB accession number 4U7T). (b) Superimposition of
the active and autoinhibitory forms. The dotted arrow
indicates the movement of the ADD domain from the
histone H3 tail free to the bound form

3.2.3 Catalytic Domain

In the catalytic domains of Dnmt3a and Dnmt3b,
ten motifs characteristic of DNA-(cytosine C5)-
methylation activity are conserved (Kumar et al.
1994). Dnmt3a and Dnmt3b interact through their
catalytic domains with the C-terminal domain of
Dnmt3l, and this interaction enhances de novo

DNA methylation activity (Chen et al. ;
Suetake et al. ). The crystal structure of the
catalytic domain of Dnmt3a in complex with the
C-terminal domain of Dnmt3l has been deter-
mined (Jia et al. ). It is a heterotetramer
comprising two Dnmt3a molecules in the center
and one Dnmt3l molecule at each edge (Fig. )
(Jia et al. ; Jurkowska et al. ). The
association of two Dnmt3a catalytic subunits in
the center of the heterotetramer presumably
increases the affinity for substrate DNA and is
therefore crucial for DNA methylation activity.
In the absence of Dnmt3l, however, Dnmt3a
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tends to polymerize using the same interaction
surface as Dnmt3l. As the two interaction
surfaces of Dnmt3a that cause polymerization
contribute to its heterochromatin formation, it
was proposed that the formation of the complex
with Dnmt3l may promote releasing Dnmt3a
from heterochromatin and facilitates Dnmt3a
access to the substrate DNA (Jurkowska et al.
2011). It was also proposed that this inhibition
of polymerization of Dnmt3a by Dnmt3l can be
the underlying mechanism for the enhancement
of DNA methylation activity of Dnmt3a
(Jurkowska et al. 2011), especially in germ line
cells to increase Dnmt3a availability and DNA
methylation activity for the generation of global
DNA methylation (Bourc’his et al. 2001; Hata
et al. 2002; Kaneda et al. 2004). The association
of Dnmt3a with Dnmt3l also serves to stabilize
Dnmt3a in mouse ES cells (Veland et al. 2018).
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The structures of the C-terminal domains of
human DNMT3A-DNMT3L and DNMT3B-
DNMT3L tetramers in complex with CpG DNA
have been reported (Fig. 3.4a) (Anteneh et al.
2020; Gao et al. 2020b; Lin et al. 2020; Zhang
et al. 2018). For the DNMT3A-DNMT3L-DNA
complex, the two DNMT3A molecules bind to a
single DNA duplex containing two separate
CpG/ZpG (“Z” denotes zebularine) sites with
14bp interval, with the base of each zebularine
flipped into the active site of DNMT3A, where it
is stabilized via a covalent linkage with catalytic
cysteine C710 and hydrogen-bonding
interactions. Structural analysis of the
DNMT3A-DNMT3L-DNA complexes reveals
three major DNA-binding regions of DNMT3A:
the catalytic loop (residues G707-K721), a loop
(residues R831-F848) from the target recognition
domain (TRD), and the DNMT3A/3A interface.
The catalytic loop interacts with the DNA minor
groove, the TRD loop interacts with the DNA
major groove, while the DNMT3A/3A interface
interacts with the DNA backbone of the segment
bridging the two CpG sites. The substrate binding
promotes the structural ordering of the TRD loop.
Structural comparison of the CGT- and
CGA-bound DNMT3A-DNMT3L complex fur-
ther reveals that both the CpG recognition and the
intramolecular interaction between the TRD loop

and the DNMT3A/3A interface occur in a
context-dependent fashion: In the DNMT3A-
DNMT3L-CGT DNA complex, the side chain
of R882 forms hydrogen bonds with both the
backbone and the side chain of S837, which
stabilizes the TRD loop, wherein R836 forms a
direct hydrogen bond with the CpG guanine
(G6) (Fig. 3.4b). However, the hydrogen bonding
interaction between R882 and the backbone of
S837 is disrupted in the DNMT3A-DNMT3L-
CGA DNA complex. Meanwhile, TRD loop resi-
due N838 replaces R836 to form a hydrogen bond
with G6, while R836 is repositioned toward the
+1- and +2-flanking nucleotides for hydrogen-
bonding and van der Waals contacts (Fig. 3.4c).
No protein-DNA interaction was observed for the
C-terminal domain of DNMT3L. The 14bp
co-methylation spacing of the DNMT3A-
DNMT3L complex was supported by a
subsequent biochemical analysis (Gao et al.
2020a). However, its functional implication
remains unclear.

The structures of human DNMT3B-
DNMT3L-DNA complexes are highly similar to
those of the DNMT3A-DNMT3L-DNA
complexes (Fig. 3.4a). Nevertheless, the catalytic
loop, the TRD loop, and the DNMT3B/3B inter-
face all exhibit subtle differences in DNA
contacts. First, the central interface of both cata-
lytically active subunits engages in fewer DNA
contacts in the DNMT3B-DNMT3L-DNA
complexes than it does in the DNMT3A-
DNMT3L-DNA complexes. Second, unlike
DNMT3A R882 which is hydrogen bonded to
the backbone of the TRD loop in the CGT com-
plex, the corresponding DNMT3B R823 points
away from the TRD loop in both CGT and CGA
complexes (Fig. 3.4d,e). Third, unlike DNMT3A
which interacts with the CpG site via R836 in the
CGT complex but N838 in the CGA complex,
DNMT3B interacts with the CpG site via an
asparagine (N779)-mediated hydrogen bond
regardless of the CGT or CGA context. Finally,
a side-chain hydrogen bond is formed between
DNMT3B N656 and R661 in the DNMT3B-
DNMT3L-DNA complexes but not in the
corresponding sites in the DNMT3A-DNMT3L-
DNA complexes, due to the substitution of
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Fig. 3.4 Dnmt3a and Dnmt3b show similar but distinct
substrate recognition mechanisms. (a) Structural overlay
of human DNMT3A and DNMT3B catalytic domains
covalently bound to ZpGpT/ApCpG (denoted as CGT)
DNA. The SAH molecules are shown in ball-and-stick
representation. (b, c) Close-up view of the CpG-specific

interaction by human DNMT3A TRD-loop residues in the
context of CGT (b) and CGA (c) motif. The hydrogen
bonds are shown as dashed lines. (d, e) Close-up view of
the CpG-specific interaction by human DNMT3B
TRD-loop residues in the context of CGT (d) and CGA
(e) motif

DNMT3B N656 with DNMT3A I715. Consistent
with these structural observations, biochemical
and cellular analyses revealed distinct CpG spec-
ificity and flanking sequence preferences between
Dnmt3a and Dnmt3b (Gao et al. ; Lee et al.

2017; Lin et al. ; Lister et al. , ;
Wienholz et al. ), providing an explanation
to their overlapped but distinct functionality dur-
ing development (Okano et al. ). For
instance, the fact that Dnmt3b prefers a purine,
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whereas Dnmt3a prefers a pyrimidine, in the +1-
flanking site explains why Dnmt3b-associated
ICF mutations lead to pronounced
hypomethylation of satellite II repeat, which is
enriched with the CGA motif (Prosser et al.
1986).

3 Domain Structure of the Dnmt1, Dnmt3a, and Dnmt3b DNA Methyltransferases 53

The activity of Dnmt3a is also regulated by
isoform 3 of Dnmt3b (Dnmt3b3), an inactive
form of Dnmt3b, in somatic cells (Duymich et al.
2016). The cryo-EM structure of Dnmt3a2 in com-
plex with Dnmt3b3 and nucleosome reveals that
the C-terminal domain of Dnmt3b3 associates with
the catalytic domain of Dnmt3a in a similar manner
as the Dnmt3a-Dnmt3l complex (Xu et al. 2020).
Furthermore, an interaction was identified between
Dnmt3b3 and the acidic patch of the nucleosome,
which regulates the Dnmt3a2-mediated DNA
methylation in cells (Xu et al. 2020).

3.2.4 Functions of Other Regions

An N-terminal sequence upstream of the PWWP
domain, present in Dnmt3a1 but not in the
Dnmt3a2 isoform, strongly binds to DNA. This
contributes to the DNA methylation activity and
localization of the enzyme in nuclei (Suetake
et al. 2011). As mentioned earlier, this region
also contains a UDR domain that binds to
H2AK119ub, which mediates the recruitment of
Dnmt3a1 to H2AK119Ub-decorated genomic
regions (Weinberg et al. 2021). The N-terminal
sequence of Dnmt3b, which exhibits no homol-
ogy with that of Dnmt3a, binds to centromere
protein C (CENP-C). CENP-C is a constitutive
centromere component and is necessary for mito-
sis. It was proposed that CENP-C recruits
Dnmt3b to both centromeric and pericentromeric
satellite repeats to methylate these regions
(Gopalakrishnan et al. 2009). Moreover, it was
reported that an Arg residue in the N-terminal
region of Dnmt3a undergoes citrullination by
peptidylarginine deiminase 4 (PADI4), which
stabilizes Dnmt3a and increases the DNA meth-
ylation level of the promoter of the p21 gene
(Deplus et al. 2014). Moreover, Dnmt3b binds
to NEDD8 (neuronal precursor cell-expressed
developmentally down-regulated protein 8),

which is a small ubiquitin-like protein, through
the region between the ADD and catalytic
domains. NEDD8-modified Cullin 4A
(CUL4A), which is essential for repressive chro-
matin formation, binds to Dnmt3b as well
(Shamay et al. 2010).

3.2.5 Factors That Guide Dnmt3
to the Regions to Be
Methylated

There have been several reports on the factors
bringing Dnmt3 enzymes to specific sequences
such as gene promoters. This mechanism is
supported by the observation that a short DNA
sequence (methylation-determining region,
MDR) can determine the DNA methylation state
(Lienert et al. 2011). Sequence-specific
DNA-binding proteins may recognize such a
sequence. For example, Dnmt3a binds to the
corepressor complex of PR48 (regulatory subunit
of protein phosphatase 2A)/HDAC1 (histone
deacetylase 1) or proto-oncogene c-Myc through
the ADD domain (Brenner et al. 2005; Fuks et al.
2001). Dnmt3b is reported to be tethered to the
centromeric and pericentromeric heterochromatin
regions through interaction with CENP-C to
methylate the regions (Gopalakrishnan et al.
2009). Both Dnmt3a and Dnmt3b cooperate
with EVI1 (oncogene product) to bind and meth-
ylate the expression-controlling region of miRNA
124–3 (Senyuk et al. 2011). Moreover, it was
reported that noncoding RNA is involved in the
targeting of Dnmt3b to de novo methylation sites.
Promoter-associated RNA (pRNA), which binds
the promoter of rRNA coding genes and forms a
DNA/RNA triplex, recruits Dnmt3b to its target
regions (Schmitz et al. 2010). However, it was
also reported that the DNA/RNA heteroduplex
rather inhibits the de novo methylation activities
of both Dnmt3a and Dnmt3b in vitro (Ross et al.
2010).

In addition to the direct interaction with a
DNA-binding protein or RNA, indirect interac-
tion with the factors that bind to sequence-specific
DNA-binding proteins has been reported. The
Krüppel-associated box (KRAB) zinc finger



protein family, which determines target regions
for methylation, comprising more than 300 genes
(Liu et al. 2013), is an example. ZFP57, a KRAB
zinc finger protein, binds to DNA in a sequence-
specific manner and plays crucial roles in the
establishment and maintenance of the methyla-
tion of imprinted genes through interaction with
Tripartite motif containing 28 (Trim28,
a.k.a. KAP1 or TIF1β) (Quenneville et al. 2011,
2012). Trim28 interacts with Dnmt3a, Dnmt3b,
and Dnmt1 (Zuo et al. 2012) and acts as a scaffold
to guide Dnmts to a variety of target sequences
utilizing sequence-specific binding of KRAB zinc
finger proteins. As a similar example, NEDD8,
which is a ubiquitin-like small protein modifier,
acts as a tag in guiding Dnmt3b to NEDDylated
proteins (Shamay et al. 2010). The main target of
NEDDylation is Cullin, which plays a role in
heterochromatin formation.
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However, the recruitment of Dnmt3a to spe-
cific genomic regions does not always introduce
DNA methylation. Although Dnmt3a is recruited
to a target sequence by Ezh2 (enhancer of zeste
homolog 2), a component of polycomb repressive
complex 2 (PRC2) (Rush et al. 2009); MBD3
(methyl-CpG binding domain protein 3), an
intrinsic component of corepressor complex
NuRD (nucleosome remodeling deacetylase);
Brg1 (Brahma-related gene-1), an ATPase sub-
unit of Swi/Snf chromatin remodeling factor
(Datta et al. 2005); or p53 (Wang et al. 2005),
this recruitment does not affect the DNA methyl-
ation state of the target regions.

3.2.6 Correlation Between de novo
DNA Methylation and Histone
Modifications

The histone tail modifications directly recruit de
novo-type Dnmt3a or Dnmt3b to the site of DNA
methylation. As described above, the PWWP
domain of Dnmt3a recognizes H3K36me2/
H3K36me3 to enhance the DNA methylation
activity (Dhayalan et al. 2010; Weinberg et al.
2019), and the ADD domain binds H3K4me0
(Li et al. 2011; Otani et al. 2009) to enhance the

DNA methylation activity (Li et al. 2011). The
histone H3 tail with K4me3 inhibits DNA meth-
ylation by Dnmt3a (Li et al. 2011; Zhang et al.
2010), protecting H3K4me3-rich regions from
DNA methylation. Dnmt3l, a member of the
Dnmt3 family with no methylation activity, also
contains an ADD domain and recognizes
H3K4me0 (Ooi et al. 2007), as described above.
H3K4me0 recruits and activates the Dnmt3a and
Dnmt3l de novo methyltransferase complex to
methylate the genome. In addition, the PWWP
domains of Dnmt3a and Dnmt3b are reported to
be a motif for DNA binding (Purdy et al. 2010;
Qiu et al. 2002) and bringing Dnmt3a or Dnmt3b
to heterochromatin (Chen et al. 2004; Ge et al.
2004). Thus, the PWWP in the amino-terminal
half of Dnmt3a or Dnmt3b is one of the
determinants of methylation-site targeting.
Trim28, which is reported to interact directly
with Dnmt3a (Zuo et al. 2012), also interacts
with Setdb1, a histone H3K9 methyltransferase,
and HP1 (Matsui et al. 2010), which recognizes
H3K9me2/3.

3.3 Enzymes Responsible
for the Maintenance of DNA
Methylation Patterns

Dnmt1 is mainly responsible for maintaining
DNA methylation patterns during replication or
after DNA damage repair. Dnmt1 is a large mole-
cule, comprising ~1,600 amino acid residues.
Dnmt1 is composed of several domains: the
N-terminal independently folded domain (NTD),
replication foci-targeting sequence (RFTS)
domain, CXXC domain, two bromo-adjacent-
homology (BAH1 and BAH2) domains, and the
catalytic domain (Fig. 3.1b). The domains are
folded almost independently and interact with
each other to form a functional DNA
methyltransferase. The three-dimensional
structures of mouse and human Dnmt1 with all
the domains except for the NTD have been
reported (Takeshita et al. 2011; Zhang et al.
2015).
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3.3.1 NTD

The NTD of mouse Dnmt1 comprising amino
acids (aa) 1–248 folds independently (Suetake
et al. 2006). This domain functions as a binding
platform for the factors that regulate the Dnmt1
function. The 1–118 aa sequence in the NTD,
which is a typical coiled-coil structure and is
lacking in the oocyte-specific Dnmt1 isoform
(Gaudet et al. 1998; Mertineit et al. 1998), binds
Dnmt1 associated protein 1 (DMAP1), which is a
factor that represses transcription by cooperating
with histone deacetylase HDAC2. DMAP1 binds
to Dnmt1 at replication foci to assist the mainte-
nance of the heterochromatin state as well
(Rountree et al. 2000).

Proliferating cell nuclear antigen (PCNA),
which binds DNA polymerase δ and other factors
related to replication, is a prerequisite factor for
replication. PCNA binds to the 160–178 aa
sequence of mouse Dnmt1 (Chuang et al. 1997;
Jimenji et al. 2019). The binding helps Dnmt1
maintain the methylation profile of the daughter
DNA (Chuang et al. 1997) and recruits Dnmt1 to
replication foci at the early and middle stages of
the S-phase (Egger et al. 2006; Schermelleh et al.
2007). Therefore, it is thought to be involved in
the replication-dependent DNA methylation pro-
cess. However, the NTD domain containing the
PCNA-binding motif is dispensable for the main-
tenance of the differentially methylated regions
(DMRs) of imprinted genes, at least in ES cells
(Garvilles et al. 2015). The cell-cycle regulating
Rb protein is also reported to bind to the NTD
(Robertson et al. 2000).

Interestingly, many epigenetic factors that may
contribute to the formation and maintenance of
heterochromatin are reported to bind to the NTD.
De novo-type DNA methyltransferases Dnmt3a
and Dnmt3b (Kim et al. 2002), heterochromatin-
binding protein beta (HP1 beta) that selectively
recognizes H3K9me2/3 (Fuks et al. 2003), and
G9a that specifically methylates H3K9 (Esteve
et al. 2006) bind to the NTD. All these interacting
factors are related to the formation of heterochro-
matin, indicating that maintenance-type DNA
methyltransferase Dnmt1 is tightly linked to his-
tone methylation modification.

Although its function is not known, the NTD
binds to cyclin-dependent kinase-like 5 (CDKL5)
(Kameshita et al. 2008) and casein kinase
(Sugiyama et al. 2010) and undergoes phosphor-
ylation. The CDKL5 is reported to be a causative
kinase for Rett syndrome. Rett syndrome is
known to be caused mainly by a mutation in the
MeCP2 gene, of which the translation product
specifically binds to methylated DNA and is a
component of the corepressor complex. An
impairment of the interaction between Dnmt1
and CDKL5 may contribute to the pathogenic
process of Rett syndrome (Kameshita et al.
2008). Casein kinase 1 also interacts with the
NTD. Phosphorylation with casein kinase
1 inhibits the DNA-binding activity of the NTD
(Sugiyama et al. 2010). The function of the
N-terminal region, which is a platform for the
regulatory factors of Dnmt1, also seems to be
regulated by different types of kinases (Esteve
et al. 2011; Lavoie et al. 2011; Lavoie and
St-Pierre 2011).

In addition, the NTD contains the
DNA-binding 119–197 aa sequence, which
overlaps with the PCNA-binding motif. The
sequence contains an AT-hook-like motif and
binds to the minor groove of AT-rich DNA. The
DNA binding competes with the PCNA binding.
Arg 133 and 136 in the sequence are crucial for
the DNA-binding activity (Suetake et al. 2006). It
has been proposed that this DNA-binding activity
of the N-terminal domain contributes to the local-
ization of Dnmt1 to AT-rich genome regions such
as Line1, satellite, and the promoter of tissue-
specific silent genes to maintain the fully
methylated state of the repaired region that is
hemimethylated (Suetake et al. 2006).

After the NTD, a flexible linker follows. Par-
tial digestion with proteases can release the NTD
1–248 aa and the C-terminal part 291–1620 aa
sequences (Suetake et al. 2006). According to the
crystal structure of mouse Dnmt1 291–1620 aa,
the structure of the RFTS domain has been deter-
mined after Pro 357 (Takeshita et al. 2011). The
sequence starting from 249 to 356 aa seems to be
a flexible region lacking an ordered structure. It
has been reported that deletion of this region from
Dnmt1 decreases maintenance methylation of the



genome (Borowczyk et al. 2009). However, it has
recently been reported that even with deletion of
the entire NTD including this region, Dnmt1 is
fully active as a maintenance methyltransferase,
at least in ES cells (Garvilles et al. 2015). The
1–353 sequence, which contains the NTD and the
linker, binds to un-methylated DNA with CpG
(Fatemi et al. 2001). However, as described
above, the NTD also contains a DNA-binding
domain, which exhibits a preference not for the
CpG sequence but for an AT-rich (Suetake et al.
2006). The function of this linker is ambiguous at
this moment.
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3.3.2 RFTS Domain

The RFTS domain follows the NTD. This domain
is necessary for Dnmt1 localization at the replica-
tion region at the late S-phase (Leonhardt et al.
1992). This recruitment depends on the tethering
of Uhrf1 (ubiquitin-like with PHD and ring finger
domains 1) to the hemimethylated DNA that
appears after replication, and it is a prerequisite
event for the replication-dependent maintenance
of DNA methylation (Bostick et al. 2007; Sharif
et al. 2007). Uhrf1 selectively binds to
hemimethylated DNA through the SET and
RING-associated (SRA) domain (Arita et al.
2008; Avvakumov et al. 2008; Hashimoto et al.
2008), to which the RFTS domain of Dnmt1
directly binds (Bashtrykov et al. 2014a;
Berkyurek et al. 2014). Direct interaction of the
RFTS domain with the SRA domain accelerates
the hemimethylated DNA accession to the cata-
lytic center. The SRA of Uhrf1 and Dnmt1 cannot
bind to the same CpG site at the same time due to
steric hindrance (Arita et al. 2008; Song et al.
2012). This clearly indicates that there must be a
mechanism to hand the hemimethylated CpG
from the SRA domain over to the catalytic center
of Dnmt1, which may be involved in the direct
interaction between the RFTS and SRA domains.
How the hemimethylated CPG is transferred from
the SRA domain to the catalytic center of Dnmt1
remains unclear.

The structure of the human RFTS domain
itself has been elucidated (Syeda et al. 2011),

exhibiting a two-lobe fold that is almost identical
to that in the catalytically active mouse Dnmt1
(Takeshita et al. 2011) and human DNMT1
(Zhang et al. 2015). The position of the RFTS
domain in the catalytically active Dnmt1 is
intriguing. Since the RFTS domain is inserted
into the catalytic pocket, a substrate DNA cannot
gain access to the catalytic center due to steric
hindrance. The position of the RFTS domain is
stabilized by hydrogen bonds between the RFTS
and catalytic domains. When the substrate DNA
is short, DNA methylation activity is inhibited
due to the positioning of the RFTS domain
(Bashtrykov et al. 2014b; Berkyurek et al. 2014;
Syeda et al. 2011). Surprisingly, even if the RFTS
domain occupies the catalytic pocket, Dnmt1 can
methylate DNA when it is longer than 12 bp and a
length of about 30 bp is necessary for its full
activity (Berkyurek et al. 2014). When the sub-
strate DNA size is 12 bp, which is exactly the size
that fits into the catalytic pocket of Dnmt1 (Song
et al. 2012), Dnmt1 cannot methylate substrate
DNA. The DNA methylation activity of Dnmt1
that lacks the RFTS domain toward short
hemimethylated DNA is efficiently inhibited by
ectopically added RFTS domain (Berkyurek et al.
2014; Syeda et al. 2011). Since the full DNA
methylation activity is acquired when the sub-
strate DNA is longer than 30 bp, the catalytic
domain of Dnmt1 may increase the
DNA-binding affinity by two DNA-binding sites
to trigger the removal of the RFTS domain from
the catalytic pocket.

Amino acid residues Lys 23 (Nishiyama et al.
2013), Lys 14 and Lys18 of histone H3 (Ishiyama
et al. 2017; Qin et al. 2015) are reported to be
ubiquitylated. These modifications cooperate
with the H3K9me3 mark to interact with the
RFTS domain, thereby modulating maintenance
methylation by Dnmt1 (Fig. 3.5a) (Ishiyama et al.
2017; Ren et al. 2020). The ubiquitin molecules
bind to the N-terminal subdomain of the RFTS
domain, while the H3 residues occupy the cleft
between the N- and C-lobe, through eviction of
the linker C-terminal to the RFTS domain
(Fig. 3.5a). Binding to the H3K9me3 mark is
further stabilized by the site corresponding to
human DNMT1 W465, along with the residues



from one of the bound ubiquitin molecules
(Fig. 3.5a). Introducing H3K9me3/H3
ubiquitylation binding-defective mutations to
human DNMT1 led to a severe loss of genomic
methylation and impairment of genome stabiliza-
tion (Ren et al. 2020). In addition, Uhrf1
ubiquitylates lys 15 and lys 24 of PAF15
(PCNA-associated factor 15) during the early
S-phase (Gonzalez-Magana et al. 2019;
Nishiyama et al. 2020). The PAF15 protein with
dual mono-ubiquitylation in turn recruits Dnmt1
to the replication foci via an interaction with the
RFTS domain, an event important for the mainte-
nance DNA methylation at early replicating
domains (Gonzalez-Magana et al. 2019;
Nishiyama et al. 2020).
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Fig. 3.5 Recognition of histone marks by Dnmt1 RFTS
and ADD domains (a) Ribbon diagram of bovine Dnmt1
RFTS domain (slate) bound to a H3K9me3 peptide (yel-
low) and two ubiquitin molecules (wheat), with the
H3K9me3-binding W463 shown in stick representation.
The W463-corresponding site in human DNMT1 (W465)

is shown in parathesis. (b) Ribbon diagram of bovine
Dnmt1 BAH1 domain (cyan) bound to a H4K20me3 pep-
tide (yellow), with the H4K20me3-binding cage residues
shown in stick representation. The W793-corresponding
site in human DNMT1 (W796) is shown in parenthesis.
The zinc ions are shown as purple spheres in (a) and (b)

Interestingly, the ring finger motif of Uhrf1,
which is a prerequisite factor for replication-
dependent maintenance methylation, is involved
in the ubiquitylation of histones and DNMT1 as
an E3 ligase (Du et al. 2010; Nishiyama et al.

2013; Qin et al. 2015). The tandem Tudor domain
and the PHD finger of Uhrf1 recognize H3K9me3
and H3R2me0 (Arita et al. 2012), as well as a
C-terminal poly-basic region of Uhrf1 (Fang et al.
2016; Gao et al. 2018; Gelato et al. 2014).
Mutations within the tandem Tudor domain of
UHRF1, which inhibit the recognition of
H3K9me3, partly inhibit the maintenance DNA
methylation (Rothbart et al. 2012; Zhao et al.
2016b), again indicating the cross-talk between
DNA methylation and histone modification.

Following the RFTS domain, there are three
residues, Phe 631, 634, and 635 (numbering
based on mouse Dnmt1), in an alpha-helix struc-
ture interacting with Tyr 1243 and Phe 1246,
which are adjacent to the PCQ loop in catalytic
domain motif IV, of which the Cys residue cova-
lently binds to the target cytosine at the sixth
carbon. The interactions pull the PCQ loop
toward the DNA-binding pocket (Takeshita
et al. 2011).
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3.3.3 CXXC

The CXXC domain contains two zinc atoms
forming zinc finger motifs, which are known to
bind DNA-containing un-methylated CpG. This
motif is conserved among Dnmt1, mammalian
trithorax-group protein, myeloid/lymphoid leuke-
mia (MLL) (Cierpicki et al. 2010), CXXC-type
zinc finger protein 1 (CXXC1) (Voo et al. 2000),
methyl-CpG-binding protein 1 (MBD1) (Cross
et al. 1997), and other proteins (Long et al.
2013). The CXXC domain of Dnmt1 contains
two C4-type zinc fingers. The backbone structure
of the CXXC domain does not change even when
the RFTS domain is deleted ((Takeshita et al.
2011); Hashimoto et al., PDB accession number
3SWR), or the CXXC is bound to un-methylated
DNA (Song et al. 2011).

The CXXC domain was initially proposed to
be essential for the DNA methylation activity of
Dnmt1 (Pradhan et al. 2008). However, this
notion was later challenged by observations that
removal of the CXXC domain does not substan-
tially impair the Dnmt1 activity on DNA (Frauer
et al. 2011; Song et al. 2011, 2012). When the
RFTS domain is deleted, the autoinhibitory linker
between the CXXC and BAH1 domains falls into
the catalytic pocket, blocking the DNA from
accessing the active site (Song et al. 2011).
Song et al. proposed that binding of the CXXC
domain to un-methylated DNA is a mechanism to
inhibit its accession to the catalytic center of
Dnmt1 and thus limits Dnmt1 from de novo
methylation. This autoinhibitory mechanism
cooperates with the intrinsic substrate specificity
of the catalytic domain (Song et al. 2012) t
modulate Dnmt1-mediated maintenance DNA
methylation. This model predicts that deletion or
mutation of the CXXC domain would increase de
novo-type methylation activity. Although this
hypothesis was supported by the observations
for the RFTS-removed fragment (Song et al.
2011), full-length Dnmt1 with mutations in the
CXXC domain did not show appreciable change
in the specificity toward hemimethylated DNA
in vitro ((Bashtrykov et al. 2012); Suetake,
unpublished observation). Reconstitution of

mouse Dnmt1-/- ESCs with Dnmt1 containing
CXXC mutations led to a similar genomic DNA
methylation level to that with wild-type Dnmt1
(Frauer et al. 2011), likely due to the redundancy
of Dnmt1 regulation. At present, the
autoinhibition mechanism involving the CXXC
domain to prevent de novo methylation (Song
et al. 2011) awaits further investigation.

The autoinhibitory linker assumes a helical
structure in DNA-free Dnmt1 (Takeshita et al.
2011; Zhang et al. 2015), but becomes extended
in the RFTS-deleted Dnmt1 ((Song et al. 2011);
Hashimoto et al., PDB accession number 3SWR).
A mutation or deletion of this linker changes
Dnmt1 into an extended conformation and
enhances the DNA methylation activity toward
12 bp DNA (Zhang et al. 2015). Since such a
short DNA cannot be methylated by Dnmt1 in
the absence of the SRA domain of Uhrf1
(Berkyurek et al. 2014), it is reasonable to assume
that this region plays a crucial role in the release
of the RFTS domain from the catalytic pocket.

3.3.4 Two BAH Domains

The CXXC domain is followed by two tandem
BAH domains. The BAH domains consist of a
beta-sheet core and are functionally correlated to
chromatin processes. The BAH domains from
many other proteins, including the “remodels the
structure of complex” component RSC2
(Chambers et al. 2013), Silent information regu-
lator 3 (Sir3) (Armache et al. 2011; Arnaudo et al.
2013; Yang et al. 2013), the origin recognition
complex subunit 1 (ORC1) (Kuo et al. 2012),
BAH domain and coiled-coil containing
1 (BAHCC1) (Fan et al. 2020), BAHD1 (Fan
et al. 2021; Zhao et al. 2016a), SHORT LIFE
(SHL) (Qian et al. 2018), EARLY BOLTING
IN SHORT DAY (EBS) (Li et al. 2018b; Yang
et al. 2018), and anti-silencing
1 (ASI1)-IMMUNOPRECIPITATED PROTEIN
3 (AIPP3) (Zhang et al. 2020), interact with
nucleosomes with various histone modifications.
The two BAH domains of Dnmt1 are connected
through an alpha-helix, which is dumbbell shaped



(Song et al. 2011; Takeshita et al. 2011). At the
end of the BAH1 domain, just before the helix
linker, there is a zinc finger motif which stabilizes
DNMT1.
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The BAH1 domain of Dnmt1 binds to histone
H4K20me3 via a hydrophobic cage (Fig. 3.5b)
(Ren et al. 2021). In the apo form of Dnmt1, this
hydrophobic cage is shielded by the
autoinhibitory linker. The interaction between
the BAH1 domain and the H4K20me3 mark
causes the displacement of the autoinhibitory
linker, which in turn allosterically activates
Dnmt1 (Ren et al. 2021). Single-molecule fluo-
rescence resonance energy transfer (smFRET)
analysis further indicated that the histone
interactions of the BAH1 and RFTS domains
both lead to enhanced conformational dynamics
between the RFTS domain and the catalytic
domain (Ren et al. 2021). Mutation of the hydro-
phobic cage residue W796 to alanine in human
DNMT1 results in a H4K20me3 binding-
defective but hyperactive enzyme, leading to
DNA hypomethylation at the H4K20me3-
decorated regions (e.g. Line1), but enhanced
methylation at regions that lack H4K20me3
(Ren et al. 2021). Interestingly, the BAH1
W796A mutation can partially restore the DNA
methylation that was reduced by the RFTS
W465A mutation, raising a notion of the func-
tional cooperation between the BAH1 and RFTS
domains (Ren et al. 2021). Consistently, cells
transfected with human DNMT1 containing
W465A/W796A double mutation appear less sen-
sitive to ionization radiation than those with
DNMT1 W465A single mutation (Ren et al.
2021).

The BAH2 domain possesses a long loop pro-
truding from its body, of which the distal end
interacts with the TRD in the catalytic domain,
and adjacent residues interact directly with the
substrate DNA (Song et al. 2012). The function
of BAH2 remains elusive, although evidence
suggests that it may regulate Dnmt1-mediated de
novo DNA methylation in vivo (Yarychkivska
et al. 2018a).

The KG-repeat between the BAH2 and the
catalytic domain is conserved among species
(Kimura et al. 1996; Tajima et al. 1995). This

repeat was observed to interact with ubiquitin-
specific protease 7 (USP7), which is a deubiqui-
tinating enzyme (Qin et al. 2011). This interaction
increases DNA methylation activity possibly
through stabilizing Dnmt1 (Cheng et al. 2015)
or deubiquitylation of H3 (Yamaguchi et al.
2017). Acetylation of the Lys residues in the
KG-repeat impairs the Dnmt1-USP7 interaction
and promotes degradation of Dnmt1. On the other
hand, a separate study showed that the Dnmt1-
USP7 interaction unlikely plays a major role in
the stabilization of Dnmt1 in somatic cells
(Yarychkivska et al. 2018b).

3.3.5 Catalytic Domain

Similar to other Dnmts, the ten motifs character-
istic of DNA-(cytosine C5)-methyltransferases
are conserved in the catalytic domain of Dnmt1.
The DNA methylation mechanism of Dnmt1 is
assumed to be identical to that of M.HhaI (Kumar
et al. 1994). However, different from in M.HhaI
(Cheng et al. 1993), the position of the side chain
of Cys in the PCQ loop, which is expected to
form a covalent bond with the sixth carbon of
the target cytosine base (Song et al. 2012), turns
toward target cytosine on the addition of methyl-
group donor S-adenosyl-L-methionine (SAM)
even in the absence of DNA (Takeshita et al.
2011). The side chain of the Cys faces away
when SAM is catabolized to S-adenosyl-L-homo-
cysteine (SAH) after the transfer of a methyl
group in mouse Dnmt1. Interestingly, the side
chain of the Cys in the PCQ loop of human
DNMT1 does not completely face away even in
the SAH-binding form (Zhang et al. 2015). The
effect of this difference between the mouse and
human enzymes remains to be determined.

The TRD in the catalytic domain of Dnmt1 is
exceptionally long compared to those in other
DNA methyltransferases. The TRD covers the
hemimethylated DNA and holds the methylated
cytosine through hydrophobic interactions
(Fig. 3.6a) (Song et al. 2012). The target cytosine
in the hemimethylated CpG is flipped out and
inserts into the active site of Dnmt1 (Fig. 3.6a).
According to the three-dimensional structure of



and its interaction with Dnmt1 (Fig. 3.6b)
(Pappalardi et al. 2021). The transition between
catalytically active and inactive states of Dnmt1 is
accompanied by a straight-to-kinked switch of the
alpha-helix following the catalytic loop
(Fig. 3.6c) (Pappalardi et al. 2021; Song et al.
2011, 2012; Ye et al. 2018).
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Fig. 3.6 Structure, mechanism and inhibition of Dnmt1-
mediated maintenance DNA methylation. (a) Structure of
mouse Dnmt1 C-terminal fragment (residues 731-1602)
bound to hemimethylated CpG DNA (hmDNA), with
flipped 5-fluorocytosine colored in purple. The van der
Waals contacts between the 5-methyl group (sphere repre-
sentation) of 5mC in the template strand and Dnmt1
residues are shown in expanded view. (b) Structure of

human DNMT1 C-terminal fragment (residues
729–1600) bound to hemimethylated CpG DNA and
inhibitor GSK3830052. (c) Comparison of the active site
conformation between the enzymatically active (PDB
4DA4) and inactive (PDB 6X9J) complex. The conforma-
tional shift of the helix C-terminal to the catalytic loop is
indicated by arrow

the complex with hemimethylated DNA and the
DNA methylation activity of the truncated
Dnmt1, the recognition and selective methylation
of hemimethylated DNA is at least in part
underpinned by the catalytic domain (Bashtrykov
et al. ; Song et al. ). A reversible small
molecule inhibitor was identified to inhibit
Dnmt1 activity through both DNA intercalation

20122012
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In addition to its regulatory domains, the enzy-
matic activity of Dnmt1 is fine-tuned by the
flanking sequence of the hemimethylated CpG
sites (Adam et al. 2020). Structural comparison
of Dnmt1 in complex with DNAs containing
hemimethylated GCG, ACG, and CCG motifs
(underlined are the CpG-flanking nucleotides)
reveals distinct base-flanking mechanisms
(Adam et al. 2020), which presumably causes
the differential methylation activity of Dnmt1 on
these substrates and impacts the dynamic land-
scape of DNA methylation in health and disease.

3.4 Cross-Talk Between De
Novo-Type
and Maintenance-Type DNA
Methyltransferases

Establishment of DNA methylation patterns is
mainly performed by de novo DNA
methyltransferases, Dnmt3a and Dnmt3b, and
their maintenance during replication is carried
out by Dnmt1, as described above. However, it
has been reported that Dnmt3a and/or Dnmt3b are
also necessary for maintaining the methylation of
repeat elements (Liang et al. 2002). In Dnmt3a
and Dnmt3b double-knockout ES cells, DNA
methylation gradually decreased during culture
(Chen et al. 2003). A similar decrease in DNA
methylation has been observed in mouse embry-
onic fibroblasts after Dnmt3b deletion (Dodge
et al. 2005). These reports indicate that not only
Dnmt1 but also de novo-type DNA
methyltransferases Dnmt3a and/or Dnmt3b con-
tribute to the maintenance DNA methylation.
There has been a report that Dnmt3a and
Dnmt3b interact with Dnmt1 at the NTD (Kim
et al. 2002). It is unlikely, however, that Dnmt3a
and Dnmt3b coexist with Dnmt1 at replication
foci, since Dnmt1 is loaded at an early stage of
replication, and Dnmt3a and Dnmt3b at a rather
late stage of replication (Alabert et al. 2014).
Therefore, the molecular mechanism of the coop-
eration with de novo-type Dnmts in maintenance
DNA methylation remains to be determined.

As for the establishment of DNA methylation
patterns, it was expected that Dnmt1 exhibits de

novo methylation activity in vivo (Christman
et al. 1995). Actually, Dnmt1 exhibits a signifi-
cant level of de novo-type DNA methylation
activity in vitro (Fatemi et al. 2001; Vilkaitis
et al. 2005) and ex vivo (Biniszkiewicz et al.
2002; Haggerty et al. 2021; Li et al. 2018a;
Takagi et al. 1995; Vertino et al. 1996; Wang
et al. 2020; Yarychkivska et al. 2018a). In
Dnmt3a and Dnmt3b knockout ES cells, ectopi-
cally introduced DNA (Lorincz et al. 2002) a
well as endogenous regions (Arand et al. 2012)
undergo de novo DNA methylation. Dnmt1
apparently favors de novo methylation near
preexisting methylation sites (Arand et al. 2012;
Vilkaitis et al. 2005). Therefore, although its
physiological meaning is elusive, Dnmt1 also
causes de novo DNA methylation in vivo. The
cross-talk of de novo and maintenance DNA
methylations is discussed in broader context in
Jones and Liang (Jones and Liang 2009) and
Jeltsch and Jurkowska (Jeltsch and Jurkowska
2014).

3.5 Conclusions and Perspective

Elucidation of the domain structures of Dnmts
has provided important information in under-
standing the molecular mechanisms of DNA
methylation. Indeed, the complexes of the ADD
domain of Dnmt3a with histone H3, the PWWP
domain of Dnmt3b with H3K36me3, the RFTS
domain of Dnmt1 with H3K9me3 and H3
ubiquitylation, and the BAH1 domain of Dnmt1
with H4K20me3 illustrated their functions in the
target recruitment and/or allosteric activation of
the enzymes. Co-crystal structures of Dnmt3a
with Dnmt3l and DNA and that of Dnmt1 with
hemimethylated DNA have provided a clue to
understand the DNA methylation mechanism.
The domain rearrangement of Dnmt3a by histone
H3 tail and occupation of the catalytic pocket of
Dnmt1 by the RFTS domain have lifted the veils
of DNA methylation tricks. In the near future, by
utilizing the structural information, the biochemi-
cal approach with site-directed mutagenesis
might provide further information in understand-
ing molecular mechanisms of DNA methylation



regulation. To this end, we need more structural
information including complexes with other
factors.
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In addition to the high-resolution crystal
structures, NMR may possibly provide us with
more dynamic structural information in solution,
and analysis by single-particle cryogenic electron
microscopy can be a powerful technology to ana-
lyze large complexes that may be involved in
DNA methylation regulation in the chromatin
environment.
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Abstract

DNA methylation is a hot topic in basic and
biomedical research. Despite tremendous
progress in understanding the structures and
biochemical properties of the mammalian
DNA methyltransferases (DNMTs), principles
of their targeting and regulation in cells have
only begun to be uncovered. In mammals,
DNA methylation is introduced by the
DNMT1, DNMT3A, and DNMT3B enzymes,
which are all large multi-domain proteins
containing a catalytic C-terminal domain and
a complex N-terminal part with diverse
targeting and regulatory functions. The
sub-nuclear localization of DNMTs plays an
important role in their biological function:
DNMT1 is localized to replicating DNA and
heterochromatin via interactions with PCNA
and UHRF1 and direct binding to the hetero-
chromatic histone modifications H3K9me3
and H4K20me3. DNMT3 enzymes bind to
heterochromatin via protein multimerization
and are targeted to chromatin by their ADD,
PWWP, and UDR domains, binding to

unmodified H3K4, H3K36me2/3, and
H2AK119ub1, respectively. In recent years, a
novel regulatory principle has been discovered
in DNMTs, as structural and functional data
demonstrated that the catalytic activities of
DNMT enzymes are under a tight allosteric
control by their different N-terminal domains
with autoinhibitory functions. This mechanism
provides numerous possibilities for the precise
regulation of the methyltransferases via
controlling the binding and release of the
autoinhibitory domains by protein partners,
chromatin interactions, non-coding RNAs, or
posttranslational modifications of the DNMTs.
In this chapter, we summarize key enzymatic
properties of DNMTs, viz. their specificity and
processivity, and afterwards focus on the reg-
ulation of their activity and targeting via allo-
steric processes, protein interactions, and
posttranslational modifications.
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ADD
domain

ATRX-Dnmt3-DNMT3L domain
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AdoHcy S-adenosyl-L-homocysteine
AdoMet S-adenosyl-L-methionine
AML acute myeloid leukaemia
BAH
domain

Bromo-adjacent homology domain

CpG cytosine-guanine dinucleotide
sequence

DMAP1 DNA methyltransferase-associated
protein 1

DMR differentially methylated region
DNMT (mammalian) DNA nucleotide

methyltransferase
ES cells embryonic stem cells
HDAC histone deacetylase
ICF Immunodeficiency-centromeric

instability-facial anomalies
syndrome

lncRNA long non-coding RNA
KG
repeats

lysine-glycine repeats

KO knock out
MBD methyl-binding domain
miRNA micro-RNA
MTase methyltransferase
ncRNA non-coding RNA
PCNA proliferating cell nuclear antigen
PBD PCNA binding domain
PHD plant homeodomain
PTM posttranslational modification
RING really interesting new gene
RFTD replication foci targeting domain
SIRT1 sirtuin 1
SRA
domain

SET and RING-associated domain

TET Ten-eleven translocation
TRD target recognition domain
TTD tandem Tudor domain
UBL ubiquitin-like domain
UDR ubiquitin-dependent recruitment
UHRF1 ubiquitin-like with PHD and ring

finger domains 1
USP7 ubiquitin-specific peptidase 7

4.1 Introduction

The expression of genes in multicellular
organisms is coordinated during development
and cellular differentiation by epigenetic informa-
tion comprising DNA methylation, histone tail
posttranslational modifications (PTMs), and
non-coding RNAs [for general reviews on Molec-
ular Epigenetics cf. (Allis and Jenuwein 2016)].
In mammals, DNA methylation mainly occurs at
the C5-position of the cytosine residues, primarily
in CpG dinucleotide sequences [for general
reviews on DNA methylation cf. (Ambrosi et al.
2017; Schubeler 2015; Jeltsch and Jurkowska
2014)]. However, only certain CpG sites are
methylated, resulting in the establishment of a
tissue- and cell type-specific pattern of DNA
methylation consisting of modified and unmodi-
fied sites. In different cell types, approximately
60–80% of all CpGs in the human genome are
modified (3–8% of all cytosines). Notably, the
correct methylation pattern is essential for devel-
opment and human health, and several diseases,
including cancer, are associated with aberrant
DNA methylation [for reviews cf. (Zhao et al.
2021; Weinberg et al. 2019; Bergman and Cedar
2013; Suva et al. 2013; Hamidi et al. 2015)].

In mammals, DNA methylation patterns are
introduced during early development and matura-
tion of germ cells by DNA methyltransferases
(MTases) DNMT3A and DNMT3B, with the
help of the stimulatory factor DNMT3L
(Jurkowska et al. 2011a; Jeltsch and Jurkowska
2016). DNMT3A and DNMT3B have been tradi-
tionally designated as de novo DNA MTases, as
they do not display any significant preference
between hemimethylated and unmethylated
DNA (Okano et al. 1998; Gowher and Jeltsch
2001). In agreement with this role, they are highly
expressed in undifferentiated cells and germ cell
precursors, and present at much lower levels in
somatic cells. In the cell nucleus, they localize to
pericentromeric heterochromatin (Chen et al.
2004; Ge et al. 2004; Barau et al. 2016), where
they are tightly bound to nucleosomes containing



methylated DNA (Jeong et al. 2009; Sharma et al.
2011). Mice and other rodents also contain an
additional DNMT3B-related DNA
methyltransferase called DNMT3C, which is spe-
cifically expressed in testis. It is required for
methylation and silencing of retrotransposons
during spermatogenesis and hence critical for
male fertility in mice (Barau et al. 2016; Jain
et al. 2017).
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After their establishment, DNA methylation
patterns are perpetuated through cell divisions,
with small tissue-specific changes. The palin-
dromic nature of the CpG sites provides an ele-
gant mechanism for the inheritance of the DNA
methylation mark because the methylation infor-
mation is encoded in both DNA strands. During
DNA replication the fully methylated CpG sites
are converted into a hemimethylated state, with
the parental strand carrying the original methyla-
tion marks and the daughter strand devoid of
methylation. The methylation pattern is copied
after each round of DNA replication by the main-
tenance methyltransferase DNMT1. This enzyme
is present at the replication fork, where it quickly
methylates hemimethylated CpG dinucleotides,
thereby restoring the original DNA methylation
pattern (Petryk et al. 2021). DNMT1 is ubiqui-
tously and highly expressed in proliferating cells,
representing the major DNA MTase activity in
somatic tissues throughout mammalian develop-
ment, but it is present only at low levels in
non-dividing cells (Robertson et al. 1999).

However, recent data showed that this tradi-
tional division of tasks into de novo and mainte-
nance methyltransferases is an
oversimplification. DNA methylation is more
correctly described as a dynamic process of ongo-
ing methylation and demethylation, and DNMT1,
DNMT3A, and DNMT3B all play roles in both
de novo and maintenance methylation (Jeltsch
and Jurkowska 2014). Hence, the dynamic regu-
lation and targeting of DNMTs and Ten-eleven
translocation (TET) DNA demethylating
enzymes controls the methylation state of each
CpG site, thereby governing all the biological

processes associated with DNA methylation.
Consequently, the complex role of DNA methyl-
ation in human biology cannot be decoded with-
out a thorough mechanistic understanding of the
properties of the DNMTs, including their regula-
tion, targeting, and interaction with chromatin
and other epigenetic factors.

4.2 General Features
of Mammalian DNMTs

4.2.1 Structure and Domain
Composition of Mammalian
DNMTs

Structural and biochemical data provided compel-
ling evidence that the arrangement of the specific
domains in DNMTs plays a central role in the
regulation of the biological functions of these
enzymes. The general architecture of all mamma-
lian DNMTs is similar. They all are multi-domain
proteins, in which two functional parts can be
distinguished, a large N-terminal regulatory part
and a smaller C-terminal part, required for cataly-
sis (Fig. 4.1) (Jeltsch 2002; Hermann et al. 2004a;
Jurkowska et al. 2011a). The N-terminal parts of
variable size are different between DNMT1 and
DNMT3 proteins. They guide the nuclear locali-
zation of the enzymes and mediate their interac-
tion with other proteins, regulatory nucleic acids
(like non-coding RNAs), and chromatin. They are
also subject to posttranslational modifications
(PTMs) and are involved in the allosteric regula-
tion of the enzymes’ activity and specificity.

The C-terminal domains harboring the cata-
lytic centers of the enzymes are required for bind-
ing of the S-adenosyl-L-methionine (AdoMet)
cofactor and the DNA substrate. They contain
ten conserved amino acid motifs characteristic
of the common structure of all DNA-(cytosine-
C5)-MTases, called the “AdoMet-dependent
MTase fold”, which consists of a mixed seven-
stranded β-sheet, formed by six parallel β-strands
and a seventh strand inserted in an anti-parallel



orientation into the sheet between strands 5 and
6. Six α-helices surround the central β-sheet on
both sides (Cheng and Blumenthal 2008; Jeltsch
2002). The C-terminal domain is involved in the
cofactor binding (motifs I and X), binding of the
flipped substrate cytosine base, and the methyl
group transfer (motifs IV, VI, and VIII). The
non-conserved region between motifs VIII and
IX, the so-called target recognition domain
(TRD), is involved in substrate DNA recognition
and specificity.
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Fig. 4.1 Domain structure of the mammalian DNMT
enzymes. Abbreviations used: DMAPD DNA
methyltransferase-associated protein 1 interacting domain,
PDB PCNA binding domain, RFTD replication foci
targeting domain, CXXC CXXC domain, BAH1 and

BAH2 Bromo-adjacent homology domains 1 and 2, GK
glycine lysine repeats, UBR ubiquitin-dependent recruit-
ment domain, PWWP PWWP domain, ADD ATRX-
DNMT3-DNMT3L domain. DNMT3C is a rodent-
specific enzyme

4.2.2 Catalytic Mechanism
of C5-MTases

DNA-(cytosine C5)-methyltransferases catalyze
the transfer of the methyl group from an AdoMet
cofactor molecule to the C5-position of cytosine
residues. In this reaction, 5-methylcytosine
(5mC) is created and the AdoMet is converted
into S-adenosyl-L-homocysteine (AdoHcy),
which is then released from the enzyme. The
transfer of the activated methyl group from

AdoMet to the C5-position of the cytosine
requires a close contact between the enzyme’s
active site and the substrate base. Such proximity
is not possible while the base is located in the
DNA double helix; therefore, DNA
methyltransferases flip their target base out of
the DNA during catalysis and bury it into a hydro-
phobic pocket of their active center. This base
flipping mechanism was first discovered in 1994
for the bacterial DNA C5-MTase M.HhaI
(Klimasauskas et al. 1994). Later, it became
clear that it is common to all DNA
methyltransferases, including the mammalian
enzymes (Cheng and Roberts 2001; Jeltsch
2002) and flipping of the cytosine base was
observed in different crystal structures of
DNMT1, DNMT3A, and DNMT3B with bound
substrate DNA (Song et al. 2012; Adam et al.
2020; Zhang et al. 2018; Gao et al. 2020b; Lin
et al. 2020).

The methylation of the C5-position of cytosine
is not an easy chemical task, because the cytosine
is an electron-poor aromatic system. Therefore,
its C5-atom is not intrinsically reactive and it will



not attack the activated methyl sulfonium group
of the AdoMet spontaneously. Hence, a key step
in the catalysis of DNA-(cytosine C5)-
methyltransferases is the nucleophilic attack of
the catalytic cysteine residue located in a PCQ
motif (motif IV) on the C6 position of the cyto-
sine ring, leading to the formation of a covalent
bond between the enzyme and the substrate base.
Thereby, the negative charge density at the
C5-atom of the cytosine increases, so that it can
attack the methyl group of the cofactor. It has
been postulated that the nucleophilic attack of
the cysteine might be facilitated by a transient
protonation of the cytosine ring at the endocyclic
nitrogen atom (N3) by an enzyme-derived acid;
the conserved glutamate residue from an ENV
motif (motif VI) has been proposed to carry out
this reaction. In addition, it stabilises the flipped
cytosine by forming an H-bond to the N4-amino
group. The second arginine residue from an RXR
motif (motif VIII) may be involved in the stabili-
zation of both the glutamate and the cytosine
base as well. The addition of the methyl group
to the base is followed by a deprotonation of the
C5-atom, catalyzed by a so far unknown proton
acceptor, which resolves the covalent bond
between the enzyme and the base in an elimina-
tion reaction and re-establishes aromaticity
(Cheng and Roberts 2001; Jeltsch 2002). For
DNMT1, kinetic isotope effects confirmed this
two-step mechanism (Du et al. 2016). For
DNMT3A, mutations of the key catalytic residues
reduced the catalytic activity, confirming their
critical role in catalysis (Reither et al. 2003;
Gowher et al. 2006; Lukashevich et al. 2016).
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Unexpectedly, DNA-(cytosine C5)-
methyltransferases, including DNMT3A, also
introduce low levels of methylation at the
N3-atom of the cytosine ring, forming
3-methylcytosine (3mC) (Rosic et al. 2018),
which is a toxic DNA alkylation lesion that
interferes with RNA synthesis and DNA replica-
tion. 3mC is removed by members of the ALKB2
family of DNA alkylation repair enzymes that are
evolutionarily strongly connected to DNA

methyltransferases, reflecting their close func-
tional link (Rosic et al. 2018). Mechanistically,
the 3mC methylation is likely introduced after
positioning the flipped cytosine base in an
inverted conformation into the active site pocket
of the DNMT (Dukatz et al. 2019b). Further
mechanistic details of DNMTs, including their
sequence specificity, processivity, oligomeriza-
tion, and the mechanism of DNA and chromatin
binding will be discussed below.

4.2.3 Regulation and Targeting
of DNMTs

Despite tremendous progress in understanding
the biochemical properties of the mammalian
DNA methyltransferases, their genomic targeting
combined with regulation of their activity is still
insufficiently understood. Recent discoveries
demonstrated the involvement of the N-terminal
parts of the mammalian DNMTs in enzyme
targeting and regulation. In this context, different
domains of DNMT3A, DNMT3B, and DNMT1
were shown to directly bind modified histone H3
tails. Moreover, various domains (ADD domain
in DNMT3A and CXXC and RFT domains in
DNMT1) engage in autoinhibitory interactions
with the catalytic domain, demonstrating that the
activity of the enzymes is under precise allosteric
control. Similarly, the interactions of the
N-terminal domains of DNMTs with other
proteins regulate the enzymes’ activities and
genome targeting. Thus, allosteric control
represents a unifying concept in the regulation
of DNMTs, which sets the stage for additional
regulatory cues. By influencing the allosteric con-
formational changes of DNMTs, interacting
proteins or RNAs, chromatin modifications or
PTMs can affect key enzymatic properties of
DNMTs, including their activity and eventually
specificity (Jeltsch and Jurkowska 2016).

Several interaction partners of DNMTs have
been described so far and their effect on the
MTases has been studied mechanistically. This



includes PCNA (Chuang et al. 1997), DNMT3L
(Bourc'his et al. 2001; Hata et al. 2002; Chedin
et al. 2002; Gowher et al. 2005a), UHRF1 (Sharif
et al. 2007; Bostick et al. 2007; Meilinger et al.
2009), MeCP2 (Fuks et al. 2003b; Kimura and
Shiota 2003; Rajavelu et al. 2018), p53 (Wang
et al. 2005; Sandoval and Reich 2019), or USP7
(Du et al. 2010; Felle et al. 2011). Other important
interaction partners like HP1-beta (Fuks et al.
2003a), Mbd3 (Datta et al. 2005), MYC (Brenner
et al. 2005), PU.1 and RP58 transcription factors
(Suzuki et al. 2006; Fuks et al. 2001), zinc-finger
proteins ZHX1 and Trim28 (Kim et al. 2007;
Quenneville et al. 2011), protein lysine
methyltransferases (PKMTs) G9a, SUV39H1
(Fuks et al. 2003a), EZH2 (Vire et al. 2006),
and SETDB1 (Li et al. 2006), histone deacetylase
(HDAC1) (Fuks et al. 2000; Fuks et al. 2001), and
remodeling factors HELLS (Myant and
Stancheva 2008; Zhu et al. 2006), SMARCA4
(Datta et al. 2005), and hSNF2 (Geiman et al.
2004) have been reported, but their interaction
with DNMTs has not yet been mechanistically
investigated in great details. Finally, various
aspects of the biological function of DNMTs,
including their targeting and activity in cells, are
regulated by posttranslational modifications
(PTMs). Until now, several PTMs, including
phosphorylation, acetylation, ubiquitination,
SUMOylation, and methylation, have been
identified on mammalian DNMTs in proteomic
studies (http://www.phosphosite.org). PTMs are
ideally suited to mediate regulation of DNMTs’
function, either by direct effects on catalytic
activity or by recruiting modification-specific
readers that could influence the enzymes’ stabil-
ity, activity, localization, or interaction with other
proteins. Notably, the few modifications that have
been functionally characterized revealed the
important regulatory potential of the PTMs, open-
ing the field for future research.
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Finally, non-coding RNA (ncRNA) is an
emerging player in chromatin regulation (Holoch
and Moazed 2015; Rinn and Chang 2012) and
RNA molecules have been shown to influence
DNA methylation. In plants, a process of

RNA-dependent DNA methylation exists, in
which the RNA sequence directly guides DNA
methylation (Matzke and Mosher 2014). Though
this pathway is absent in mammals, binding of
small and long non-coding RNAs (lncRNA) to
mammalian DNMTs has been shown to guide
and regulate their activity. In addition, the
piRNA-mediated DNA methylation in the
germline of many animals, including mammals
(Iwasaki et al. 2015), recapitulates many features
of an RNA-directed DNA methylation pathway.
Recently, SPOCD1 has been identified to bind to
the PIWI protein MIWI2 and DNMT3A/
DNMT3L and to play an essential role in
targeting DNA methylation to piRNA binding
sites (Zoch et al. 2020), but many further details
of piRNA-directed DNA methylation process are
not yet well understood at the molecular level.
The direct regulation of DNA methylation by
genome-encoded non-coding RNAs adds another
fascinating dimension to the complex interplay
between the genetic information (encoded in the
DNA sequence) and the epigenetic information
(encoded in the chromatin modification pattern,
including DNA methylation), urging more
research in this direction.

4.3 Structure, Function,
and Mechanism of DNMT1

4.3.1 Domain Composition of DNMT1

DNMT1 is a large enzyme, comprising 1620
amino acids in mice and 1616 amino acids in
humans, but different isoforms of DNMT1,
resulting from alternative splicing or use of an
alternative promoter have been described
(Hermann et al. 2004a; Jurkowska et al. 2011a).
DNMT1 contains multiple functional domains
located in the N-terminal part that is joined to
the C-terminal part by a flexible linker composed
of lysine-glycine (KG) repeats (Fig. 4.1). The
N-terminal part serves as a platform for the
assembly of various proteins involved in the con-
trol of chromatin structure and gene regulation.

http://www.phosphosite.org


4 Enzymology of Mammalian DNA Methyltransferases 75

The very N-terminus of DNMT1 contains the
DNA methyltransferase-associated protein
1 (DMAP1) interaction domain that is involved
in the interaction of DNMT1 with DMAP1, a
transcriptional repressor, mediating the stability
of DNMT1 in cells (Rountree et al. 2000). Next to
it, the proliferating cell nuclear antigen (PCNA)
binding domain (PBD) has been mapped (Chuang
et al. 1997). The interaction with PCNA is
involved in the targeting and tethering of
DNMT1 to the replication fork during S-phase,
which supports DNA methylation in the cell
(Egger et al. 2006). The same region also contains
an AT-hook-like DNA binding motif (Suetake
et al. 2006). The replication foci targeting domain
(RFTD) following next is involved in the
targeting of DNMT1 to replication foci
(Leonhardt et al. 1992) and centromeric chroma-
tin (Easwaran et al. 2004). This domain interacts
with UHRF1 (ubiquitin-like with PHD and ring
finger domains 1), which harbors an SRA (SET
and RING-associated) domain that specifically
binds to hemimethylated DNA (see below).
Moreover, the RFTD binds to ubiquitinated his-
tone H3 tails, a modification introduced by the
RING domain of UHRF1 (Nishiyama et al. 2013;
Qin et al. 2015), in the context of H3K9me3 (Ren
et al. 2020), a major heterochromatic histone
PTM in the mammalian epigenome (Jeltsch
et al. 2019). Next, the N-terminal part of
DNMT1 contains a CXXC domain that binds
unmethylated DNA and is implicated in
DNMT1 regulation (Pradhan et al. 2008; Song
et al. 2011; Bashtrykov et al. 2012a). The
CXXC domain is followed by the BAH1 and
BAH2 (Bromo-adjacent homology 1 and 2)
domains. BAH1 binds H4K20me3 (Ren et al.
2021), another key heterochromatic histone
PTM. Hence, through its N-terminal part,
DNMT1 interacts with other proteins and specific
histone marks, contributing to the crosstalk
between DNA methylation and other epigenetic
modifications.

The C-terminal domain of DNMT1 contains
the catalytic center of the enzyme, but is not
active in an isolated form, both in vitro and

in vivo, despite the presence of all motifs required
for catalysis (Fatemi et al. 2001; Margot et al.
2003). The structural arrangement of the particu-
lar domains in DNMT1 has been revealed by
crystallographic studies (Song et al. 2011, 2012;
Takeshita et al. 2011; Syeda et al. 2011)
(Fig. 4.2). They demonstrated that the various
domains in the N-terminal part of DNMT1 con-
tact the C-terminal catalytic domain from differ-
ent sides, explaining why the isolated terminal
domain lacks catalytic activity.

4.3.2 Structures of DNMT1
and Allosteric Regulation

In recent years, several structures of truncated
DNMT1 proteins (lacking various parts of the
N-terminus) have been solved (Song et al. 2011,
2012; Takeshita et al. 2011; Zhang et al. 2015b;
Adam et al. 2020). They all confirmed that the
catalytic domain of DNMT1 adopts the typical
AdoMet-dependent MTase fold described above.
These studies also revealed that the enzyme unex-
pectedly undergoes large domain rearrangements,
which allosterically regulate its catalytic activity
(Fig. 4.2).

A DNMT1 C-terminal fragment lacking the
RFT and CXXC domains adopted an open con-
formation, in which the enzyme was able to bind
the hemimethylated substrate DNA (with a
GGCGGC sequence) and showed high catalytic
activity (Song et al. 2012) (Fig. 4.2a). This com-
plex represented a real breakthrough in the field,
as it provided the first example of a mammalian
DNMT structure solved with substrate DNA
bound in the active site. As expected, it showed
the target cytosine flipped out of the DNA helix
and bound to DNMT1 in a manner reminiscent of
other DNA MTases. Moreover, this structure also
revealed additional unforeseen rearrangements in
the DNMT1–DNA structure, including the for-
mation of a non-Watson/Crick base pair of the
orphan G residue with a G flanking the CpG site.
The (then orphaned) C of the flanking G:C base
pair was rotated out of the DNA helix in a



direction roughly opposite to the target C flipping
(Fig. 4.2d, GCG complex). Several contacts of
the enzyme to the target CpG site observed in
the structure were validated in kinetic studies as
essential for the enzyme activity and the recogni-
tion of the CpG site (described in detail below in
Sect. 4.3.3) (Bashtrykov et al. 2012b).
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Fig. 4.2 Structures of DNMT1 with different N-terminal
domains. (a) DNMT1 in an active conformation with
DNA (green) bound in the active site (Song et al.
2012) (pdb 4D4A). Removal of the autoinhibitory RFTD
can be triggered by UHRF1 interaction (Berkyurek et al.
2014; Bashtrykov et al. 2014a). (b) DNMT1 with
unmethylated DNA bound to the autoinhibitory CXXC
domain (Song et al. 2011) (pdb 3PTA). (c) DNMT1 with
the RFT domain blocking access to the active site
(Takeshita et al. 2011) (pdb 3AV4). (d) Flanking
sequence-dependent base flipping mechanism observed
in different DNMT1 structures. In the CCG structure
(Adam et al. 2020) (pdb 6W8W) only the target cytosine

(light blue) is rotated out of the double helix and bound by
the enzyme (symbolized by the orange circle). In the ACG
structure (Adam et al. 2020) (pdb 6W8V), both the target
cytosine and the orphaned G (dark blue) are rotated out of
the double helix and in the GCG structure (Song et al.
2012) (pdb 4DA4), the orphaned G forms a non-canonical
base pair with the G(�1) and the corresponding C(�10)
(pink) is flipped out in the opposite direction. Catalytic
activity of the complexes was inversely correlated with the
extent of the conformational changes of the DNA upon
complex formation. DNMT1 is symbolized by an orange
circle. Reprinted in modified version from Jeltsch et al.
(2021) with permission from Elsevier

Additional recent structures of this DNMT1
fragment in complex with different DNA

sequences strikingly revealed a DNA sequence-
dependent base flipping mechanism (Adam et al.

) (Fig. ). The structure of DNMT1
bound to a hemimethylated TACGGA substrate
showed flipping of the target C and its Watson/
Crick partner G, but no formation of a
non-canonical base pair. In turn, the structure of
DNMT1 bound to a hemimethylated TCCGTA
substrate only showed target base flipping (Adam

4.2d2020



et al. 2020). A kinetic analysis uncovered strong
differences in the methylation rates of DNMT1
depending on the sequences flanking the target
CG site. A comparison of the kinetic and struc-
tural data showed that the extent of the conforma-
tional rearrangements during base flipping was
anti-correlated with the methylation rates of the
corresponding substrates.
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A structure of a larger C-terminal fragment of
DNMT1 also containing the CXXC domain
showed a CpG site-specific binding of an
unmethylated DNA, but this interaction surpris-
ingly occurred not at the C-terminal domain
containing the active center, but at the CXXC
domain (Song et al. 2011) (Fig. 4.2b). This obser-
vation led to the proposal that the CXXC domain
has an autoinhibitory function and acts as a spec-
ificity filter in DNMT1 by preventing
unmethylated DNA from accessing the active
site. Kinetic experiments with this DNMT1 ver-
sion indeed revealed an influence of the CXXC
domain on the specificity of DNMT1 (Song et al.
2011). Surprisingly, similar experiments
conducted with the full-length DNMT1 did not
provide evidence for a role of the CXXC domain
in the specificity of DNMT1 (Bashtrykov et al.
2012a), indicating that this point deserves further
attention.

Finally, a crystal structure of an almost com-
plete DNMT1 fragment, but without DNA
provided additional seminal insight into the
mechanism of DNMT1 by showing that the
RFT domain inhibits the enzyme through binding
to the active site cleft of the catalytic domain
(Takeshita et al. 2011) (Fig. 4.2c). The
autoinhibition was observed in biochemical stud-
ies as well (Takeshita et al. 2011; Syeda et al.
2011) and engineering of this interface altered the
conformation of DNMT1, generating a
methyltransferase that was hyperactive in vitro
and in cells (Bashtrykov et al. 2014b).

Importantly, the arrangement of different
domains in DNMT1 is controlled by long linker
regions, which form tight interactions with sur-
face clefts of the domains. Both the linkers and
the clefts are subject to many reported PTMs in
DNMT1, including phosphorylation, acetylation,
and ubiquitination (http://www.phosphosite.org),

which might directly control the positioning of
these domains in DNMT1 and thereby enzymatic
activity. Accumulating evidence indicates that the
autoinhibitory mechanism of the RFT domain
plays a central role as an allosteric trigger in
DNMT1 (Fig. 4.2) that can be influenced by
protein partners and chromatin binding. Indeed,
the interaction of the RFTD with UHRF1
stimulates the activity of DNMT1 by relieving
autoinhibition (Berkyurek et al. 2014; Bashtrykov
et al. 2014a). Similarly, its interaction with
ubiquitinated H3 and H3K9me3 also leads to
DNMT1 activation (Nishiyama et al. 2013; Qin
et al. 2015; Ren et al. 2020) and the binding of
H4K20me3 to the BAH1 domain modulates the
conformation of autoinhibitory linker regions
connecting the different domains of DNMT1
(Ren et al. 2021).

Structural studies combined with molecular
dynamics simulations showed that the helix fol-
lowing the catalytic loop in DNMT1 can adopt
either a kinked or straight conformation. Muta-
tional data suggested that the structural transition
between these states is necessary for DNMT1
activity (Ye et al. 2018). Later, it was shown
that these conformational changes are also depen-
dent on the DNA sequence flanking the target
sites and that the most active complex shows the
least conformational changes (Adam et al. 2020).
Hence, protein partners and chromatin
interactions can regulate DNMT1 activity by
influencing the allosteric conformation of the
enzyme.

4.3.3 Specificity of DNMT1

DNMT1 shows a preference for hemimethylated
DNA over unmethylated substrates, supporting
its role as a maintenance MTase (Bashtrykov
et al. 2012a; Bashtrykov et al. 2012b; Fatemi
et al. 2001; Goyal et al. 2006; Song et al. 2012).
Its intrinsic preference for hemimethylated DNA
has been estimated to be about 30–40 fold
(Jeltsch 2006), but it depends on the exact sub-
strate sequence, its length, and the reaction
conditions. This preference has been investigated
for decades, as it is one of the mechanistic

http://www.phosphosite.org


foundations of the role of DNAmethylation in the
transfer of epigenetic information. We know now
that it is molecularly based on the sequence-
specific interaction of hemimethylated CpG sites
with the active center of the enzyme that is
mediated by the interaction of the methyl group
with a hydrophobic pocket formed by the enzyme
(Song et al. 2012). More precisely, the methyl
group of the 5mC is placed into a pocket formed
by C1501, L1502, W1512, L1515, and M1535,
which explains the preference of the enzyme for
hemimethylated target sites. Further details of this
process could be uncovered once a structure of
DNMT1 with an unmethylated DNA bound to the
active center becomes available. The recognition
of the 5mC-G base pair is based on side-chain-
and backbone-mediated H-bonds of M1535,
K1537, Q1538, and R1237 to the edges of the
CpG base pair in the major and minor groove
(Song et al. 2012). These interactions explain
why the 5mC and the corresponding G in the
target DNA strand are very accurately recognized
by DNMT1 and cannot be exchanged by other
nucleotides (Bashtrykov et al. 2012b). The
requirement for a close contact between the cata-
lytic domain of DNMT1 and its substrate DNA
also explains the finding that the activity of
DNMT1 on nucleosomal DNA is restricted to
the linker DNA regions (Mishima et al. 2017).
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Two recent studies investigated DNA
replication-coupled maintenance of DNA methyl-
ation by DNMT1, providing novel evidence for
de novo methylation activity of DNMT1 post-
replication (Wang et al. 2020b; Ming et al.
2020). Genetic studies showed that the de novo
activity of DNMT1 is particularly strong at
intracisternal A particles (IAP) retrotransposons,
possibly contributing to their stable silencing
(Haggerty et al. 2021). This activity was depen-
dent on UHRF1 acting as a universal cofactor of
DNMT1, as well as H3K9me3 and TRIM28,
suggesting that it crosstalks with the KRAB/
TRIM28/SETDB1 silencing complex, which
delivers H3K9me3 at retrotransposons (Haggerty
et al. 2021; Markouli et al. 2021). In this context,
H3K9me3 interaction could be mediated by the

tandem Tudor domain (TTD) of UHRF1 (Nady
et al. 2011) or by its direct interaction with the
RFT domain of DNMT1 (Ren et al. 2020) (see
below).

Recent evidence suggests that besides speci-
ficity for hemimethylated sites, Dnmt1 also has a
preference for certain sequence contexts flanking
the target CpGs. Biochemical experiments
investigating the methylation of CpG sites in a
randomized sequence context uncovered about
100-fold differences in the methylation rates of
hemimethylated CpG sites placed in a variable
NNCGNN sequence context (Adam et al. 2020).
A comparison of the DNMT1–DNA structures on
preferred and disfavored substrates with the
kinetic data revealed the mechanistic basis for
some of the observed flanking sequence
preferences (Adam et al. 2020; Jeltsch et al.
2021). The disfavor for a G in the target strand
in the �1 flanking base pair can be explained,
because it allows the formation of the
non-canonical G-G base pair with the
orphaned G, which is accompanied by base flip-
ping of the C in the non-target strand seen in the
low-activity GGCGGC complex. The observed
disfavor for a G in the non-target strand at the
�2 flanking base pair could be explained because
it could stack to the non-canonical G:G base pair
and further stabilize this low-activity conforma-
tion. In turn, the preference for a G in the
non-target strand at the �1 site could be related
to its ability to stack with the orphaned G,
keeping it inside of the DNA helix and thereby
stabilizing the highly active conformation seen in
the TCCGTA complex. In addition to these direct
effects, minor groove width at the +1 to +3 flank
correlated with DNMT1 activity as well. Notably,
the comparison with genomic methylation data
from various sources showed that the flanking
sequence preferences of DNMT1 highly correlate
with the flanking site-dependent modulation of
genomic DNA methylation levels in human and
mouse cells, indicating that the preferences deter-
mined in vitro affect genomic DNA methylation
patterns in cells (Adam et al. 2020).
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4.3.4 Processivity of DNMT1

DNMT1 is a highly processive enzyme, able to
methylate long stretches of hemimethylated DNA
without dissociation from the substrate, a prop-
erty that fits perfectly to its function as a molecu-
lar copy machine at the replication fork (Goyal
et al. 2006; Hermann et al. 2004b; Vilkaitis et al.
2005). A recent study revealed that DNMT1
undergoes a conformational change after DNA
binding from an open into a closed conformation
capable of processive methylation. Once the
enzyme has adopted the closed conformation, it
has a 97% chance of staying on the DNA and
continuing processive DNA methylation after
each methylation event (Adam et al. 2020). Inter-
estingly, processive methylation is possible only
in one strand of the DNA, which indicates that
DNMT1 does not exchange DNA strands while
moving along its substrate (Hermann et al.
2004b). These biochemical findings are in perfect
agreement with the structure of DNMT1 with
bound substrate DNA (Song et al. 2012), showing
that the enzyme enwraps the DNA, which enables
it to slide along the substrate and catalyze several
successive methylation reactions without dissoci-
ation from the DNA. Due to its high processivity,
DNMT1 is a very effective enzyme, ideally suited
to follow DNA replication and methylate the
newly synthetized DNA strand before the chro-
matin is reassembled.

4.3.5 Allosteric Regulation
and Targeting of DNMT1

The sub-nuclear localization of DNMT1 changes
dynamically during the cell cycle (Hermann et al.
2004a; Jurkowska et al. 2011a). The enzyme is
diffusely distributed in the nucleus during inter-
phase (when cells are not replicating) but
localizes to replication foci in the early and mid-
S-phase (in cells actively synthesizing DNA).
During progression of the S-phase, the
sub-nuclear pattern of DNMT1 changes from
small, punctuate, and abundant structures in
early S-phase to fewer, large, toroidal structures

in late S-phase, which co-localized with late
replicating heterochromatic satellite DNA
(Leonhardt et al. 1992; O'Keefe et al. 1992;
Easwaran et al. 2004; Liu et al. 2013; Schneider
et al. 2013). In addition, some DNMT1 remains
associated with the centromeric heterochromatin
in G2 phase even after heterochromatin replica-
tion. In murine ESC cells, DNMT1 shows a het-
erochromatic distribution (Ren et al. 2020, 2021).
Three regions of DNMT1 have been implicated in
the targeting of the enzyme to the replication foci
during S-phase, namely the PCNA binding
domain (PBD) (Chuang et al. 1997), the replica-
tion foci targeting domain (RFTD) (Leonhardt
et al. 1992), and the BAH domains (Liu et al.
1998), which will be described in the following
chapters in more detail (Figs. 4.1 and 4.3).

4.3.5.1 The DNMT1–PCNA Interaction
Deletion of RFTD or BAH domains did not affect
the delivery of DNMT1 to the replication fork
(Easwaran et al. 2004), suggesting that the PBD
domain has a central role in this process. Through
this domain, DNMT1 directly interacts with
PCNA, the so-called processivity factor of the
replication machinery that forms a ring around
the DNA helix (Chuang et al. 1997). In addition,
both proteins co-localize in vivo, indicating that
PCNA might recruit DNMT1 to the replication
fork and load it onto DNA. Indeed, the expression
of a truncated DNMT1, which lacked parts of the
PBD domain, led to a delay in the re-methylation
of DNA after replication (Egger et al. 2006).
However, it did not cause massive defects in
DNA methylation, indicating that the interaction
of PCNA with DNMT1 contributes to the effi-
ciency of DNA re-methylation, but it is not essen-
tial for this process. In addition, in vitro
experiments provided evidence that the interac-
tion with PCNA increases the DNA binding and
catalytic activity of DNMT1 (Iida et al. 2002).

The interaction of DNMT1 with heterochro-
matin occurs in a replication-independent manner
(Easwaran et al. 2004) and is mediated in part by
the PBD domain of DNMT1 and by UHRF1, as
described in the next paragraph. Direct
interactions with heterochromatic histone marks
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Fig. 4.3 Regulatory networks controlling the activity and
stability of DNMT1 and heterochromatic DNA methyla-
tion. (a) Schematic illustration of the complex interplay
between DNMT1, UHRF1, replication forks, and chroma-
tin. Enzymatic activities are indicated by solid lines with
arrows. Binding (“reading”) interactions are symbolized
by dotted lines. For details cf. the text. Abbreviations used:
CD catalytic domain, PCNA Proliferating cell nuclear
antigen, UBL Ubiquitin-like domain, TTD Tandem Tudor
domain, PHD Plant homeodomain, SRA SET and RING-

associated domain, RING Really interesting new gene, Ub
ubiquitinated H3 tail. For DNMT1 domain abbreviations,
refer to the legend of Fig. 4.1. (b) Schematic illustration of
the four different chromatin modification sub-networks
involved in the establishment and maintenance of the
heterochromatic DNA methylation, H3K9me3 (light blue
circle) and H4K20me3 (pink circle). Catalytic activities
are shown as blue arrows, chromatin reading interactions
as dark red lines and protein/protein interaction as gray
lines. (c) Selection of known PTMs on human DNMT1.
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mediated by the RFT and BAH1 domains of
DNMT1 further contribute to DNMT1 genomic
targeting and methylation of heterochromatic
regions (Ren et al. 2020, 2021).
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4.3.5.2 The DNMT1–UHRF1 Interaction
Another key pathway of DNMT1 targeting was
discovered with the finding that UHFR1 is essen-
tial for maintaining DNA methylation in
mammals (Bostick et al. 2007; Sharif et al.
2007). UHRF1 specifically binds to
hemimethylated DNA via its SET and RING-
associated (SRA) domain (Bostick et al. 2007;
Avvakumov et al. 2008; Hashimoto et al. 2008;
Arita et al. 2008) and its localization to replicating
heterochromatin is dependent on the presence of
hemimethylated DNA (Sharif et al. 2007) and
specific histone PTMs (Nady et al. 2011;
Rothbart et al. 2012). UHFR1 co-localizes with
DNMT1 and PCNA at replicating heterochro-
matic regions during mid to late S-phase and
DNMT1 association with chromatin is lost in
UHFR1 knock out (KO) cells (Sharif et al.
2007; Bostick et al. 2007). It interacts with
DNMT1 through the RFTD domain, partially
explaining the central role of this domain in the
localization of DNMT1 to the replication foci
(Leonhardt et al. 1992). Remarkably, the pheno-
type of the UHFR1 KO in mice mimics that of
DNMT1 KO, as UHRF1-deficient embryos die
shortly after gastrulation and show significantly
reduced levels of DNA methylation (Sharif et al.
2007), indicating that UHRF1 has a central role in
the maintenance of DNA methylation. These data
led to a model that UHFR1 recruits DNMT1 to
the replicated hemimethylated DNA to facilitate
its efficient re-methylation (Jeltsch 2008)
(Figs. 4.2 and 4.3).

Later, it was found that two domains of
UHRF1 recognize histone marks: the tandem

Tudor domain (TTD) of UHRF1 binds
methylated lysine 9 and unmethylated lysine
4 on histone 3 tail (Nady et al. 2011; Rothbart
et al. 2012) and the plant homeodomain (PHD) of
UHRF1 binds to unmodified arginine 2 of the H3
tail (Hu et al. 2011; Rajakumara et al. 2011;
Wang et al. 2011). The interaction with
H3K9me3 is required for the proper localization
of UHRF1 to heterochromatin and maintenance
of DNA methylation, since a mutation in TTD,
which prevents binding to H3K9me3, abolished
both functions (Nady et al. 2011; Rothbart et al.
2012). Similarly, disruption of H3R2 binding in
UHRF1 abolished DNA methylation by DNMT1
in cells (Qin et al. 2015). These data indicate that
the coordinated recognition of two histone marks,
H3K9me3 and H3R2, as well as the interaction
with hemimethylated DNA by UHRF1, are all
necessary for the guidance of DNMT1 and faith-
ful maintenance of DNA methylation (Rothbart
et al. 2013; Liu et al. 2013) (Fig. 4.3).

In addition to its role in the targeting of
DNMT1, UHRF1 also directly stimulates the cat-
alytic activity of DNMT1, by interacting with the
RFT domain of DNMT1 and preventing the
autoinhibitory conformation (Berkyurek et al.
2014; Bashtrykov et al. 2014a). Moreover, the
RING domain of UHRF1 ubiquitinates H3 at
K18 and K23 (Nishiyama et al. 2013; Qin et al.
2015). Ubiquitinated H3 is bound by DNMT1 as
described in the next paragraph, increasing its
methyltransferase activity. Furthermore, UHRF1
is involved in the ubiquitination of DNMT1,
which reduces DNMT1’s stability (see below).

However, UHRF1 also forms a stable interac-
tion with DNA Ligase 1 methylated at K126
(which is bound to the TTD instead of
H3K9me3) (Ferry et al. 2017). This interaction
occurs at replication forks, where the ligase is
needed to seal the Okazaki fragments.

Fig. 4.3 (continued) Phosphorylations, acetylations, BAH2 in violet, and the catalytic domain in blue.
methylations, and ubiquitinations are represented by red Reprinted from Jeltsch and Jurkowska ( ) with per-
circles labeled with P, A, M, or U, respectively. RFTD is mission from Oxford University Press
shown in green, CXXC as a red loop, BAH1 in orange,



Interestingly, the replication-coupled mainte-
nance activity of DNMT1 is determined by the
UHRF1–Ligase 1 and PCNA–DNMT1
interactions, while its replication-independent
activity depends on nucleosome occupancy and
the interaction between UHRF1 and methylated
H3K9 (Ming et al. 2020). This finding is in agree-
ment with the observation that the activity of
DNMT1 is inhibited by nucleosome formation
as mentioned above (Mishima et al. 2017). All
these observations demonstrate that UHRF1 is a
key multifaceted regulator of DNMT1 and the
entire maintenance DNA methylation machinery
(Fig. 4.3).
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4.3.5.3 Binding of the DNMT1-RFTD
to Ubiquitinated H3 Tails

The UHRF1-dependent ubiquitination of histone
H3 has an essential role in DNMT1 function, as
the catalytically inactive UHRF1 RING mutant
failed to recruit DNMT1 to the replication sites
(Nishiyama et al. 2013). The molecular mecha-
nism of this finding has begun to be uncovered
with the observation that DNMT1 preferentially
associates with monoubiquitinated H3 through its
RFT domain and that this interaction leads to the
activation of the methyltransferase (Nishiyama
et al. 2013; Qin et al. 2015). The binding to the
monoubiquitinated H3 peptide increased the
methylation activity of DNMT1 on a substrate
with multiple hemimethylated CpG sites
(Mishima et al. 2020), indicating that it may con-
tribute to the efficiency of DNA methylation
maintenance. This stimulatory effect was reduced
by mutations in the RFTD of DNMT1 that are
linked to human autosomal dominant cerebellar
ataxia, deafness, and narcolepsy (ADCA-CN)
(Mishima et al. 2020).

The ubiquitination of the H3 tail is introduced
by the RING domain of UHRF1, which is an E3
ligase (Nishiyama et al. 2013; Qin et al. 2015).
Monoubiquitination of H3 has been detected at
K14, K18, and K23. Structural and biochemical
studies showed that the dual monoubiquitinated
H3 (at K18 and K23) peptide is bound preferen-
tially by DNMT1 in a binding cleft located in the
RFT domain (Ishiyama et al. 2017). The binding
of H3-K18Ub/23Ub results in a conformational

change of the RFTD, leading to an increase in
DNMT1 activity. In addition, the RFTD also
binds the ubiquitin-like (UBL) domain of
UHRF1, further strengthening the DNMT1–
UHRF1 interaction. Notably, both the ubiquitin
ligase and the ubiquitin-like domain of UHRF1
are required for the heterochromatic localization
of DNMT1 and DNA methylation of repeat
elements (Li et al. 2018). Consistently, the
USP7 deubiquitinase, which removes histone
ubiquitination, has been shown to suppress
DNMT1 recruitment and DNA methylation
(Li et al. 2020). In addition, PCNA-associated
factor 15 (PAF15) undergoes dual mono-
ubiquitination by UHRF1 in a DNA replication-
coupled manner and it thereby recruits DNMT1
to replicating chromatin (Nishiyama et al. 2020).
Strikingly, during early S-phase, UHRF1 prefer-
entially ubiquitinates PAF15, whereas H3Ub2
predominates during late S-phase, suggesting
that the mechanism of DNMT1 recruitment
changes between the early and late replicating
DNA regions. Taken together, these data indicate
an important additional connection between the
chromatin interactions of DNMT1 and UHRF1,
which is essential for efficient maintenance meth-
ylation to occur (Fig. 4.3).

4.3.5.4 Binding of DNMT1
to Heterochromatic Chromatin
Marks

DNA methylation, H3K9me3 and H4K20me3
together constitute a characteristic modification
state called constitutive heterochromatin (Jeltsch
et al. 2019). Recent work has demonstrated that
DNMT1 directly binds to both, H3K9me3 and
H4K20me3, which explained the heterochro-
matic localization of DNMT1 and provided
novel connections between these chromatin
modifications and DNA methylation. A structural
and biochemical study demonstrated that the RFT
domain of DNMT1 preferentially interacts with
ubiquitinated H3 peptides if they also contain
H3K9me3, leading to the stimulation of
DNMT1 activity (Ren et al. 2020). Structural
analysis revealed the H3 tail bound in a surface
cleft of the RFT domain with the interaction sites
for ubiquitin on the surface of RFTD and



H3K9me3 binding mediated by a
non-conventional binding site formed by RFTD
and one ubiquitin moiety. The mutation of a tryp-
tophan residue critical for the H3K9me3 interac-
tion led to a global reduction of DNA methylation
in cells, underscoring the functional relevance of
this interaction. Another recent study discovered
that the first BAH domain of DNMT1 (BAH1)
binds H4K20me3, contributing to heterochroma-
tin targeting of DNMT1 and DNA methylation
(Ren et al. 2021). Structural analysis revealed
binding of the H4 tail to the BAH1 domain and
recognition of H4K20me3 by an aromatic half-
cage. The binding of the H4 tail led to the dis-
placement of the autoinhibitory linker between
the CXXC and BAH1 domains, causing an allo-
steric activation of DNMT1. Disruption of the
H3K9me3 or H4K20me3 binding led to a loss
of the heterochromatic localization of DNMT1 in
murine ES cells (Ren et al. 2020, 2021).
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DNA methylation, H3K9me3 and H4K20me3
form an interconnected network of chromatin
modifications that defines the constitutive hetero-
chromatin state (Fig. 4.3b). Previous work has
already identified several molecular connections
between readers (HP1ß and UHRF1 for
H3K9me3 and MBD1 for DNA methylation)
and writers of these modifications (SUV39H1/
H2 and SETDB1 for H3K9 methylation, SET8
and SUV420H1/H2 for H4K20 methylation). For
example, H3K9 methylation stimulates H4K20
methylation, because HP1 recruits SUV420H
enzymes (Schotta et al. 2004) and SUV39H1
stimulates the activity of SET8 (Kudithipudi
et al. 2017). Similarly, HP1 stimulates further
spreading of H3K9 methylation by interaction
with SUV39H enzymes (Raurell-Vila et al.
2017). UHRF1 functions as a critical cofactor of
DNMT1 (Liu et al. 2013) and DNA methylation
recruits SETDB1 via MDB1 binding (Markouli
et al. 2021). The data showing that DNMT1 also
directly binds to H3K9me3 and H4K20me3 con-
nect this network even more, ensuring efficient
methylation and silencing of heterochromatin and
repetitive sequences. These complex interactions
elegantly illustrate the cooperation between vari-
ous layers of epigenetic modifications that all

establish and reinforce specific epigenetic
states and biological outcomes.

4.3.5.5 Regulation of Activity
and Specificity of DNMT1 by
Nucleic Acid Binding

DNMT1 possesses multiple DNA binding sites,
which contribute to the allosteric regulation of its
activity and specificity. Many groups reported
that the enzyme shows reduced specificity in the
presence of methylated DNA (Fatemi et al. 2001,
2002; Christman et al. 1995; Bacolla et al. 1999).
This effect was due to an increase in the rate of de
novo methylation of unmodified DNA, while the
methylation of hemimethylated DNA was weakly
inhibited (Fatemi et al. 2001; Goyal et al. 2006).
The increase in the methylation efficiency of
unmethylated DNA indicates that the binding of
the methylated DNA to the N-terminal domain of
the enzyme induces an allosteric activation for the
methylation of unmethylated substrates. The
molecular mechanism of the allosteric activation
of DNMT1 is not well understood, the CXXC
domain (Fatemi et al. 2001) and the residues
284–287 of the murine DNMT1 (Pradhan and
Esteve 2003) have been implicated in this pro-
cess. Therefore, it is likely that DNA binding to
the CXXC domain is involved in these effects. In
addition, an inhibitory effect of unmethylated
DNA was demonstrated in several studies
(Svedruzic and Reich 2005; Flynn et al. 2003;
Bacolla et al. 1999), suggesting that binding of
an unmethylated DNA to the N-terminal part of
DNMT1 leads to a repression of the enzymatic
activity on hemimethylated DNA. The binding
site for this substrate inhibition effect was
localized in the first 501 amino acids of DNMT1
(Bacolla et al. 2001). Additional evidence
suggests that binding of the methylated DNA to
the N-terminal inhibition site also caused
de-repression of the enzyme (Bacolla et al.
2001). Whether the inhibition and stimulation
effects observed in these various studies are due
to binding to the same or different sites and to
what extent different DNAs compete for the dif-
ferent sites is not clear.

Interestingly, all studies agree that binding to
unmethylated DNA at a secondary site reduces



the activity of DNMT1, while binding to
methylated DNA increases its activity. This
observation could be related to the fact that
DNA methylation patterns in the human genome
are highly bimodal (Eckhardt et al. 2006;
Meissner et al. 2008; Zhang et al. 2009), meaning
that the genomic regions tend to be either highly
methylated or almost unmethylated. The occur-
rence of the bimodal methylation patterns could
be explained by the allosteric binding of the sub-
strate DNA to a secondary site because DNMT1
would be activated on methylated regions and
inactivated on unmethylated DNA. Conse-
quently, highly methylated regions will tend to
gain methylation, whereas lowly methylated
regions will tend to lose even their residual
methylation.
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In addition to DNA, DNMT1 binds various
RNA molecules. Initial studies showed that
DNMT1 purified from insect cells contains inhib-
itory RNA (Glickman et al. 1997a). Later, it was
discovered that RNA binding regulates the activ-
ity of DNMT1 in a locus-specific manner. A long
non-coding RNA (lncRNA) originating from the
CEBPA locus was observed to bind and inhibit
DNMT1 and prevent the methylation of this
locus. Similar effects were observed for several
other loci on a genomic scale (Di Ruscio et al.
2013). Based on these findings, the authors pro-
posed a model, in which the ncRNAs transcribed
at one locus function as a shield for this locus
preventing its methylation. Thereby, the expres-
sion of the locus would be perpetuated. Later, it
was also reported that DNMT1 binds to miRNAs
like miR-155-5p (Zhang et al. 2015a). Other stud-
ies showed regulation of DNMT1 by DNMT1-
associated lncRNAs, leading to global changes in
DNA methylation and gene regulation in cancer
cells (Merry et al. 2015; Somasundaram et al.
2018). A specific example of this mechanism is
the DACOR1 lncRNA, which is a positive regu-
lator of DNA methylation (Somasundaram et al.
2018). Similar to lncRNAs, miRNAs function as
inhibitors of DNMT1 and the transfection of
miRNAs to cells caused changes in cellular meth-
ylation (Zhang et al. 2015a). RNA binding was
mapped to the catalytic domain of DNMT1
(Di Ruscio et al. 2013; Zhang et al. 2015a), and

it was reported that miRNAs can act as DNA
competitive inhibitors (Zhang et al. 2015a).
These findings suggest that the inhibition of
DNMT1 by miRNAs is based on a direct compe-
tition of the RNA and DNA for access to the
catalytic center. However, it is well conceivable
that the additional DNA binding sites described
above bind regulatory RNAs as well. These
important features of the interaction of DNMT1
with regulatory DNA and RNA are not well
understood at a molecular level and deserve addi-
tional experimental work.

4.3.6 PTMs of DNMT1

4.3.6.1 Phosphorylation of DNMT1
DNMT1 is subject to several posttranslational
modifications like phosphorylation, methylation,
ubiquitination, acetylation, and SUMOylation,
(Fig. 4.3c). Following the initial identification of
S515 as a major phosphorylation site in DNMT1
purified from insect cells (Glickman et al. 1997b),
several more phosphorylated serine and threonine
residues have been identified in targeted and
high-throughput proteomics approaches with
DNMT1 purified from human or mouse cells.
Currently, >60 phosphorylation sites have been
mapped on human and mouse DNMT1 (http://
www.phosphosite.org), but only a few of them
have been functionally studied. The
phosphorylated S515 is involved in the interac-
tion between the N-terminal and catalytic
domains of DNMT1 which is necessary for the
activity of the enzyme (Goyal et al. 2007). Phos-
phorylation of S146 introduced by casein kinase
1 delta/epsilon decreases the DNA binding affin-
ity of DNMT1 (Sugiyama et al. 2010), and phos-
phorylation of S127 and S143 regulates the
interaction of DNMT1 with PCNA and UHRF1
(Hervouet et al. 2010). Moreover, phosphoryla-
tion of DNMT1 by PKC has been reported, but
the target sites have not yet been identified
(Lavoie et al. 2011). S143 of DNMT1 is
phosphorylated by AKT1, which leads to the
stabilization of the methyltransferase (Esteve
et al. 2011). A specific 14–3-3 family reader
protein for this modification has been identified

http://www.phosphosite.org
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(Esteve et al. 2016). It binds phosphorylated
DNMT1, leading to the inhibition of DNMT1
activity, aberrant DNA methylation, and cell
invasion (Esteve et al. 2016). The functional sig-
nificance of many of the other phosphorylations
in DNMT1 still awaits elucidation. In particular,
the influence of the PTMs on the allosteric regu-
lation of DNMT1 activity and specificity needs to
be studied.
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4.3.6.2 Acetylation and Ubiquitination
of DNMT1

Multiple acetylation sites have been identified on
DNMT1 up to date in proteomics analyses (Kim
et al. 2006; Choudhary et al. 2009; Peng et al.
2011) (http://www.phosphosite.org); however,
their functional significance has only begun to
be revealed. Initial experiments with deacetylase
inhibitors demonstrated the involvement of acet-
ylation in the control of DNMT1 stability (Zhou
et al. 2008; Peng et al. 2011). Based on this, an
elegant mechanism regulating the abundance of
DNMT1 during cell cycle was identified. It starts
with the acetylation of DNMT1 in the KG linker
by the acetyltransferase Tip60, followed by
UHRF1-mediated ubiquitination, resulting in
proteasomal degradation of DNMT1 at the end
of DNA replication. In turn, histone deacetylase
1 (HDAC1) and deubiquitinase ubiquitin-specific
peptidase 7 (USP7, also known as HAUSP) have
an opposite effect and increase the stability of
DNMT1 (Du et al. 2010; Qin et al. 2011). The
crystal structure of DNMT1 in complex with
USP7 revealed that this interaction is dependent
on the KG linker of DNMT1, explaining why
acetylation of this region impairs complex forma-
tion and promotes degradation of DNMT1
(Cheng et al. 2015). In addition, SIRT1
deacetylates DNMT1 at several sites and thereby
regulates the activity and function of the
methyltransferase (Peng et al. 2011).

4.3.6.3 Lysine Methylation of DNMT1
DNMT1 is methylated by SET7/9, both in vivo
and in vitro. The monomethylation of human
DNMT1 by SET7/9 occurs at K142 mainly dur-
ing late S-phase and promotes proteasomal deg-
radation of the enzyme in a cell cycle-dependent

manner (Esteve et al. 2009). Recent work
demonstrated that proteasomal targeting of
DNMT1 is mediated by the L3MBTL3 methyl-
binding protein that recruits CRL4(DCAF5)
ubiquitin ligase (Leng et al. 2018). Methylation
of DNMT1 is reversible and can be removed by
LSD1 (Wang et al. 2009; Leng et al. 2018). In
addition, it is antagonistic with phosphorylation
of DNMT1 at S143 by AKT1 kinase described
above (Esteve et al. 2011). The existence of these
complex mechanisms to regulate DNMT1 stabil-
ity underscores the biological requirement for
tight regulation of cellular DNMT1 levels.

4.4 Structure, Function,
and Mechanism of DNMT3
Enzymes

4.4.1 Domain Composition of DNMT3
Proteins

In most mammals, the DNMT3 family contains
three members: DNMT3A, DNMT3B, and
DNMT3L, which in humans comprise 912 aa,
853 aa, and 387 aa, respectively. In addition, a
DNMT3B paralog called DNMT3C (739 aa) has
been identified in rodents, where it has a specific
role in transposon repression in the male germline
(Barau et al. 2016; Jain et al. 2017) (Fig. 4.1).
Several isoforms of DNMT3A and DNMT3B,
resulting from alternative splicing or use of alter-
native start codons, have been identified both in
mice and humans (Jurkowska et al. 2011a). In the
case of DNMT3A, the DNMT3A2 isoform lacks
the first 223 amino acid residues (Qiu et al. 2002).
For DNMT3B, multiple isoforms have been
found (Weisenberger et al. 2004); among them
the inactive splicing isoform DNMT3B3, which
lacks parts of the linker between the PWWP and
ADD domains and a region of the catalytic
domain containing the target recognition domain
(Fig. 4.1). Besides the C-terminal domain
required for catalysis, DNMT3A and DNMT3B
possess an N-terminal part with domains involved
in the targeting of the enzymes to chromatin and
regulation of their function (Jurkowska et al.
2011a). In this part, three functional domains are

http://www.phosphosite.org


present: a UDR (ubiquitin-dependent recruitment
region) which is present specifically in
DNMT3A1, a PWWP domain in DNMT3A and
DNMT3B, and an ADD (ATRX-DNMT3-
DNMT3L) domain, also known as PHD (Plant
homeodomain) domain that is present in all four
proteins.
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The ADD domain is a cysteine-rich region that
binds zinc ions and creates a platform for protein–
protein interactions. This domain mediates the
interaction of DNMT3 enzymes with histone H3
tails unmethylated at lysine K4 (Ooi et al. 2007;
Otani et al. 2009; Zhang et al. 2010; Guo et al.
2015). In addition, it is involved in the interaction
of DNMT3A with various components of the
epigenetic machinery, like protein lysine
methyltransferases SUV39H1 (Fuks et al.
2003a), SETDB1 (Li et al. 2006), EZH2 (Vire
et al. 2006), and deacetylase HDAC1, reading
domain proteins, including HP1ß (Fuks et al.
2003a), Mbd3 (Datta et al. 2005), and MeCP2
(Kimura and Shiota 2003; Fuks et al. 2003b;
Rajavelu et al. 2018), as well as transcription
factors PU.1 (Suzuki et al. 2006), MYC (Brenner
et al. 2005), and RP58 (Fuks et al. 2001), and
chromatin remodeling factors hSNF2 (Geiman
et al. 2004) and SMARCA4 (Datta et al. 2005).
The ADD domain has been implicated in the
allosteric control of DNMT3A, as it interacts
with the catalytic domain of the methyltransferase
and inhibits its activity (see below), indicating
that ADD-mediated interactions with other
proteins and chromatin could have direct regu-
latory effects on the catalytic activity of
DNMT3A and DNMT3B.

The PWWP domain of DNMT3A and
DNMT3B is a region of 100–150 amino acids,
containing a conserved proline–tryptophan motif
(hence the name PWWP). PWWP domains
belong to the Royal domain superfamily,
members of which interact with histone tails in
various modification states (Qin and Min 2014).
The PWWP domains of DNMT3A and DNMT3B
specifically recognize the H3K36 di- and
trimethylation mark (H3K36me2/3) (Dhayalan
et al. 2010). This domain is essential for the
targeting of DNMT3 enzymes to pericentromeric
chromatin (Chen et al. 2004; Ge et al. 2004). The

structures of the PWWP domains from both
DNMT3A and DNMT3B have been solved (Qiu
et al. 2002; Rondelet et al. 2016; Dukatz et al.
2019a). A biochemical study revealed that the
PWWP domain synergistically binds the
H3K36me2/3-modified histone tail and DNA
through its conserved aromatic cage for
H3K9me2/3 binding and a positively charged
surface for DNA binding. Both interfaces were
found to be necessary for chromatin targeting of
DNMT3A1 (Dukatz et al. 2019a). In addition, the
ZHX1 (zinc-finger and homeobox protein 1)
interacts with the PWWP domain of DNMT3B
and enhances DNMT3B-mediated transcriptional
repression (Kim et al. 2007). Interestingly,
although DNMT3C arose from a duplication of
the DNM3B gene, it lost the PWWP domain. This
may prevent targeting of the enzyme to
H3K36me2/3-rich regions, potentially
contributing to the specific localization of
DNMT3C to retrotransposon promoters (Barau
et al. 2016).

The part of DNMT3A and DNMT3B
N-terminal to the PWWP domain is the least
conserved region between both enzymes. This
domain binds DNA (Suetake et al. 2011) and
it is important for anchoring the enzymes to
nucleosomes (Jeong et al. 2009; Baubec et al.
2015). In DNMT3A1, a small, folded domain
called ubiquitin-dependent recruitment (UDR)
domain has been recently identified. It is respon-
sible for the interaction of DNMT3A1 with
H2AK119ub1 (Weinberg et al. 2021).
DNMT3A2 and DNMT3B enzymes lack this
domain.

The C-terminal domains of DNMT3A and
DNMT3B, which enclose the catalytic centers of
the enzymes, share approximately 85% sequence
homology. In contrast to the catalytic domain of
DNMT1 they are active in an isolated form
(Gowher and Jeltsch 2002) and have been used
as a model system to study the catalytic mecha-
nism and specificity of the DNMT3 proteins.
Interestingly, isolated catalytic domains of
DNMT3A and DNMT3B show higher enzymatic
activity than the full-length proteins, indicating
that the N-terminal domains allosterically inhibit
the activity of the enzymes (Li et al. 2011). The



molecular mechanism underlying this observa-
tion was revealed by a structural study, which
demonstrated that the ADD domain of
DNMT3A, which directly interacts with the cata-
lytic domain of the methyltransferase in two dif-
ferent binding modes (see below), is responsible
for this inhibition in the absence of histones (Guo
et al. 2015) (Fig. 4.4b). This model is further
supported by kinetic experiments, showing that
the binding of ADD domain of DNMT3A to H3
tail stimulates the activity of the enzyme (Li et al.
2011; Zhang et al. 2010).
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Fig. 4.4 Structure and allosteric regulation of DNMT3A.
(a) Structure of the DNMT3A/DNMT3L complex with
bound DNA (pdb 5YX2) (Zhang et al. 2018). Subunits
and interfaces are annotated. AdoHcy is shown in yellow
as a ball and stick model. (b) Allosteric regulation of
DNMT3A. The ADD domain of the dark blue DNMT3A
subunit is shown in both the autoinhibitory (orange) and in
the active conformation (red) (pdb 4U7P and 4U7T) (Guo
et al. 2015). The ADD domain of the second DNMT3A
subunit (gray) has been omitted for clarity. Binding of the

H3 peptide (green) to the ADD domain occurs with the
residues involved in the autoinhibitory-binding interface.
Therefore, H3 peptide binding is only possible in the
active conformation and this conformation is consequently
stabilized in the presence of the H3 peptide (Guo et al.
2015; Li et al. 2011). (c) Cryo-EM structure of the
DNMT3A/DNMT3B3 nucleosome complex (pdb 6PA7)
(Xu et al. 2020). Nucleosomal DNA is shown in green and
AdoHcy is shown in yellow as ball and stick model

DNMT3L, the third member of the DNMT3
family, lacks parts of the N-terminal region
including the PWWP domain. Strikingly, it also
carries amino acid exchanges and deletions
within the conserved DNA-(cytosine C5)-MTase

motifs, which contain the catalytic residues,
indicating that while it still adopts the typical
AdoMet-dependent MTase fold described
above, it cannot have catalytic activity and is
unable to bind AdoMet. The same is true for
one splicing isoform of DNMT3B, DNMT3B3,
which also contains a deletion in the C-terminal
domain and lacks catalytic activity (Weisenberger
et al. 2004; Zeng et al. 2020). While DNMT3L is
mainly expressed in ES cells and the germline
(Bourc'his and Bestor 2004; Bourc'his et al.
2001; Hata et al. 2002), DNMT3B3 shows
expression in differentiated cells (Zeng et al.
2020). Despite being inactive, both DNMT3L
and DNMT3B3 interact with the active members
of the DNMT3 family and stimulate their cata-
lytic activity.
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Fig. 4.5 Multimerization of DNMT3A and DNMT3A/
DNMT3L complexes. (a) Structure of the DNMT3A/
DNMT3L complex with bound DNA (pdb 5YX2)
(Zhang et al. 2018). Subunits and interfaces are annotated.
(b) Schematic models of DNMT3A multimerization on

DNA, protein multimerization and binding to several
DNA molecules, and the combination of both processes.
(c) Hypothetical binding of a DNMT3A hexamer to the
two linker DNAs emerging from one nucleosome

4.4.2 Structures of DNMT3A
and DNMT3B

The structure of the complex of the C-terminal
domains of DNMT3A/DNMT3L was solved in
2007 and represented the first structure published
for a mammalian DNMT. It showed that the com-
plex forms a linear heterotetramer consisting of
two DNMT3L subunits (at the edges of the tetra-
mer) and two DNMT3A subunits (in the center)
(Jia et al. 2007) (Fig. 4.4a). The heterotetrameric
structure of the complex was confirmed in solu-
tion (Jurkowska et al. 2008). The structure also
revealed that the C-terminal domain of DNMT3A
contains two interfaces for protein–protein
contacts: a hydrophobic one generated by the
stacking interaction of two phenylalanine
residues (called FF interface), which mediates
the DNMT3A/DNMT3L interaction, and a polar
interface generated by a hydrogen bonding net-
work between arginine and aspartate residues
from both subunits (called RD interface), which
can only mediate DNMT3A/DNMT3A
interactions since the corresponding region is

absent in DNMT3L (Fig. 4.5). DNA binding
studies showed that the central DNMT3A/
DNMT3A interface in the tetramer creates the
DNA binding site, while both interfaces are
essential for AdoMet binding and catalytic activ-
ity (Jurkowska et al. 2008). The dimerization of
DNMT3A/DNMT3L complexes via the RD
interface increases the size of the DNA interface
and compensates for the small TRD of
DNMT3A.

Later, the structure of the DNMT3A/
DNMT3L C-terminal domain heterotetramer
was solved in complex with a DNA molecule
containing two CpG sites spaced in a distance of
12 base pairs (Zhang et al. 2018) (Fig. 4.4a). It
provided the first mechanistic insights into the
DNA interaction and specificity of DNMT3A.
Zebularine was incorporated into the DNA
instead of the target cytosines in the upper strand
of the left CpG site and the lower strand of the
right CpG site. This base analog leads to the
formation of stable covalent complexes between
the DNMT and the DNA because the nucleophilic
attack of the active site cysteine residue is



catalyzed, but its later elimination is blocked. The
complex showed base flipping of both zebularine
bases, indicating that the heterotetramer could
potentially co-methylate CpG sites at this dis-
tance. Biochemical studies confirmed that the
12 bp distance is the preferred one for covalent
DNA complex formation of DNMT3A/DNMT3L
and DNMT3B/DNMT3L (Gao et al. 2020a), fur-
ther supported by strong peaks of co-methylation
at CpG sites placed in this distance in substrates
containing two CpG sites (Emperle et al. 2021).
The DNMT3A–DNA interaction involves a tar-
get recognition domain (TRD) loop, a catalytic
loop following the catalytic PCN motif, and a
helix of the RD tetramer interface (Zhang et al.
2018). The TRD loop (which is unfolded in the
DNA free complex) contains the R836 residue,
which recognizes the guanine of the CpG sites,
ensuring the preference of DNMT3A towards
CpG observed in previous studies (Gowher and
Jeltsch 2001; Aoki et al. 2001; Ramsahoye et al.
2000). V716 from the catalytic loop approaches
the DNA from the minor groove and fills the
DNA cavity generated by the flipping of the
zebularine base. The RD interface loop contains
R882, which is often mutated in acute myeloid
leukaemia (AML) (see below). It contacts the
DNA backbone at several phosphate residues on
the 30 side of the CpG site. The central part of the
DNA shows about 40� bending and kinetic
experiments demonstrated that enrichment of T
in the region of bending stimulates methylation
(Emperle et al. 2021).
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Recent structures of DNMT3B/DNMT3L
C-terminal domain heterotetramers with DNA
revealed a very similar overall structure as the
DNMT3A/DNMT3L complex (Gao et al.
2020b; Lin et al. 2020). Strikingly, despite
similarities, the DNA recognition of both
enzymes differs in the target recognition loop. In
DNMT3B, N779 interacts specifically with the
guanine in CpG sites, while in DNMT3A this
interaction is mediated by R836. Moreover,
DNMT3B contains a lysine residue (K777)
which specifically interacts with the base at the
+1 side of the CpG, mediating a strong preference
for a G at this place, in particular during non-CpG
methylation. The amino acid sequences and

structures of DNMT3A and DNMT3B diverge
most at the RD interface loop, as illustrated, for
example, by a different conformation of R823 in
DNMT3B, which corresponds to DNMT3A
R882. These differences lead to distinct contacts
to the DNA regions flanking the target CpG site
and provide a mechanistic basis of the enzyme-
specific flanking sequence preferences (see
below) (Gao et al. 2020b).

In a seminal publication, a cryo-EM structure
of a DNMT3A2/DNMT3B3 heterotetramer
bound to a mononucleosome was reported
(Xu et al. 2020) (Fig. 4.4c). The complex formed
a similar linear heterotetramer as the DNMT3A/
DNMT3L complexes, but DNMT3B3 replaced
DNMT3L at the outer complex positions. This
study confirms previous biochemical data
(Li et al. 2007) showing that the DNMT3 binding
interfaces support the interaction of different
DNMT3 members, offering the unique potential
for regulating methyltransferase activity
depending on the complex composition. Unex-
pectedly, two arginine residues in the C-terminal
domain of one DNMT3B3 subunit formed a
direct contact with the H2A/H2B acidic patch
on the disc face of the histone octamer. Thereby,
the DNMT3A2/DNMT3B3 tetramer was
anchored on the nucleosome core particle posi-
tioning the DNA binding region and active sites
of the central DNMT3A subunits right above the
linker DNA strand near the dyad axis (Xu et al.
2020). The detailed functional consequences of
this unexpected architecture are still unknown,
but biochemical data showed that binding of
DNMT3A and DNMT3A/DNMT3B3 complexes
to the acidic patch of histones contributes to the
methylation preferences of CpG sites within the
linker DNA (Bröhm et al. 2022).

4.4.3 Allosteric Regulation
of DNMT3A

Additional structures of a longer DNMT3A
C-terminal fragment also including the ADD
domain in complex with DNMT3L were solved,
providing seminal insights into the mechanism of
this enzyme. They showed that the ADD domain



can bind to the catalytic domain at two distinct
sites, creating two alternative conformations.
ADD binding activates the enzyme in one confor-
mation (allosteric binding), while it blocks access
of the DNA to the active center and inhibits
catalysis in the other (autoinhibitory binding)
(Guo et al. 2015) (Fig. 4.4b). A modeling study
suggested that a hinge-like property of the RD
interface is important for the cooperative
reorientations of the tetramer into the
autoinhibitory or the active state (Liang et al.
2018).
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These data indicate that the activity of
DNMT3A, like DNMT1, is under precise alloste-
ric control by domain rearrangements, illustrating
a fascinating convergence of regulatory principles
of these two enzymes. Similarly as in DNMT1,
protein partners can influence the equilibrium of
the active and inactive conformations, as it was
shown that the stimulatory effect of H3 on
DNMT3A depends on its binding to the ADD
domain, leading to the stabilization of the ADD
at the allosteric binding site (Li et al. 2011; Guo
et al. 2015). Direct allosteric regulation of
DNMT3A activity by the PWWP domain has
not yet been shown. Moreover, so far it is not
known if DNMT3B undergoes similar steps of
allosteric regulation as DNMT3A.

4.4.4 Specificity of DNMT3 Enzymes

Consistent with their designation as de novo
MTases, DNMT3A and DNMT3B do not display
any significant preference between
hemimethylated and unmethylated DNA (Okano
et al. 1998; Gowher and Jeltsch 2001). However,
in addition to their preference for the methylation
of CpG sites, both DNMT3A and DNMT3B are
very sensitive to the sequences flanking their tar-
get sites. This is illustrated by the finding that
CpG sites in certain flanking sequences cannot
be methylated by DNMT3A at all (Jurkowska
et al. 2011c). It has been shown that purine
bases are preferred at the 50 side of the CpG
sites, whereas pyrimidines are favored at their 30

side (Lin et al. 2002; Handa and Jeltsch 2005;
Jurkowska et al. 2011c). One further consequence

of the strong flanking sequence preferences of
DNMT3A and DNMT3B is that both DNA
strands of a CpG site, which are embedded in an
asymmetric flanking sequence context, usually
differ strongly in their preference for DNMT3
methylation. This leads to the preferential meth-
ylation of one cytosine in each CpG site, meaning
that DNMT3 enzymes tend to generate
hemimethylated products. In vitro experiments
showed that the products of DNMT3A methyla-
tion can be readily methylated by DNMT1 and
that both enzymes can act synergistically in the
efficient de novo methylation of unmethylated
DNA (Fatemi et al. 2002). Mutational analysis
of residues in the DNA binding site of
DNMT3A demonstrated that exchanges of criti-
cal residues caused massive changes in flanking
sequence preferences (Gowher et al. 2006). Inter-
estingly, this includes the exchange at R882, a
residue frequently mutated in acute myeloid leu-
kemia (AML) cancer (Hamidi et al. 2015). An
in-depth mechanistic understanding of the CpG
recognition and flanking sequence preferences of
DNMT3 enzymes was provided by the recent
DNMT3 structures with bound substrate DNA
(Zhang et al. 2018; Gao et al. 2020b; Lin et al.
2020), as described below.

Although DNMT3A and DNMT3B methylate
cytosine residues predominantly in the context of
CpG dinucleotides, they can also introduce meth-
ylation in a non-CpG context (CA > > CT > CC)
(Gowher and Jeltsch 2001; Aoki et al. 2001;
Ramsahoye et al. 2000). Consistently, methylated
non-CpG sites (mainly CpA) were detected in
embryonic stem (ES) cells and the brain, where
DNMT3A and DNMT3B enzymes are highly
expressed, but not in cells where DNMT3
enzymes are downregulated (Lister et al. 2009,
2013; Varley et al. 2013; Guo et al. 2014). How-
ever, another survey of the human body
epigenomes identified low levels of non-CpG
methylation in almost all human tissues (Schultz
et al. 2015). Studies with DNMT KO cell lines
confirmed that DNMT3 enzymes introduce the
non-CpG methylation (Ziller et al. 2011; Arand
et al. 2012). The exact mechanism for the propa-
gation of DNA methylation outside of the CpG
context is unknown, but it cannot be maintained



by DNMT1, which is very specific for CpG sites
(Fatemi et al. 2001). First insights into the
biological function of non-CpG methylation
were provided with the observation that it can
repress expression of long genes in the brain by
recruiting MeCP2 (Guo et al. 2014; Gabel et al.
2015; Chen et al. 2015), disruption of which is
implicated in the Rett syndrome.
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Detailed biochemical studies demonstrated
that the flanking sequence preferences of
DNMT3A and DNMT3B differ (Gao et al.
2020b; Mallona et al. 2021; Jeltsch et al. 2021).
This is due to the DNMT3B specific readout of
the +1 flanking site by K777 and the differences
in the conformation of the RD interface loop (Gao
et al. 2020b; Lin et al. 2020). DNMT3B displays
strong and characteristic preferences for CpG
sites located in a sequence context that resembles
the SatII minor satellite repeats, which lose meth-
ylation in the immunodeficiency-centromeric
instability-facial anomalies (ICF) syndrome
(Xu et al. 1999). This finding explains previous
observations showing that 1) insufficient
DNMT3B activity causes the ICF syndrome and
2) DNMT3A apparently cannot take over the
function of DNMT3B in minor satellite methyla-
tion. Currently, specific details of how DNMT3A
and DNMT3B interact with the CpG sites in
different flanking sequence contexts are
unknown. A recent DNMT3B mutational study
indicated that the interaction with different
flanking sequences involves complex and
sequence-dependent contact networks of enzyme
residues with the DNA (Dukatz et al. 2020).
These adaptive interaction modes could help to
balance the interaction of DNMT3B with differ-
ent flanking sites, allowing a more equal methyl-
ation of CpG sites in different contexts, which is
required for the function of DNA methylation as a
system for storage and processing of epigenetic
information (Jeltsch et al. 2021).

The differences in the flanking sequence
preferences of DNMT3A and DNMT3B were
even more pronounced in the context of
non-CpG methylation (Gao et al. 2020b; Dukatz

et al. 2020; Jeltsch et al. 2021). Here, DNMT3B
showed a strong preference for a G at the +1
flanking site, mainly generating methylated
CAG, while DNMT3A preferred a C instead,
yielding predominantly methylated CAC. These
preferences are in agreement with the cellular
distribution of non-CpG methylation obtained in
triple DNMT1/DNMT3A/DNMT3B KO cells
reconstituted with DNMT3A- or DNMT3B
(Gao et al. 2020b) and other cellular methylation
data (Lister et al. 2009, 2013; Laurent et al. 2010;
Xie et al. 2012; Lee et al. 2017).

Mutations of R882 in DNMT3A, most promi-
nently R882H, are observed at a high frequency
in the AML tumors (Hamidi et al. 2015). As
described above, R882 is located in the RD loop
at the DNA binding interface of DNMT3A and it
is involved in flanking sequence DNA contacts
on the 30 side of the CpG site (Zhang et al. 2018).
This loop shows conformational differences
between DNMT3A and DNMT3B, which are
related to the distinct flanking sequence
preferences of both enzymes (Gao et al. 2020b).
The structure of the DNMT3A(R882H)/
DNMT3L heterotetramer bound to DNA showed
enhanced dynamics of the TRD loop (Anteneh
et al. 2020), suggesting that this loop recognizes
CpG dinucleotides in a + 1 flanking site-
dependent manner. Accordingly, the R882H
mutation leads to strong changes in the flanking
sequence preferences of DNMT3A (Emperle
et al. 2018, 2019). Other mutations of R882
were shown to cause similar effects, indicating
that the loss of the R882 side chain is responsible
for the effect, rather than the amino acid side
chain introduced instead (histidine 882 in case
of the R882H mutation) (Emperle et al. 2019).
Interestingly, detailed analyses revealed that the
DNMT3A R882H flanking sequence preferences
differ from wildtype DNMT3A mainly on the
30-side of the CpG site, where they change into
a DNMT3B-like pattern (Emperle et al. 2019;
Norvil et al. 2020). Hence, the changes in
flanking sequence preferences are one potential
reason for the pathogenic effect of this mutation.
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4.4.5 Kinetic Mechanism of DNMT3
Enzymes

Initial studies with the C-terminal domains of
DNMT3A and DNMT3B showed an interesting
difference in the catalytic mechanism of both
enzymes. Whereas DNMT3B was able to meth-
ylate multiple CpG sites in a processive manner,
DNMT3A was distributive (Gowher and Jeltsch
2002). Later, Reich and colleagues reported that
DNMT3A methylates DNA in a processive man-
ner (Holz-Schietinger and Reich 2010). However,
at the same time, DNMT3A was shown to bind
cooperatively to DNA forming large multimeric
protein/DNA fibers (Jia et al. 2007; Jurkowska
et al. 2008; Rajavelu et al. 2012) (Fig. 4.5). These
properties appear mutually exclusive because the
concept of a processive turnover is based on
isolated enzyme complexes moving along a
DNA substrate, which is not compatible with
protein complexes multimerizing on DNA.
Other biochemical studies did not detect
processive DNA methylation by DNMT3A
(Emperle et al. 2014).

4.4.6 Oligomerization of DNMT3
Enzymes

The DNMT3 enzymes exhibit a complex oligo-
merization and multimerization potential includ-
ing two independent orthogonal multimerization
reactions [for a review cf. (Jeltsch and Jurkowska
2013)]. First, DNMT3A multimerizes on DNA
and cooperatively binds to DNA, and second, it
can form protein oligomers able to bind to more
than one DNA molecule. These two processes
will be further described in the next sub-chapters
(Fig. 4.5).

4.4.6.1 Protein Multimerization
of DNMT3 Enzymes

Besides forming heterotetrameric complexes with
DNMT3L, DNMT3A alone also forms
homotetrameric structures and higher aggregates.
The reason for this is that the FF interface of the
DNMT3A/DNMT3L tetramer is symmetric so it

also supports the homotypic interaction of two
DNMT3A molecules in addition to the hetero-
typic interaction of DNMT3A with DNMT3L.
Hence, each DNMT3A subunit contains two
interfaces for homotypic interactions, the RD
interface and the FF interface, explaining why it
can form tetramers in which two additional
DNMT3A subunits replace DNMT3L. Biochem-
ical studies indeed demonstrated that DNMT3A
catalytic domain and DNMT3A2 homotetramers
are formed in the absence of DNMT3L
(Jurkowska et al. 2011b; Nguyen et al. 2019).
At higher protein concentrations further
multimerization can occur and generate protein
fibers (Fig. 4.5b), which can lead to reversible
aggregation of DNMT3A as observed in different
studies (Jurkowska et al. 2011b; Kareta et al.
2006). Notably, the addition of DNMT3L directs
the preferential formation of defined DNMT3A/
DNMT3L heterotetramers that cannot extend
anymore, because DNMT3L does not contain an
RD interface, and therefore functions as a cap in
protein multimerization. As described below, this
process has been implicated in the release of
DNMT3A from heterochromatic sites by the
addition of DNMT3L (Jurkowska et al. 2011b).

Since each RD interface of a multimeric
DNMT3A oligomer constitutes a potential DNA
binding site, the protein oligomers can bind to
more than one DNA molecule, provided that
they are oriented roughly in parallel, as shown
by biophysical experiments (Jurkowska et al.
2011b). Strikingly, modeling suggests that a
DNMT3A hexamer could simultaneously bind
to the two linker DNAs emerging from one nucle-
osome (Fig. 4.5c). The ability to form protein
oligomers apparently plays a central role in the
heterochromatin localization of DNMT3A, as
non-oligomerizing DNMT3A mutants affected
at these interfaces lost the ability to bind to het-
erochromatin, despite the presence of intact
PWWP and ADD domains. Since heterochro-
matic DNA is densely packed, it can provide
several DNA strands for DNMT3A interaction
in matching geometry, and this might contribute
to guiding DNMT3A to pericentromeric
chromatin.
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Recently, a biochemical and molecular
dynamics study revealed that the R882H cancer
mutation also has a direct effect on the
multimerization of DNMT3A as it was found
that R882H/R822H RD interfaces were more pre-
ferred than WT/WT RD interfaces (Mack et al.
2022). Interestingly, one consequence of this
finding is that R882H/WT FF-heterodimers pref-
erentially assemble WT-R882H-R882H-WT
heterotetramers, in which all enzymatic activity
comes from the two central R882H subunits.
Hence, this mechanism provides an elegant expla-
nation why in R882H/WT heterozygous cells the
R882H mutant behaves dominantly.

Despite significant progress in dissecting pro-
tein multimerization of the DNMT3 enzymes,
many questions are still not resolved. For exam-
ple, DNMT3A has been shown to form catalyti-
cally active heterodimers with DNMT3B that use
the same interfaces as described above for
DNMT3A (Li et al. 2007). In addition, a recent
cryo-EM structure illustrated that DNMT3B3, a
splice isoform of DNMT3B, can replace
DNMT3L at the outer complex positions,
forming linear DNMT3A2/DNMT3B3
heterotetramers (Xu et al. 2020). However, the
relative affinities for the homotypic DNMT3A
and DNMT3B, as compared to the heterotypic
interaction of DNMT3A and DNMT3B at the
two interfaces are currently unknown. Moreover,
the relative preferences for binding DNMT3L at
the FF interface are also unknown, although the
formation of defined heterotetramers of
DNMT3A and DNMT3L suggests that the
DNMT3A/DNMT3L interaction is preferred
over the DNMT3A/DNMT3A interaction.
Finally, the direct proof for the existence of
DNMT3 protein multimers in cells that are larger
than the tetrameric structure observed in the
DNMT3A/DNMT3L complex still needs to be
provided. Nevertheless, the availale biochemical
and structural data confirmed that the DNMT3
binding interfaces support the interaction of dif-
ferent DNMT3 members, offering a unique
potential for regulating methyltransferase activity
depending on the complex composition.

4.4.6.2 Multimerization of DNMT3A
and DNMT3A/DNMT3L on DNA

As described above, DNMT3A forms a linear
heterotetrameric complex with DNMT3L, in
which two central DNMT3A subunits interact
via the RD interface and generate the DNA bind-
ing pocket (Fig. 4.5a) (Jia et al. 2007; Jurkowska
et al. 2008). DNA binding by DNMT3A is
non-specific (Rajavelu et al. 2012) and
DNMT3A (and DNMT3A/DNMT3L) complexes
polymerize on DNA by binding next to each other
and forming DNMT3A–DNA filaments
(Jurkowska et al. 2008; Rajavelu et al. 2012)
(Fig. 4.5). A productive interaction of DNMT3A
complexes with neighboring CpG sites is possible
if they are present approximately 10–12 bps apart,
due to the spacing of the two active centers at the
RD interface of the individual DNMT3 complex
subunits. Indeed, in vitro methylation
experiments demonstrated that there is a correla-
tion of methylation between sites localized
~10 bps apart (Jia et al. 2007; Jurkowska et al.
2008). Interestingly, the enrichment of CpG sites
in such distance is observed in the differentially
methylated regions (DMRs) of 12 maternally
imprinted mouse genes, which are the biological
substrates of the DNMT3A/DNMT3L complex,
suggesting that the favorable CpG spacing could
make these sequences good substrates for the
MTase complex (Jia et al. 2007). As mentioned
above, co-methylation of CpG sites at a distance
of 12 bps by DNMT3A and DNMT3A/DNMT3L
complexes was experimentally shown. Kinetic
experiments supported with atomic force micros-
copy provided evidence that dimers of DNMT3A
homotetramers or DNMT3A/DNMT3L
heterotetramers can also form and interact with
the CpG sites in distances of 9 or 5–6 base pairs.
These complexes induce stronger DNA bending
and represent either a tetramer swap or a side-by-
side binding structure (Emperle et al. 2021).
These additional complex conformations may
explain how DNMT3A can methylate natural
DNA, which does not present CpG sites in regular
12 bp spacings.

Multimerization of DNMT3A or DNMT3A/
DNMT3L tetramers on DNA leads to a



cooperative DNA binding, as confirmed by dif-
ferent methods, including cooperative binding
detected in gel retardation assays, sigmoidal bind-
ing curves of DNA substrates observed in solu-
tion DNA binding experiments, and direct
imaging of DNMT3–DNA filaments by atomic
force microscopy (Jia et al. ; Jurkowska et al.

; Rajavelu et al. ; Emperle et al. ).
The interface of adjacent DNMT3A complexes
bound to DNA has been mapped to a loop within
the TRD of DNMT3A and mutation of residues
within this interface disrupted multimerization
(Rajavelu et al. ). Interestingly, it also led
to the loss of heterochromatic enrichment of
DNMT3A, suggesting that cooperative DNA
binding and multimerization of DNMT3A
complexes on DNA contribute to the heterochro-
matic localization of the enzyme in cells. Bio-
chemical studies have further shown that the
cooperative binding of DNMT3A to long DNA
substrates increases the rate of DNA methylation
(Emperle et al. ), indicating that it is impor-
tant for DNA methylation by DNMT3A. How-
ever, the exact role of cooperative DNA binding
of DNMT3A in cells needs further investigation
because the sizes of DNMT3A–DNA filaments in
living cells are currently unknown; one may spec-
ulate that binding of up to 5 complexes would be
possible in the linker DNA regions between
neighboring nucleosomes. This is in agreement
with biochemical data showing preferential meth-
ylation of linker DNA by DNMT3 enzymes
in vitro (Gowher et al. ; Takeshima et al.

; Felle et al. ; Bröhm et al. ). In
vivo studies confirmed this observation, showing
that DNMT3B expressed in yeast preferentially
methylates linker DNA (Morselli et al. ) and
a similar pattern was also observed after reintro-
duction of the DNMT3 enzymes into KO cell
lines (Baubec et al. ). Longer filaments may
form if DNMT3 binding is coupled to nucleo-
some remodeling. Consistently, DNMT3s form
complexes with various chromatin remodelers,
including SMARCA4 (Datta et al. ), CHD4
(Cai et al. ), hSNF2 (Geiman et al. ),
and HELLS (Zhu et al. ; Myant and
Stancheva ) and the interaction with
HELLS is essential for DNA methylation
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(Muegge 2005). In line with this model, the
remodeling activity has been shown to promote
the methylation of nucleosomal DNA (Felle et al.
2011). One important functional aspect of the
cooperative DNA binding of DNMT3A may be
that it increases the DNA binding affinity and
reduces the rate of dissociation, which may help
to anchor the MTase on the DNA, in agreement
with its strong binding to methylated chromatin
(Jeong et al. 2009; Sharma et al. 2011).
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4.4.7 Direct Chromatin Interaction
of DNMT3 Enzymes

4.4.7.1 Binding of the DNMT3 ADD
Domain to H3 Tails

The ADD domains of DNMT3A, DNMT3B, and
DNMT3L proteins interact specifically with his-
tone H3 tails unmethylated at lysine 4 (Fig. 4.4),
and the binding is disrupted by H3K4me2,
H3K4me3, H3K4ac or the acetylation of the
N-terminus of H3 (Ooi et al. 2007; Otani et al.
2009; Zhang et al. 2010; Noh et al. 2015). Inter-
estingly, H3K4me1, which is observed at
enhancers, does not hinder the binding of ADD
much, but the phosphorylation of T6 does (Zhang
et al. 2010; Noh et al. 2015). The structures of the
ADD domains from DNMT3A and DNMT3L in
complex with histone H3 tail peptides were
solved (Ooi et al. 2007; Otani et al. 2009). Nota-
bly, binding to H3 tails stimulates the methylation
of chromatin-bound DNA by DNMT3A in vitro
(Zhang et al. 2010) and directly activates
DNMT3A by an allosteric mechanism (Li et al.
2011). This regulatory mechanism has been con-
firmed in a structural analysis by Xu and
colleagues, which showed that the ADD domain
could bind to the catalytic domain of DNMT3A at
two sites, an allosteric site and an autoinhibitory
site. H3 peptide binding stabilizes the active con-
formation, leading to allosteric activation of
DNMT3A (Guo et al. 2015) (Fig. 4.4b). These
results indicate that the ADD domain of
DNMT3A can guide DNA methylation in
response to specific histone modifications and
provided the first evidence that DNA
methyltransferases could be targeted to chromatin



carrying specific marks. Indeed, a strong correla-
tion of DNA methylation with the absence of
H3K4me3 was observed in several genome-
wide studies (Hodges et al. 2009; Meissner et al.
2008; Weber et al. 2007; Zhang et al. 2009),
suggesting that this mechanism plays an impor-
tant role in the generation of the genomic DNA
methylation pattern. This hypothesis was experi-
mentally verified, when it was shown that 1) a
DNMT3A enzyme with an engineered ADD
domain able to tolerate K4 methylation or T6
phosphorylation generated abnormal DNA meth-
ylation patterns in cells (Noh et al. 2015), and 2)
DNMT3B artificially introduced in yeast did not
methylate genomic regions with high H3K4me3
content (Morselli et al. 2015). The stimulation of
DNMT3A activity by histone H3 PTMs interac-
tion is reminiscent of the DNMT1 interaction
with double ubiquitinated H3 tails, H3K9me3 or
H4K20me3, further illustrating the common
principles of regulatory mechanisms of DNMT1
and DNMT3 enzymes.
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4.4.7.2 Binding of DNMT3 PWWP
Domain to H3Methylated at K36

The PWWP domain is essential for the targeting
of DNMT3A and DNMT3B to pericentromeric
chromatin (Chen et al. 2004; Ge et al. 2004) and
gene bodies via specific recognition of histone H3
tails di- or tri-methylated at lysine
36 (H3K36me2/me3) (Dhayalan et al. 2010). In
addition, the interaction of DNMT3A with
H3K36me3 increases the activity of DNMT3A
on chromatin, which carries H3K36me2/3
(Dhayalan et al. 2010). These findings explain
the genome-wide correlation of DNAmethylation
and H3K36me3 methylation in gene bodies.
H3K36me3 accumulates in euchromatin in the
body of active genes and its distribution is anti-
correlated with H3K4me3 (Barski et al. 2007;
Edmunds et al. 2008; Guenther et al. 2007;
Larschan et al. 2007; Vakoc et al. 2006). DNA
methylation of gene bodies mirrors that pattern,
with gene bodies of active genes showing high
and those of inactive genes low methylation (Ball
et al. 2009; Hellman and Chess 2007). Addition-
ally, a correlation between H3K36me3 and DNA

methylation was observed at exon–intron
boundaries, with exons showing increased levels
of both H3K36me3 (Kolasinska-Zwierz et al.
2009) and DNA methylation (Hodges et al.
2009). Moreover, a subset of heterochromatin
containing repetitive sequences with copy num-
ber variations is strongly enriched in H3K36me3
(Ernst et al. 2011), which may explain the role of
the DNMT3A PWWP domain in the heterochro-
matic localization of the enzyme and the strong
correlation of DNA methylation, absence of
H3K4me3 and presence of H3K36me3 observed
in genome-wide DNA methylation studies
(Meissner et al. 2008; Hodges et al. 2009).

The central role of K36 methylation in
targeting DNA methylation has been experimen-
tally confirmed in yeast (Morselli et al. 2015) and
in a study showing that the methylation of gene
bodies by DNMT3B directly depends on
H3K36me3 methylation and requires an intact
DNMT3B PWWP domain (Baubec et al. 2015).
In contrast, the PWWP domain of DNMT3A
mediates binding and DNA methylation at
H3K36me2-containing intergenic regions
(Weinberg et al. 2019), in agreement with a pref-
erence of the DNMT3A PWWP domain for bind-
ing to H3K36me2 over H3K36me3 in vitro
(Weinberg et al. 2019; Dukatz et al. 2019a).

Finally, mutations within the PWWP domain
cause aberrant DNMT3A localization and geno-
mic DNA methylation (Heyn et al. 2019; Dukatz
et al. 2019a; Remacha et al. 2018; Weinberg et al.
2021), further emphasizing the critical role of
H3K36me2/3 interaction for DNMT3A targeting
and function. The PWWP domains of DNMT3A
and DNMT3B were also shown to interact with
DNA to a variable degree, with DNMT3B
PWWP binding DNA more strongly (Qiu et al.
2002; Purdy et al. 2010). Moreover, a synergistic
interaction of the DNMT3A PWWP domain with
methylated H3K36 and DNA has been observed
(Dukatz et al. 2019a). In this study, a basic sur-
face region on the PWWP domain was identified
which mediates DNA interaction and is essential
for the cellular localization of DNMT3A. This
finding is not unexpected, as the K36 side chain
emerges from the nucleosome body next to the



exit site of the linker DNA. H3K36me2/3 and
DNA binding by PWWP domains are mediated
by two adjacent interfaces, one featuring an aro-
matic cage for peptide binding and the other one a
basic region for DNA interaction, similarly as
observed in complexes of the LEDGF PWWP
domain bound to a nucleosome (Wang et al.
2020a).
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4.4.7.3 H2AK119ub Binding
of DNMT3A1

Interaction of the DNMT3A PWWP domain with
H3K36me2/3 is believed to limit DNA methyla-
tion in Polycomb-marked regions. Mutations in
the PWWP domain that disrupt K36me2/3 or
DNA binding were identified in microcephalic
dwarfism (Heyn et al. 2019) and paraganglioma,
a rare neuroendocrine neoplasm (Remacha et al.
2018). In these diseases, hypermethylation of the
DNA was observed at Polycomb regulated
regions (Heyn et al. 2019; Weinberg et al.
2021), similarly as observed in mouse cells with
knock-in of a DNMT3A PWWP carrying a muta-
tion that blocks H3K36me2/3 binding
(Sendzikaite et al. 2019). The aberrant DNA
methylation was accompanied by the mistargeting
of DNMT3A1 to Polycomb-marked chromatin.
Further experiments showed that this localization
is dependent on PRC1-deposited H2AK119ub,
but not directly on H3K27me3 (Weinberg et al.
2021). The UDR domain in the N-terminus of
DNMT3A1 has been identified as responsible
for ubiquitin interaction and DNMT1A1 targeting
to H2AK119-marked regions (Weinberg et al.
2021). The UDR domain of DNMT3A1 is similar
to a region in 53BP1 that mediates the interaction
with H2AK15ub-modified nucleosomes.
H2AK119ub1 is a repressive Polycomb histone
modification that occurs together with
H3K27me3, hence the DNMT3A–H2AK119ub1
interaction provides a direct molecular link
between DNA methylation and Polycomb silenc-
ing, two very important repressed chromatin
states, explaining the association of both signals
in somatic cells and cancer (Jeltsch et al. 2019).
Moreover, the data indicating that the disruption
of the PWWP domain promotes DNA

methylation in Polycomb regions can be
explained by an increased role of UDR domain
mediated DNMT3A1 targeting after the func-
tional loss of the PWWP domain. The fact that
the UDR domain is absent in the DNMT3A2
splicing isoform may explain an earlier observa-
tion that the DNMT3A1 isoform is preferentially
localized to bivalent CpG island promoters
(Manzo et al. 2017), which likely contain
H2AK119ub. Hence, a misbalance between
DNMT3A recruitment mediated by distinct
reader domains may contribute to the abnormal
methylation patterns observed in diseases. Over-
all, the multivalent interaction of the DNMT3
enzymes with chromatin through
multimerization, UBD, ADD, and PWWP
domains can explain the strong binding of these
enzymes to nucleosomal heterochromatic DNA
(Jeong et al. 2009; Sharma et al. 2011).

4.4.8 Interaction Partners of DNMT3s

Up to date, the interaction of DNMT3 enzymes
with DNMT3L and MeCP2 has been studied in
detail, revealing important roles in targeting, allo-
steric regulation and control of DNMT3
multimerization. Unfortunately, for most other
DNMT3 interacting proteins, detailed informa-
tion about their function is not yet available.

4.4.8.1 DNMT3A/DNMT3L Interaction
DNMT3L co-localizes with both DNMT3A and
DNMT3B in mammalian cells (Hata et al. 2002).
It directly interacts with its C-terminal domain
with the catalytic domains of DNMT3A and
DNMT3B and stimulates the activity of both
enzymes in vivo (Chedin et al. 2002; Chen et al.
2005) and in vitro (Suetake et al. 2004; Gowher
et al. 2005a; Kareta et al. 2006). DNMT3L is
expressed during gametogenesis and embryonic
stages (Bourc'his et al. 2001; Hata et al. 2002;
Bourc'his and Bestor 2004), where it functions as
a stimulatory factor of DNTM3A needed to estab-
lish DNA methylation patterns in the developing
germline cells. The structure of the complex of
the C-terminal domains of DNMT3A and



DNMT3L (Fig. 4.4a) provided a mechanistic
explanation for the observed stimulatory effect
of DNMT3L. It revealed that the interaction of
DNMT3A with DNMT3L through the FF inter-
face influences the structure of DNMT3A via the
α-helices C, D, and E. Residues from these heli-
ces directly interact with the key catalytic and
AdoMet binding residues, which may explain
the stimulatory effect DNMT3L exerts on
AdoMet binding and the catalytic activity of
DNMT3A (Jia et al. 2007). Systematic studies
indicated that DNMT3L increased the activity of
DNMT3A and DNMT3B without changing their
flanking sequence preferences (Gao et al. 2020b;
Mao et al. 2020), different from an earlier study
that was based on the analysis of a much smaller
number of CpG sites with different flanking con-
text (Wienholz et al. 2010). Recently, it was
shown that the DNMT3 splice isoform,
DNMT3B3, can replace DNMT3L in
heterotetramer formation and stimulate the activ-
ity of DNMT3A and DNMT3B as well (Zeng
et al. 2020). Hence, different complex formation
between DNMT3 family members and their
splice variants provides an additional layer
regulating the activity of DNMT3 enzymes.
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As described above, binding of DNMT3L to
DNMT3A leads to the disruption of DNMT3A
protein oligomers and changes the sub-nuclear
localization of DNMT3A in cells (Fig. 4.6). In
vivo, DNMT3L was shown to release DNMT3A
from heterochromatin, by disrupting large
DNMT3A oligomers and converting them into
defined tetramers, which are homogeneously
distributed in the cell nucleus (Jurkowska et al.
2011b). The redistribution of DNMT3A may be
important for the methylation of imprinted differ-
entially methylated regions (DMRs) and other
targets in gene promoters, which generally are
euchromatic. This finding goes in line with the
discovery that DNMT3L favors DNA methyla-
tion in gene bodies (Neri et al. 2013). Hence,
DNMT3L, which was originally discovered as a
stimulator of DNMT3A (Gowher et al. 2005a),
also changes the sub-nuclear localization of this

enzyme (Jurkowska et al. 2011b). It needs to be
investigated whether DNMT3B3 has similar
effects as well. Additional evidence indicates
that the combined regulation of the activity and
localization of DNMT3A also applies to other
regulatory cues (see below for MeCP2 interaction
and CK2-mediated phosphorylation of
DNMT3A) and might be a general mechanism
of regulation for this family of enzymes (Fig. 4.6).

4.4.8.2 Interaction of DNMT3A
with MeCP2

The chromatin protein MeCP2, which binds
methylated DNA with its methyl-binding domain
(MBD), was identified as a direct and strong
interactor of DNMT3A and DNMT3B (Rajavelu
et al. 2018). The interaction was mapped to the
transcriptional repression domain (TRD) of
MeCP2 and the ADD domain of the DNMT3
enzymes. Binding of MeCP2 resulted in a strong
reduction of the DNA methylation activity of
DNMT3A in vitro, and overexpression of
MeCP2 in human cells led to a global reduction
of DNA methylation. Biochemical experiments
revealed that the binding of MeCP2 allosterically
stabilizes the autoinhibitory conformation of
DNMT3A. Interestingly, this interaction and its
resulting inhibition were relieved by the binding
of histone H3 to DNMT3A. In addition, MeCP2
contributed to the heterochromatic targeting of
DNMT3A. These findings led to a model of an
allosteric control of the target site specificity of
DNMT3A by the combined effects of its
interacting partners, like MeCP2 and histone H3
tails (Fig. 4.6). In this model, MeCP2 binding
inactivates DNMT3A, thereby preventing aber-
rant methylation of bulk DNA. At the same
time, it helps to deliver DNMT3A to heterochro-
matin. After binding to chromatin, which presents
H3 tails modified in a PTM pattern matching the
specificity of DNMT3A, the MeCP2 is released
from DNMT3A, the allosteric inhibition is
relieved and the activated DNMT3A enzyme
can methylate its target sites. By this mechanism,
MeCP2 generates a self-enhancing feedback loop



that contributes to the deposition of DNA meth-
ylation at heterochromatic sites (Fig. 4.3b).
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Fig. 4.6 Mechanisms regulating the activity and localiza-
tion of DNMT3A. Different interactors and PTMs regulate
the activity and localization in a concerted fashion.
DNMT3L stimulates DNMT3A and promotes its euchro-
matic localization. Contrarily, MeCP2- and CK2-mediated

phosphorylation downregulate the activity of DNMT3A
and promote its heterochromatic localization, where the
interaction with modified H3 tails allosterically stimulates
the enzyme

Interestingly, by this mechanism MeCP2 acts
as a perfect antagonist of DNMT3L, which
increases the activity of DNMT3A and leads to
its release from heterochromatin. Moreover, the
regulation of DNMT3A by CK2 (which is
described below) resembles the MeCP2 effect,
since it reduces the activity of DNMT3A and
contributes to the heterochromatic sequestering
of the methyltransferase. This illustrates an unex-
pected mechanistic convergence in the regulation
and targeting of DNMT3A by interactors and
posttranslational modifications (Fig. 4.6).

4.4.8.3 Other DNMT3A Interacting
Proteins

Biochemical studies revealed that DNMT3A
interacts with the tumor suppressor protein p53
in vitro and in cells (Wang et al. 2005; Sandoval
and Reich 2019). This interaction reduces the
activity of DNMT3A by interfering with tetramer
formation in a DNMT3L competitive manner

(Sandoval and Reich 2019). In turn, DNMT3A
binding suppresses p53-mediated transcriptional
activation in cells (Wang et al. 2005). The recent
discovery of the SPOCD1 protein as an interactor
of DNMT3A/DNMT3L and a key mediator in
piRNA-directed DNA methylation has started to
shed light on this fascinating process (Zoch et al.
2020).

4.4.9 Phosphorylation of DNMT3A

The regulation of the DNMT3 enzymes by phos-
phorylation has not been studied much, even
though >70 phosphorylation sites have been
identified in DNMT3A and DNMT3B in global
proteomics studies (http://www.phosphosite.org).
A unique example has been provided for casein
kinase 2 (CK2) (Deplus et al. 2014). CK2 is a
so-called survival protein kinase, which
suppresses cancer cell death and is often
upregulated in cancers. It was shown that CK2
phosphorylates DNMT3A at two sites, S386 and

http://www.phosphosite.org


S389, located next to the PWWP domain.
CK2-mediated phosphorylation increased the het-
erochromatic targeting of DNMT3A and reduced
its DNA methylation activity. This effect was
reflected by changes in the cellular DNA methyl-
ation after CK2 knockout, which may explain
global hypomethylation in cancer cells
overexpressing CK2. These data further support
the view that the combined regulation of enzy-
matic activity and localization is a general princi-
ple in the regulation of DNMT3A (as already
described for DNMT3L and MeCP2 interaction
above) (Fig. 4.6).
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4.4.10 Binding of Regulatory DNA
and RNA to DNMT3 Enzymes

Similar to DNMT1, additional nucleic acid bind-
ing sites have been identified in the N-terminal part
of DNMT3 enzymes. As described above, the
isolated PWWP domain of DNMT3B has a DNA
binding activity (Qiu et al. 2002). In DNMT3A, an
additional DNA binding site was detected and
connected to the PWWP domain (Purdy et al.
2010; Dukatz et al. 2019a). Moreover, the very
N-terminal part of DNMT3A had been shown to
bind DNA (Suetake et al. 2011). Furthermore, it
was observed that lncRNAs bind strongly to the
catalytic domain of DNMT3A, causing inhibition
of the enzyme (Holz-Schietinger and Reich 2012).
The authors also detected binding of RNA to allo-
steric sites, which did not change the catalytic
activity. In addition, it was shown that a ncRNA
derived from the rDNA promoter binds to the
promoter forming RNA/DNA triplex structures
that are specifically recognized by DNMT3B,
establishing a novel pathway of RNA-directed
DNA methylation (Schmitz et al. 2010; Bierhoff
et al. 2010). Conversely, the r-loop formation has
been reported to protect promoters fromDNMT3B
engagement and DNA methylation in early devel-
opment (Ginno et al. 2012). Future work will show
whether the recruitment by regulatory DNA and
RNA emerges as a new and general principle of
DNMT targeting and regulation.

4.5 Outlook

After more than 40 years of intensive research in
the DNA methylation field, we have learned
many fascinating details regarding the biochemi-
cal, structural, and enzymatic properties of the
mammalian DNA methyltransferases. With the
availability of additional DNMT structures with
bound substrate DNA, we begin to understand the
molecular determinants of the enzymes’
specificities. Strong effects of flanking sequences
on the activity of DNMTs have been partially
explained and structural studies of DNMT1 dis-
covered a striking flanking sequence-dependent
complex conformation. A better understanding of
these effects will require the generation of addi-
tional DNMT structures with different DNA
substrates, potentially combined with molecular
dynamic simulations.

Despite progress regarding the mechanism of
DNMTs, their regulation in cells has only begun
to be uncovered. Importantly, it has been lately
realized that the precise control of DNMT activity
is critically involved in the generation and main-
tenance of the dynamic DNA methylation
patterns in living cells. Crystallographic studies
with DNMT1 and DNMT3A revealed that both
enzymes unexpectedly undergo large domain
rearrangements, which allosterically regulate
their catalytic activity. This unforeseen discovery
leads to the important conclusion that by
influencing domain rearrangements any post-
translational modification and interaction partner,
be it a protein, allosteric DNA or non-coding
RNA, could directly regulate the enzymatic activ-
ity, specificity, and localization of DNMTs via
allosteric effects. This novel insight provides
fascinating perspectives on the investigation of
the effects of interactors and PTMs on these
enzymes. More and more DNMTs interaction
partners are discovered and investigated,
emphasizing the key roles of other protein factors
and chromatin modifications in targeting and reg-
ulation of DNMTs. To better understand the
mechanisms and functions of these interactions,
more cryo-EM structures of larger protein



complexes, including DNMTs and nucleosomes
will be needed.
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Abstract

Cytosine methylation at the C5-position—
generating 5-methylcytosine (5mC)—is a
DNA modification found in many eukaryotic
organisms, including fungi, plants,
invertebrates, and vertebrates, albeit its levels
vary greatly in different organisms. In
mammals, cytosine methylation occurs pre-
dominantly in the context of CpG
dinucleotides, with the majority (60–80%) of
CpG sites in their genomes being methylated.
DNA methylation plays crucial roles in the
regulation of chromatin structure and gene
expression and is essential for mammalian
development. Aberrant changes in DNA meth-
ylation and genetic alterations in enzymes and
regulators involved in DNA methylation are

associated with various human diseases,
including cancer and developmental disorders.
In mammals, DNA methylation is mediated by
two families of DNA methyltransferases
(Dnmts), namely Dnmt1 and Dnmt3 proteins.
Over the last three decades, genetic
manipulations of these enzymes, as well as
their regulators, in mice have greatly
contributed to our understanding of the
biological functions of DNA methylation in
mammals. In this chapter, we discuss genetic
studies on mammalian Dnmts, focusing on
their roles in embryogenesis, cellular differen-
tiation, genomic imprinting, and human
diseases.
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5.1 Distinct Roles of Dnmt1
and Dnmt3 Families in DNA
Methylation

In 1975, long before the identification of any
mammalian DNA methyltransferase, Holliday
and Pugh and Riggs independently proposed a
theory that DNA methylation could serve as a
heritable epigenetic mark for cellular memory.
Recognizing that the CpG dinucleotide is
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self-complementary, they postulated that
methylated and unmethylated CpG sites could
be copied when cells divide so that DNA methyl-
ation patterns would be replicated semi-
conservatively like the base sequence of DNA
itself (Holliday and Pugh 1975; Riggs 1975). A
prediction of the theory was the existence of two
DNA methyltransferase activities: de novo
methyltransferase(s) would methylate unmodified
DNA and establish DNA methylation patterns,
and maintenance methyltransferase(s) would rec-
ognize hemi-methylated sites and “copy” the
methylation patterns from the parental strand
onto the daughter strand at each round of DNA
replication.
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5.1.1 Dnmt1: The Maintenance DNA
Methyltransferase

The first mammalian DNA methyltransferase
gene, Dnmt1, was cloned from murine cells
(Bestor et al. 1988). The Dnmt1 locus has several
transcription start sites and produces two major
protein products (Mertineit et al. 1998; Rouleau
et al. 1992). Transcription initiation within a
somatic cell-specific exon (exon 1 s) results in
the Dnmt1s isoform (generally referred to as
Dnmt1), which consists of 1620 amino acids
(mouse). Transcription initiation within an
oocyte-specific exon (exon 1o) produces a tran-
script that utilizes a downstream AUG as
the translation initiation codon. As a result, the
oocyte-specific isoform, Dnmt1o, lacks the
N-terminal 118 amino acids of Dnmt1 (Fig. 5.1).
Genetic evidence suggests no functional
differences between the two isoforms, although
Dnmt1o appears to be more stable (Ding and
Chaillet 2002). Human DNMT1, consisting of
1616 amino acids, is 80% identical to mouse
Dnmt1 at the amino acid level.

Dnmt1 contains a C-terminal catalytic domain
with special sequence motifs that are homologous
to bacterial DNA methyltransferases, and an
N-terminal regulatory region that is not present
in bacterial enzymes (Bestor et al. 1988). The
N-terminal regulatory region contains several
functional domains, including a proliferating cell

nuclear antigen (PCNA) binding domain (PBD)
responsible for the interaction with the DNA rep-
lication machinery, a nuclear localization signal
(NLS), a replication foci-targeting sequence
(RFTS) that mediates the association with late
replicating heterochromatin, a zinc-finger CXXC
domain that recognizes unmethylated
CpG-containing DNA, and a pair of bromo-
adjacent homology (BAH) domains (Fig. 5.1).
Structural data revealed that the RFTS domain
binds to the catalytic domain and blocks the cata-
lytic center, suggesting an autoinhibitory role in
the regulation of enzymatic activity (Takeshita
et al. 2011).

In vitro biochemical assays revealed that,
although Dnmt1 is capable of methylating both
unmethylated and hemi-methylated CpG
dinucleotides, its activity toward hemi-
methylated substrates is far more efficient
(Pradhan et al. 1999). Dnmt1 is ubiquitously
expressed through development, with high levels
in proliferating cells. Dnmt1 associates with the
DNA replication machinery at S phase and with
heterochromatin at late S and G2 phases (Chuang
et al. 1997; Easwaran et al. 2004; Leonhardt et al.
1992; Schneider et al. 2013), suggesting that
Dnmt1-mediated methylation is coupled to DNA
replication. These findings supported the notion
that Dnmt1 mainly functions as a maintenance
enzyme (Fig. 5.2). However, because Dnmt1,
the only known DNA methyltransferase at the
time, also had de novo methylation activity
in vitro, it was initially debated whether de novo
methylation and maintenance methylation are
carried out by Dnmt1 alone or by two or more
distinct enzymes.

Genetic studies in mouse models and murine
cells helped settling the debate. Several Dnmt1
mutant alleles were generated by gene targeting.
The Dnmt1n allele (n stands for N-terminal dis-
ruption) was reported in 1992 (Li et al. 1992).
This allele, in which a genomic region coding for
60 amino acids near the N-terminal end was
replaced by a neomycin resistance cassette, is a
partial loss-of-function (hypomorphic) mutation.
Dnmt1n/n embryos have a ~ 70% reduction in
global DNA methylation and show
mid-gestation lethality (Li et al. 1992).



Subsequently, the Dnmt1s allele (s stands for SalI
site) was reported, which had a neomycin resis-
tance cassette inserted into a SalI site in exon
17, disrupting the RFTS (Li et al. 1993). The
Dnmt1s allele is functionally more severe than
the Dnmt1n allele, as Dnmt1s/s embryos show
lower levels of DNA methylation and earlier
lethality (Lei et al. 1996). However, it was unclear
whether the Dnmt1s allele was a null mutation,
because the C-terminal catalytic domain was
intact. To completely inactivate Dnmt1, Lei
et al. generated the Dnmt1c allele (c stands for
C-terminal disruption) by disrupting the catalytic
domain, including the highly conserved PC and

ENV motifs that are essential for enzymatic activ-
ity (Lei et al. 1996). The development ofDnmt1c/c

embryos is arrested prior to the 8-somite stage,
significantly earlier than the developmental phe-
notype of Dnmt1n/n embryos, while the viability
and proliferation of Dnmt1 null mouse embryonic
stem cells (mESCs) are not affected. DNA meth-
ylation analyses revealed that Dnmt1 null
embryos and mESCs contain low but stable levels
of 5-methylcytosine (5mC) and methyltransferase
activity. Moreover, the de novo methylation
activity is not impaired by Dnmt1 loss, as
integrated provirus DNA in MoMuLV-infected
Dnmt1 null mESCs becomes methylated at a
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Fig. 5.1 DNMTs and major regulators. Schematic
diagrams of major Dnmt1, Dnmt3a, and Dnmt3b isoforms,
as well as Dnmt3L and Uhrf1, in mouse. The C-terminal
catalytic domains of the Dnmt1 and Dnmt3 families are
conserved (the highly conserved signature motifs I, IV, VI,
IX, and X are shown in red), but their N-terminal regu-
latory regions are distinct. Note that Dnmt3L, Dnmt3b3,
and Dnmt3b6 have the same 63-residue deletion in their
C-terminal region. PBD PCNA-binding domain, NLS

nuclear localization signal, RFTS replication foci-targeting
sequence, CXXC a cysteine-rich domain implicated in
binding CpG-containing DNA sequences, BAHs bromo-
adjacent homology domains, PWWP proline-tryptophan-
tryptophan-proline domain, ADD ATRX-Dnmt3-Dnmt3L
domain, UBL ubiquitin-like domain, TTD tandem Tudor
domain, PHD plant homeodomain, SRA SET and RING-
associated domain, RING Really Interesting New Gene
domain



n

similar rate as in wild-type (WT) mESCs (Lei
et al. 1996). Taken together, these early studies
provided compelling evidence for the existence of
one or more DNA methyltransferases other than
Dnmt1 that are important for de novo
methylation.
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Fig. 5.2 De novo and
maintenance methylation.
The de novo
methyltransferases Dnmt3a
and Dnmt3b, in complex
with their accessory factors
Dnmt3L, Dnmt3b3, or
Dnmt3b6, methylate
unmodified DNA and
establish methylation
patterns. The major Dnmt3
isoforms in early embryos,
germ cells, and somatic
cells are shown. At each
round of DNA replication,
the maintenance
methyltransferase Dnmt1,
aided by its accessory factor
Uhrf1, “copies” the
methylation pattern from
the parental strand onto the
daughter strand. Open
circles represent
unmethylated CpG
dinucleotides, and filled
circles represent methylated
CpG dinucleotides

Uhrf1

Maintenance
methylationDNA replication

De novo
methylation

Dnmt1

Dnmt3LDnmt3a2
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5.1.2 Dnmt3 Family: Key
Components of De Novo
Methylation Machinery

Results from genetic studies of Dnmt1 prompted
the search for more DNA methyltransferase
genes. In 1998, several groups reported the iden-
tification of a second putative DNA
methyltransferase gene, named Dnmt2, which
encodes a protein of 391 amino acids in human
or 415 amino acids in mouse (Okano et al. 1998b;
Van den Wyngaert et al. 1998; Yoder and Bestor
1998). Despite the presence of all the conserved
motifs shared by known prokaryotic and eukary-
otic DNA cytosine methyltransferases, Dnmt2
has no detectable DNA methyltransferase activity

in standard in vitro assays. Furthermore, the inac-
tivation of Dnmt2 in mESCs by gene targeting
has no effect on preexisting genomic methylation
patterns or on the ability to methylate newly
integrated retrovirus DNA de novo (Okano et al.
1998b). Indeed, a subsequent study demonstrated
that Dnmt2 is a tRNA methyltransferase, specific
for cytosine 38 in the anticodon loop of aspartic
acid tRNA and has been renamed tRNA aspartic
acid (D) methyltransferase 1 (Trdmt1) (Goll et al.
2006).

By searching an expressed sequence tag (EST)
database using full-length bacterial type II
cytosine-5 methyltransferase sequences as
queries, Okano et al. identified two additional
homologous genes, Dnmt3a and Dnmt3b, i
both mouse and human. Their protein products
contain the highly conserved DNA
methyltransferase motifs in their C-terminal
regions, but their N-terminal regulatory regions
show little sequence similarity to that of Dnmt1
(Okano et al. 1998a). The N-terminal regions of
Dnmt3a and Dnmt3b contain a variable region
and two conserved domains, the



proline-tryptophan-tryptophan-proline (PWWP)
domain and the ATRX-Dnmt3-Dnmt3L (ADD)
domain (Fig. 5.1). Both domains are implicated in
chromatin binding. The PWWP domain is
required for heterochromatin localization and
binds di- and tri-methylated histone H3 lysine
36 (H3K36me2/3) (Baubec et al. 2015; Chen
et al. 2004; Dhayalan et al. 2010; Weinberg
et al. 2019), and the ADD domain interacts with
the N-terminal tail of histone H3 when H3K4 is
unmethylated (Otani et al. 2009).
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Dnmt3a produces two major isoforms,
Dnmt3a and Dnmt3a2, driven by different
promoters (Chen et al. 2002). The full-length
Dnmt3a protein, consisting of 908 amino acids
in mouse and 912 amino acids in human, is
expressed ubiquitously at relatively low levels.
The Dnmt3a2 transcript is driven by a down-
stream intronic promoter and encodes a protein
that lacks the N-terminal 219 (in mouse) or
223 (in human) amino acids of Dnmt3a.
Dnmt3a2 is the predominant form in mESCs,
early embryos, and developing germ cells, as
well as human embryonal carcinoma cells, and
is also detectable in spleen and thymus (Chen
et al. 2002). While both Dnmt3a and Dnmt3a2
are catalytically active (Chen et al. 2002), recent
studies suggest functional differences between
them. Zeng et al. showed that in mESCs,
Dnmt3a2 requires Dnmt3L (Dnmt3-like), an
accessory factor (see below), for de novo methyl-
ation, whereas Dnmt3a has substantial activity by
itself (Zeng et al. 2020). Moreover, Weinberg
et al. showed that the very N terminus of
Dnmt3a, which is absent in Dnmt3a2, contains a
putative ubiquitin-dependent recruitment (UDR)
domain that interacts with nucleosomes modified
by monoubiquitylation of histone H2A lysine
119 (H2AK119ub) (Weinberg et al. 2021).

The Dnmt3b gene produces multiple alterna-
tively spliced isoforms (>30 have been reported),
many of which encode catalytically inactive pro-
tein products. The longest isoform, Dnmt3b1,
consists of 859 amino acids in mouse and
853 amino acids in human, respectively. Active
and inactive Dnmt3b isoforms appear to
co-express in most, if not all, cell types. For
example, Dnmt3b1, an active form, and

Dnmt3b6, an inactive form, are the predominant
forms in early embryos and mESCs, whereas
Dnmt3b2, an active form, and Dnmt3b3, an inac-
tive form, are expressed in differentiated somatic
cells (Chen et al. 2002). There is evidence that
catalytically inactive Dnmt3b protein products
play regulatory roles in DNA methylation. For
example, overexpression of human DNMT3B7,
a truncated isoform frequently found in cancer
cells, leads to higher levels of total genomic meth-
ylation and altered gene expression in both trans-
genic mice and human cancer cells (Ostler et al.
2012; Shah et al. 2010). Several catalytically
inactive Dnmt3b isoforms were shown to facili-
tate DNA methylation in gene bodies in
differentiated cells (Duymich et al. 2016). Inter-
estingly, two Dnmt3b isoforms, Dnmt3b3 and
Dnmt3b6, have the exact 63-residue deletion
corresponding to that of Dnmt3L in the catalytic
domain (Fig. 5.1). A recent study demonstrated
that Dnmt3b3 plays a similar role as Dnmt3L but
preferentially enhances Dnmt3b-mediated DNA
methylation (Zeng et al. 2020).

Several lines of evidence suggest that Dnmt3a
and Dnmt3b primarily function as de novo
methyltransferases (Fig. 5.2). First, Dnmt3a and
Dnmt3b are highly expressed in early embryos
(and mESCs) and developing germ cells, where
active de novo methylation takes place, but are
downregulated in somatic tissues and when
mESCs are induced to differentiate (Okano et al.
1998a). Second, recombinant Dnmt3a and
Dnmt3b proteins methylate unmethylated and
hemi-methylated DNA with equal efficiency
(Okano et al. 1998a). Genetic studies provided
definitive evidence that Dnmt3a and Dnmt3b
were the long-sought de novo methyltransferases.
The inactivation of both Dnmt3a and Dnmt3b by
gene targeting blocks de novo methylation in
mESCs and early embryos but has no effect on
maintenance of imprinted methylation patterns
(Okano et al. 1999). Dnmt3a deficiency also
leads to failure to establish DNA methylation
imprints in developing germ cells (Kaneda et al.
2004). Recently, the de novo methyltransferase
activity of Dnmt3a was utilized for targeted
genome de novo methylation by CRISPR-based
epigenome editing (Nunez et al. 2021; Stepper



et al. 2017) Previously, different DNMTs includ-
ing DNMT3A have been used for epigenome
editing after fusion to zinc fingers (see Chap. 18
of this book). Based on the expression patterns of
various Dnmt3 proteins and developmental
phenotypes of knockout (KO) mice (Bourc'his
and Bestor 2004; Bourc'his et al. 2001; Hata
et al. 2002; Kaneda et al. 2004; Okano et al.
1999; Zeng et al. 2020), Dnmt3a2 and its acces-
sory factor Dnmt3L are responsible for de novo
methylation in developing germ cells, Dnmt3b1
and Dnmt3b6 (an inactive isoform similar to
Dnmt3L), as well as Dnmt3a2 and Dnmt3L,
likely play important roles in de novo methylation
during early embryogenesis, and Dnmt3b2 and
Dnmt3b3 (an inactive isoform similar to
Dnmt3L), as well as Dnmt3a (either alone or
complexed with Dnmt3b3), are likely involved
in methylation during later stages of development
and in somatic cells (Fig. 5.2).
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It is worth noting that the de novo DNA
methyltransferase activity of Dnmt3a and
Dnmt3b is not only essential for the establishment
of new methylation patterns, but also important
for the faithful maintenance of these patterns. In
culture, Dnmt3a/3b double KO (DKO) mESCs
exhibit gradual loss of global DNA methylation
and, after multiple passages, show severe
hypomethylation (Chen et al. 2003), suggesting
that Dnmt1 and Dnmt3 enzymes have distinct and
non-redundant functions but act cooperatively in
the maintenance of global DNA methylation.
Recent evidence suggests competition between
de novo methylation by Dnmt3 proteins and
demethylation initiated by the ten-eleven translo-
cation (TET) family of 5mC dioxygenases at
many loci in mESCs (Charlton et al. 2020;
Wang et al. 2020). There is also evidence that
Dnmt1 has de novo methylation activity. For
example, oocytes deficient for Dnmt3a and
Dppa3, which encodes a maternal factor DPPA3
(also known as PGC7 and Stella), exhibit higher
methylation levels than WT oocytes, suggesting a
robust de novo methylation activity of Dnmt1 in
mouse oocytes that is normally suppressed
(Li et al. 2018). Dnmt1 has also been shown to
be involved in de novo methylation of specific
retrotransposons, such as intracisternal A
particles (Haggerty et al. 2021).

A third member of the Dnmt3 family,Dnmt3L,
was originally discovered by database analysis of
the human genome sequence (Aapola et al. 2000).
Its murine homolog was subsequently identified
(Aapola et al. 2001; Hata et al. 2002). The human
and mouse Dnmt3L proteins consist of 387 and
421 amino acids, respectively. Dnmt3L contains
an ADD domain, but lacks a PWWP domain, in
the N-terminal region. Its C-terminal region is
highly related to the catalytic domains of
Dnmt3a and Dnmt3b but lacks some motifs and
regions essential for enzymatic activity (Aapola
et al. 2000, 2001; Hata et al. 2002) (Fig. 5.1).
Therefore, Dnmt3L has no methyltransferase
activity. However, Dnmt3L has been shown to
interact with Dnmt3a and Dnmt3b, stimulate their
enzymatic activities, and target them to chromatin
(Hata et al. 2002; Jia et al. 2007; Ooi et al. 2007;
Suetake et al. 2004). The expression pattern of
Dnmt3L during development is similar to that of
Dnmt3a and Dnmt3b, including high expression
in developing germ cells, early embryos, and
mESCs (Hata et al. 2002). These findings indicate
that Dnmt3L may regulate de novo DNA methyl-
ation (Fig. 5.2). However, genetic studies suggest
that Dnmt3L functions mainly as an accessory
factor for Dnmt3a (mainly Dnmt3a2) in the
germline. Dnmt3L null mice are viable and
grossly normal, but both male and female mice
are infertile (Bourc'his et al. 2001; Hata et al.
2002). Male mice show the activation of
retrotransposons in spermatogonia and
spermatocytes, due to hypomethylation, and are
azoospermic (Bourc'his and Bestor 2004). Female
mice fail to establish maternal methylation
imprints in oocytes and, as a result, embryos
derived from these oocytes cannot survive
beyond mid-gestation (Bourc'his et al. 2001;
Hata et al. 2002). The phenotype is indistinguish-
able from that of mice with conditional Dnmt3a
deletion in germ cells (Kaneda et al. 2004). Con-
trary to a previous report that Dnmt3L positively
and negatively regulates DNA methylation
depending on genomic regions (Neri et al.
2013), recent genome-wide methylation analysis
revealed loss of methylation at many Dnmt3a
target regions, but no gain of methylation at any
loci in Dnmt3L-deficient mESCs, consistent with
the widely accepted view that Dnmt3L is a



positive regulator of DNA methylation (Veland
et al. 2019). Although Dnmt3L interacts with
both Dnmt3a and Dnmt3b, its deficiency results
in the degradation of Dnmt3a (especially
Dnmt3a2), but not Dnmt3b, in mESCs, which
explains, at least in part, its functional specificity
in vivo (Veland et al. 2019).
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In the rodent genome, a Dnmt3b duplicated
gene, initially annotated as a pseudogene (Lees-
Murdock et al. 2004), was subsequently identified
as a new functional member of the Dnmt3 family.
This gene, renamed Dnmt3c, encodes a protein of
709 amino acids which is similar to Dnmt3b but
lacks the PWWP domain in the N-terminal regu-
latory region. It is specifically expressed in male
germ cells. Genetic studies in mice demonstrated
that Dnmt3c is not required for mouse develop-
ment but is essential for normal spermatogenesis
by methylating evolutionally young
retrotransposons in the male germline (Barau
et al. 2016; Jain et al. 2017).

5.1.3 Uhrf1: A Major Regulator
of Maintenance DNA
Methylation

A number of DNA methylation regulators have
been identified, including the multi-domain pro-
tein Uhrf1 (ubiquitin-like with PHD and RING
finger domains 1), also known as NP95 (mouse)
and ICBP90 (human) (Fig. 5.1). Genetic studies
demonstrated an essential role for Uhrf1 in
maintaining DNA methylation (Fig. 5.2). Uhrf1
deficiency leads to embryonic lethality and global
DNA hypomethylation (Bostick et al. 2007; Muto
et al. 2002; Sharif et al. 2007), resembling the
phenotype of Dnmt1 deficiency. Cellular and bio-
chemical data indicate physical and functional
interactions between Uhrf1 and Dnmt1. Uhrf1
co-localizes with Dnmt1 at DNA replication foci
and heterochromatin, and Dnmt1 fails to enrich at
these regions in the absence of Uhrf1 (Bostick
et al. 2007; Liu et al. 2013; Sharif et al. 2007).
These findings suggest that Uhrf1 is a key acces-
sory factor of Dnmt1.

Uhrf1 harbors five known functional domains:
a ubiquitin-like domain (UBL) at the N terminus,

followed by a tandem Tudor domain (TTD), a
plant homeodomain (PHD), a SET and RING-
associated (SRA) domain, and a Really Interest-
ing New Gene (RING) domain (Fig. 5.1). All the
domains have been shown to be important for
Dnmt1 subnuclear localization and maintenance
of DNA methylation. Biochemical and structural
evidence revealed that the SRA domain preferen-
tially binds hemi-methylated DNA and is thought
to play an important role in loading Dnmt1 onto
newly synthesized DNA substrates (Arita et al.
2008; Avvakumov et al. 2008; Bostick et al.
2007; Hashimoto et al. 2008; Sharif et al. 2007).
The association of Uhrf1 with heterochromatin is
mediated by TTD, which contains an aromatic
cage for binding of the heterochromatic
H3K9me3 mark. The PHD acts in combination
with TTD to read the H3K9me3 mark and, addi-
tionally, interacts with the unmethylated arginine
2 of histone H3 tail (H3R2me0) (Cheng et al.
2013; Liu et al. 2013; Rothbart et al. 2013;
Rothbart et al. 2012; Rottach et al. 2010). There
is also evidence that Uhrf1, via the E3 ligase
activity of its RING domain, mediates
ubiquitylation of histone H3 at several lysine
residues on the N-terminal tail, creating binding
sites for Dnmt1 (Ishiyama et al. 2017; Nishiyama
et al. 2013; Qin et al. 2015). Recently, the UBL
domain was shown to interact with the E2
ubiquitin conjugating enzyme UBE2D to facili-
tate H3 monoubiquitylation (DaRosa et al. 2018;
Foster et al. 2018). It is worth noting that Uhrf1
also controls the ubiquitylation and stability of
itself and Dnmt1 (Dan et al. 2017; Du et al.
2010; Qin et al. 2011). Indeed, transgenic Uhrf1
overexpression in zebrafish hepatocytes drives
DNA hypomethylation by destabilizing Dnmt1
(Mudbhary et al. 2014). Thus, the role of Uhrf1
in the regulation of DNA methylation is complex.

Recent studies indicate that Uhrf1 is a major
point of regulation in modulating DNA methyla-
tion. Methylation of DNA ligase 1 (LIG1) by
GLP/G9a (also known as EHMT1/EHMT2)
enhances the recruitment of Uhrf1 to replicating
DNA (Ferry et al. 2017), while Uhrf1 acetylation
by PCAF at K490 disrupts Uhrf1 binding to
hemi-methylated DNA (Hahm et al. 2020). The
DNA helicase HELLS (also known as LSH)



facilitates Uhrf1 chromatin association and
Uhrf1-catalyzed histone H3 ubiquitylation,
which in turn promotes Dnmt1 recruitment to
replication forks and DNA methylation (Han
et al. 2020). The protein arginine
methyltransferase PRMT6 is overexpressed in
multiple types of cancer (Yang and Bedford
2013). It has been reported that PRMT6-mediated
asymmetric dimethylation of H3R2 (H3R2me2a)
disrupts Uhrf1 association with chromatin and
contributes to global DNA hypomethylation in
cancer cells (Veland et al. 2017). In culture,
pluripotent mESCs sporadically convert to a tran-
sient totipotent state, known as two-cell embryo-
like ESCs (2CLCs), to extend shortened
telomeres and repair damaged DNA (Macfarlan
et al. 2012; Zalzman et al. 2010). Zscan4, a zinc-
finger protein specifically and highly expressed in
2CLCs, has been shown to facilitate telomere
elongation by inducing global DNA demethyla-
tion due to Uhrf1-dependent ubiquitylation and
degradation of Uhrf1 itself and Dnmt1 (Dan et al.
2017).
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5.2 Dnmts in Embryonic
Development and Cellular
Differentiation

5.2.1 Roles of Dnmts in Embryonic
Development

DNA methylation is relatively stable in somatic
tissues but exhibits dynamic changes in early
embryos. During preimplantation development,
both the maternal and paternal genomes undergo
global DNA demethylation, albeit the
mechanisms involved are distinct. Demethylation
of the paternal genome involves both active and
passive mechanisms. Shortly after fertilization
and before the first cell division, the 5mC
dioxygenase Tet3, which is highly expressed in
oocytes and abundant in zygotes, converts the
majority of 5mC in the male pronucleus to
5-hydroxymethylcytosine (5hmC) (Gu et al.
2011; Wossidlo et al. 2011). 5hmC can be further
oxidized to 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC), which can be excised

by thymine DNA glycosylase (TDG) and
replaced by unmodified cytosine (He et al. 2011;
Ito et al. 2011). The oxidized derivatives of 5mC
can also persist in the paternal genome and
undergo passive dilution during cleavage
divisions (Inoue et al. 2011; Inoue and Zhang
2011). Even though exposed to an identical envi-
ronment in the zygote as the paternal genome, the
maternal genome is protected from Tet3-
mediated active demethylation. DPPA3, a mater-
nal factor, protects the maternal genome (as well
as imprinted loci in the paternal genome) from
Tet3-mediated oxidation of 5mC by binding to
chromatin containing H3K9 methylation
(Nakamura et al. 2007). Deletion of the
H3K9me2 methyltransferase G9a or the
H3K9me3 methyltransferase Setdb1 (also
known as ESET and KMT1E) in growing oocytes
results in significant reductions of the asymmetry
of global 5mC oxidation (Zeng et al. 2019). The
maternal genome is demethylated mainly through
DNA replication-dependent passive dilution
because of deficient maintenance methylation,
presumably due to the exclusion of Dnmt1 from
the nucleus (Hirasawa et al. 2008; Howell et al.
2001). As a result of active and passive demeth-
ylation, DNA methylation marks inherited from
gametes are largely erased by the blastocyst stage
in mice, with the exception of imprinting control
regions (ICRs) and some retrotransposons, which
resist this wave of global demethylation. Around
the time of implantation, a wave of de novo
methylation takes place to establish the embry-
onic methylation patterns, which are then
maintained in a lineage-specific manner. In con-
trast to DNA demethylation in preimplantation
embryos in mice, rhesus monkey embryos
undergo remethylation at 8-cell stage, resulting
in an increase in global DNA methylation,
highlighting the difference in DNA methylation
reprogramming during embryogenesis among
different species (Gao et al. 2017).

Most of our knowledge about the significance
of DNA methylation in mammalian development
came from genetic manipulations of Dnmt genes
in mice. Results from characterization of Dnmt
mutant mice demonstrated that the establishment
of embryonic methylation patterns requires both



de novo and maintenance Dnmts, and that
maintaining genomic methylation above a thresh-
old level is essential for embryonic development
(Lei et al. 1996; Li et al. 1992; Okano et al. 1999).
Complete inactivation of Dnmt1 results in the
arrest of embryonic development between
presomite and 8-somite stage around E9.5 (Lei
et al. 1996). DNA methylation analysis showed
that embryos deficient for Dnmt1 undergo dra-
matic loss of global DNA methylation (Lei et al.
1996; Li et al. 1992), in agreement with its role in
maintenance methylation. The disruption of
Dnmt3b also leads to embryonic lethality after
E12.5, with multiple defects, including growth
impairment and rostral neural tube defects
(Okano et al. 1999). In contrast,Dnmt3a-deficient
mice develop to term and appear normal at birth
but die around 4 weeks of age (Okano et al.
1999). Consistent with the developmental
phenotypes, DNA methylation analysis of E9.5
embryos revealed that germline-specific genes,
pluripotency genes, hematopoietic genes, and
eye genes are severely hypomethylated in the
absence of Dnmt3b, but not Dnmt3a (Borgel
et al. 2010). This suggests that Dnmt3b is the
main enzyme responsible for de novo methylation
during embryogenesis. Dnmt3b shows a dynamic
expression change during pre- and early post-
implantation development, with preferential
expression in the trophectoderm at the
mid-blastocyst stage and subsequent transition
of expression in the embryonic lineage (Hirasawa
and Sasaki 2009). Notably, DNA methylation at
certain genes such as Brdt, Dpep3, Cytip, and
Crygd is only partially reduced in Dnmt3b KO
embryos (Borgel et al. 2010), suggesting that
Dnmt3a cooperates with Dnmt3b to methylate
some loci. Indeed, Dnmt3a/3b DKO embryos
exhibit more severe defects than Dnmt3b KO
embryos. Specifically, DKO embryos show
smaller size, lack somites, do not undergo embry-
onic turning, and die before E11.5, indicating that
their growth and morphogenesis are arrested
shortly after gastrulation (Okano et al. 1999).
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DNA methylation plays critical roles in gene
repression and silencing of transposable elements
(TEs). Thus, aberrant gene expression and reacti-
vation of TEs likely contribute to the

developmental defects observed in Dnmt mutant
mice. Dnmt1, Dnmt3a, and Dnmt3b are all highly
expressed in pluripotent mESCs, but the disrup-
tion of these genes individually, both Dnmt3a and
Dnmt3b, or even all three Dnmts has no deleteri-
ous effects on mESCs in the undifferentiated state
(Lei et al. 1996; Li et al. 1992; Okano et al. 1999;
Tsumura et al. 2006). However, Dnmt1 KO and
Dnmt3a/3b DKO mESCs die upon induction of
differentiation (Chen et al. 2003; Lei et al. 1996;
Tucker et al. 1996). In contrast to mESCs, undif-
ferentiated human ESCs (hESCs) require
DNMT1, but not DNMT3A and DNMT3B, for
survival (Liao et al. 2015). mESCs and hESCs
represent different pluripotent states, with hESCs
resembling the more mature epiblast state (Tesar
et al. 2007), which could explain the sensitivity of
hESCs to severe loss of DNA methylation.

5.2.2 Roles of Dnmts in Cellular
Differentiation
and Maintenance of Cell
Identity.

The effects of DNA methylation deficiency
become apparent during or after gastrulation,
when the embryo differentiates to form the three
germ layers (Lei et al. 1996; Li et al. 1992; Okano
et al. 1999). Conditional inactivation of Dnmt1 in
mouse embryonic fibroblasts (MEFs) leads to
severe hypomethylation and cell death, while
Dnmt3b-deficient MEFs show modest
hypomethylation, chromosomal instability, and
abnormal cell proliferation (Dodge et al. 2005;
Jackson-Grusby et al. 2001). Furthermore,
although a hypomorphic mutation affecting the
N-terminal region of human DNMT1 has no
effect on the survival and proliferation of the
colon cancer cell line HCT116 (Rhee et al.
2000), the disruption of the DNMT1 catalytic
domain in HCT116 leads to mitotic catastrophe
and cell death (Chen et al. 2007). Conditional KO
studies in mice have also demonstrated that DNA
methylation is essential in various organs and
tissues. For example, Dnmt1 is important in the
regulation of cell survival and neuronal matura-
tion in the central nervous system and for T cell



development, function, and survival (Hutnick
et al. 2009; Lee et al. 2001). These results suggest
crucial roles for DNA methylation in cellular
differentiation and in the viability and proper
functioning of differentiated cells.
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5.2.3 DNMT Mutations in Human
Diseases

Consistent with the role of DNA methylation in
cellular differentiation and maintenance of
differentiated cell state, DNMT mutations have
been identified in cancer and developmental
disorders. DNMT1 mutations in RFTS are
reported in two related neurodegenerative
diseases, hereditary sensory and autonomic neu-
ropathy with dementia and hearing loss type IE
(HSAN IE) and autosomal dominant cerebellar
ataxia, deafness and narcolepsy (ADCA-DN)
(Klein et al. 2011; Winkelmann et al. 2012).
Somatic DNMT3A mutations are frequently
observed in patients with hematologic
malignancies including acute myeloid leukemia
(AML), myelodysplastic syndrome (MDS), and T
cell acute lymphoblastic leukemia (T-ALL), with
almost all mutations being heterozygous (Yang
et al. 2015). The DNMT3A R882 hotspot muta-
tion, which is found in ~30% of normal karyotype
AML, has been shown to dominantly inhibit WT
DNMT3A and alter the flanking sequence
preferences of DNMT3A, resulting in
hypomethylation at specific CpGs throughout
the genome (Emperle et al. 2018, 2019; Kim
et al. 2013; Norvil et al. 2020; Russler-Germain
et al. 2014). Changes in DNA methylation results
in the inhibition of hematopoietic cell differentia-
tion, facilitating leukemogenesis. Germline
mutations in DNMT3A are associated with
Tatton-Brown-Rahman syndrome, a congenital
disorder characterized by overgrowth,
macrocephaly, and intellectual disability
(Tatton-Brown et al. 2014). A recent study
identified heterozygous gain-of-function mis-
sense mutations (W330R and D333N) in the
PWWP domain of DNMT3A in patients with
microcephalic dwarfism, who exhibit
hypermethylation of Polycomb-regulated regions

(Heyn et al. 2019). DNMT3B mutations account
for ~50% of cases with the immunodeficiency,
centromeric instability, and facial anomalies
(ICF) syndrome (Hansen et al. 1999; Okano
et al. 1999; Xu et al. 1999), and the other ~50%
of cases are caused by mutations in ZBTB24,
CDCA7, HELLS, and one or more unknown
genes (de Greef et al. 2011; Thijssen et al.
2015). Recent evidence indicates that the four
known ICF-associated genes are functionally
connected in regulating the specificity of DNA
methylation. Specifically, ZBTB24 directly
activates CDCA7 transcription, and CDCA7
recruits the chromatin remodeler HELLS to
(peri)centromeric heterochromatin to facilitate
the chromatin accessibility to the DNA methyla-
tion machinery, including DNMT3B (Hardikar
et al. 2020; Jenness et al. 2018; Ren et al. 2019;
Thompson et al. 2018).

In recent years, progress has been made in
modeling some of these diseases in mice. Mice
heterozygous for W326R or D329A substitution
(corresponding to human W330 and D333,
respectively) in the Dnmt3a PWWP domain reca-
pitulate the dwarfism phenotype observed in
human patients. The Dnmt3a PWWP domain is
important for the normal DNA methylation land-
scape, as the point mutations result in gain of
DNA methylation in some hypomethylated
regions, including those marked by H3K27me3
and H3K4me3/H3K27me3 (bivalent) chromatin
(Heyn et al. 2019; Kibe et al. 2021; Sendzikaite
et al. 2019). A recent study suggests that, when
the Dnmt3a PWWP domain is mutated, the UDR
domain in the Dnmt3a N terminus, which
recognizes H2AK119ub, may target Dnmt3a to
Polycomb-regulated regions (Weinberg et al.
2021). Mice carrying Dnmt3a R878H mutation
(corresponding to the hotspot DNMT3A R882H
mutation in AML patients) initiate leukemogene-
sis due to the activation of mTOR and loss of
DNA methylation at specific genomic regions.
Indeed, the mTOR inhibitor rapamycin elicits a
significant therapeutic response in these mice
(Dai et al. 2017). Dnmt3b mutations in mice
recapitulate some aspects of ICF syndrome (e.g.,
facial anomalies), but not antibody deficiency, the
major cause of infection and death occurring in



patients with ICF syndrome (Ueda et al. 2006).
While germline deletion of Zbtb24 leads to early
embryonic lethality (Wu et al. 2016), conditional
ablation of Zbtb24 in B cells impairs nonhomolo-
gous end-joining and class-switch recombination
(Helfricht et al. 2020). Hells KO mice display
defects in B lymphocyte development and immu-
noglobulin class-switch recombination (He et al.
2020). The defects observed in Zbtb24 KO and
Hells KO mice could contribute to antibody defi-
ciency observed in ICF syndrome.
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5.3 Dnmts in Genomic Imprinting

In the 1980s, elegant nuclear transplantation
experiments using pronuclear stage embryos
showed that mouse embryos constructed to con-
tain only maternal or paternal diploid genome
complements fail to develop beyond
mid-gestation. This suggested that the parental
genomes are functionally non-equivalent and
marked or “imprinted” differently during male
and female gametogenesis (Barton et al. 1984;
McGrath and Solter 1984; Surani et al. 1984).
Separate experiments using chromosome
translocations in mice showed that specific chro-
mosome segments function differently depending
on the parental origin (Cattanach and Kirk 1985).
In the early 1990s, the first murine imprinted
genes, Igf2r, Igf2, and H19, were discovered,
which are expressed only from one parental allele
(Barlow et al. 1991; Bartolomei et al. 1991;
DeChiara et al. 1991). To date, hundreds of
imprinted genes, which exhibit mono-allelic
expression strictly according to the parental ori-
gin, have been identified in mouse and human,
although only some of them are imprinted in both
species. Imprinted genes are involved in diverse
biological processes, including embryonic devel-
opment, placental formation, fetal and postnatal
growth, metabolism and cognitive behaviors
(Tucci et al. 2019). In human, altered expression
of imprinted genes, due to genetic and epigenetic
changes, is linked to infertility, molar pregnancy,
and various congenital disorders such as Prader–
Willi syndrome, Angelman syndrome, Beckwith–
Wiedemann syndrome, and Silver–Russell

syndrome (Tomizawa and Sasaki 2012). Loss of
imprinting (i.e., either biallelic expression or
complete silencing of imprinted genes) is fre-
quently observed in cancer (Jelinic and Shaw
2007).

The majority of imprinted genes are arranged
in chromosomal clusters, which usually span
hundreds to thousands of kilobases. Each of the
imprinting clusters contains an imprinting control
region (ICR), an essential regulatory sequence
that contains one or more differentially
methylated regions (DMRs)—i.e. regions marked
by DNA methylation only on one of the two
parental alleles. Thus, allele-specific DNA meth-
ylation is considered the primary epigenetic mark
controlling the mono-allelic expression of most
imprinted genes. Studies in recent years have also
identified DNA methylation-independent (nonca-
nonical) imprinting that occurs at a small number
of loci (see below).

5.3.1 Establishment of DNA
Methylation Imprints during
Gametogenesis

The life cycle of DNA methylation imprints
consists of three major steps: establishment,
maintenance, and erasure (Fig. 5.3). DNA meth-
ylation imprints are acquired in the germline, with
the majority being established during oogenesis
(maternally imprinted) and only four known loci
(H19, Dlk1-Gtl2, Rasgrf1, and Zdbf2) being
established during spermatogenesis (paternally
imprinted). Conditional deletion of Dnmt3a in
primordial germ cells (PGCs) disrupts both
maternal and paternal imprinting. Embryos from
crosses between conditional Dnmt3a mutant
females and WT males die around E10.5, and
conditional Dnmt3a mutant males are sterile due
to impaired spermatogenesis (Kaneda et al.
2004). Dnmt3L KO mice show an identical phe-
notype, with the exception of one paternally
methylated locus, Dlk1-Gtl2, which does not
require Dnmt3L for methylation (Bourc'his et al.
2001; Hata et al. 2002; Kaneda et al. 2004). In
contrast, conditional deletion of Dnmt3b in PGCs
shows no apparent phenotype (Kaneda et al.



2004). These results provide compelling genetic
evidence that Dnmt3a (mainly Dnmt3a2) is
responsible for the establishment of germline
imprints and Dnmt3L is an essential cofactor for
Dnmt3a in this process.
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Fig. 5.3 Life cycle of
DNA methylation imprints.
The paternal (blue) and
maternal (red) methylation
imprints are established
during gametogenesis and
transmitted to the offspring
through fertilization. These
marks are maintained and
control mono-allelic
expression of imprinted
genes during
embryogenesis and in
somatic cells throughout
adult life. However, they
are erased in primordial
germ cells (PGCs) before
sex-specific methylation
imprints are re-established
in later stages of germ cell
development
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The mechanisms by which Dnmt3L facilitates
Dnmt3a function are complex. Dnmt3L, via its
C-terminal domain, forms a tetrameric complex
with Dnmt3a (Jia et al. 2007). In vitro
experiments revealed that Dnmt3L stimulates
the enzymatic activity of Dnmt3a (Hata et al.
2002; Suetake et al. 2004). Via its ADD domain,
Dnmt3L interacts with the N-terminal tail of his-
tone H3 when H3K4 is unmethylated (Ooi et al.
2007). Indeed, mice homozygous for an
engineered point mutation (D124A) in the
Dnmt3L ADD domain exhibit defects in DNA
methylation and spermatogenesis (Vlachogiannis
et al. 2015), supporting a critical role of the ADD
domain in Dnmt3L function in the male germline.
It remains to be determined whether female mice
homozygous for the D1124A mutation show
defects in the establishment of maternal imprints.
A recent study showed that Dnmt3L also plays a
role in maintaining Dnmt3a (especially Dnmt3a2)
stability (Veland et al. 2019).

The observation that H3K4 methylation
disrupts the interaction between the Dnmt3a/3 L
complex and histone H3 (Ooi et al. 2007; Otani
et al. 2009) suggests that chromatin organization
may be an important determinant of the sites of de
novo DNA methylation in the germ line. Indeed,
genetic evidence indicated that the H3K4
demethylase KDM1B (also known as LSD2 and
AOF1) is essential for the establishment of a
subset of maternal imprints (Ciccone et al.
2009). KDM1B is highly expressed in growing
oocytes, where maternal imprints are acquired,
but shows little expression in most somatic
tissues. Kdm1b KO mice are viable and show no
defects in spermatogenesis and oogenesis, and
male mice are fertile. However, oocytes from
KDM1B-deficient females exhibit global accu-
mulation of H3K4me2 and fail to establish DNA
methylation imprints at a subset of imprinted loci.
Consequently, embryos derived from these
oocytes die around mid-gestation (Ciccone et al.
2009), similar to embryos derived from
Dnmt3L- or Dnmt3a-deficient female mice
(Bourc'his et al. 2001; Hata et al. 2002; Kaneda
et al. 2004). These results strongly suggest that



removal of H3K4 methylation is a prerequisite for
de novo DNA methylation at imprinted loci.
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Transcription is another requirement for DNA
methylation, at least at some imprinted loci. In
the mouse Gnas locus, transcription initiated at
the promoter of Nesp55, a gene upstream of the
DMRs of the Gnas locus, occurs in growing
oocytes, placing a large genomic region, includ-
ing the DMRs, within an active transcription unit.
Deletion of the Nesp55 promoter or insertion of a
transcription termination cassette downstream of
Nesp55 to ablate transcription results in failure to
establish DNA methylation at the ICR of the
Gnas locus (Chotalia et al. 2009; Frohlich et al.
2010; Williamson et al. 2011). Methylation of the
DMR at the Snrpn locus also depends upon tran-
scription (Smith et al. 2011). The proposed model
for transcription-dependent genomic imprinting is
that transcription elongation causes an enrich-
ment of H3K36me2/3 at the transcribed regions,
which recruit the Dnmt3a/Dnmt3L complex to
establish DNA methylation in oocytes. In support
of this model, the depletion of the H3K36me3
methyltransferase Setd2 in oocytes causes
genome-wide loss of H3K36me3, aberrant acqui-
sition of H3K4me3 instead of DNA methylation
at ICR of maternally imprinted loci (Xu et al.
2019). In contrast, Setd2 is dispensable for de
novo DNA methylation in male germline.
Instead, the H3K36me2 methyltransferase Nsd1
plays a critical role in de novo DNA methylation
in prospermatogonia, including at imprinted
genes (Shirane et al. 2020).

5.3.2 Maintenance of DNA
Methylation Imprints during
Development

The second step of the life cycle of genomic
imprints is the maintenance of mono-allelic
DNA methylation marks in the offspring. The
paternal and maternal imprints are transmitted to
the zygote through fertilization and, despite
extensive demethylation during preimplantation
development, parental allele-specific DNA meth-
ylation imprints are faithfully maintained through
development and adult life. Notably, genome-

wide DNA methylation analyses revealed far
more differentially methylated loci in oocytes
and sperm than the number of imprinted genes.
Therefore, the previous notion that imprinted loci
are determined by distinct methylation patterns in
gametes has been revised to the current view that
genomic imprinting results from selective main-
tenance of germline-derived allele-specific meth-
ylation. Genetic studies using conditional KO
mice demonstrated that Dnmt1, but not Dnmt3a
or Dnmt3b, is responsible for maintaining meth-
ylation marks at imprinted loci during preimplan-
tation development (Hirasawa et al. 2008). The
oocyte-specific variant, Dnmt1o, is the predomi-
nant Dnmt1 isoform in preimplantation embryos
(Hirasawa et al. 2008; Kurihara et al. 2008).
However, offspring of females lacking Dnmt1o
exhibit only a ~ 50% reduction of methylation at
certain imprinted loci (Howell et al. 2001). While
initial evidence suggested that the somatic form,
Dnmt1, is not expressed until the blastocyst stage
(Ratnam et al. 2002), subsequent work showed
that Dnmt1 is present at very low levels in the
nucleus of oocytes and preimplantation embryos
(Hirasawa et al. 2008; Kurihara et al. 2008). Con-
ditional deletion of Dnmt1 (both Dnmt1o and
Dnmt1) in growing oocytes leads to a partial
loss of methylation imprints in the offspring
(Hirasawa et al. 2008), resembling the effect of
Dnmt1o loss (Howell et al. 2001). However, the
ablation of both maternal and zygotic Dnmt1
results in a complete loss of methylation at pater-
nally and maternally methylated DMRs in
embryos (Hirasawa et al. 2008). Therefore, both
maternal and zygotic Dnmt1 proteins are neces-
sary for the maintenance of methylation imprints
in preimplantation embryos. Dnmt1 is also
responsible for the maintenance of methylation
imprints in post-implantation embryos (Li et al.
1993) and likely in adult somatic cells as well.

It is not well understood what confers the
specificity of Dnmt1, such that methylation is
maintained at imprinted genes, but not at other
sequences in preimplantation embryos. Genetic
and epigenetic features may distinguish imprinted
loci from other regions. Several factors have been
shown to be essential for the maintenance of
DNA methylation imprints. DPPA3, a



DNA-binding protein, is highly expressed in
oocytes and persists in preimplantation embryos.
Genetic evidence suggests that, in early embryos,
maternal DPPA3 plays a crucial role in protecting
the maternal genome against DNA demethyla-
tion. DPPA3 also protects the paternally
imprinted H19 and Rasgrf1 against demethyla-
tion (Nakamura et al. 2007). While the
mechanisms involved remain to be determined,
DPPA3 has been shown to play a role in chroma-
tin condensation during oogenesis and to protect
the maternal genome against Tet3-mediated con-
version of 5mC to 5hmC in early embryos (Bian
and Yu 2014; Liu et al. 2012; Nakamura et al.
2012). The Krüppel associated box (KRAB)-
containing zinc-finger proteins ZFP57 and
ZFP445 are also involved in the maintenance of
genomic imprints (Li et al. 2008; Takahashi et al.
2019), as mouse embryos lacking ZFP57 or
ZFP445 fail to maintain DNA methylation at
most ICRs. Human ZFP57 mutations are
associated with hypomethylation at multiple
imprinted loci in patients with transient neonatal
diabetes (Mackay et al. 2008), suggesting
conserved roles of ZFP57 in evolution. Mecha-
nistic studies indicate that ZFP57 and ZFP445 act
together to specifically bind the methylated allele
of ICRs, recognizing a hexanucleotide sequence
(TGCmCGC) shared by all murine ICRs and most
human putative ICRs (Quenneville et al. 2011;
Takahashi et al. 2019). ZFP57 and ZFP445
recruit KAP1 (also known as Trim28) to ICRs,
which acts as a scaffold protein for various het-
erochromatin proteins, including heterochromatin
protein 1 (HP1), the histone H3K9me3
methyltransferase Setdb1, the nuclear remodeling
and histone deacetylation (NuRD) complex, and
the DNA methylation machinery (Nielsen et al.
1999; Quenneville et al. 2011; Ryan et al. 1999;
Schultz et al. 2001, 2002; Zuo et al. 2012). The
ablation of either maternal or zygotic KAP1
causes partial loss of DNA methylation imprints,
and the ablation of both maternal and zygotic
KAP1 leads to a complete loss of imprinting
(Lorthongpanich et al. 2013; Messerschmidt
et al. 2012; Quenneville et al. 2011). The deple-
tion of the NuRD components MBD3 or MTA2
also results in the reduction of methylation at

some imprinted loci in preimplantation embryos
(Ma et al. 2010; Reese et al. 2007).
N-α-acetyltransferase 10 protein (Naa10p) is
another protein that has been shown to facilitate
Dnmt1 binding to ICRs of imprinted loci during S
phase (Lee et al. 2017). In addition to Dnmt1-
mediated maintenance of DNA methylation
marks at ICRs, it is equally important to prevent
ICRs from being demethylated. DPPA3 has been
shown to prevent erasure of DNA methylation
marks at maternally imprinted genes, as well as
two paternally imprinted genes, H19 and Rasgrf1,
presumably by binding to H3K9me2/3 and
blocking the recruitment of Tet3 (Nakamura
et al. 2007; Zeng et al. 2019).
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5.3.3 Erasure of DNA Methylation
Imprints in Primordial
Germ Cells

The last step of the imprint life cycle is the erasure
of methylation imprints in PGCs, which ensures
the establishment of sex-specific imprints in later
stages of germ cell development. In mice, PGCs
are specified around E7.25 in the epiblast of the
developing embryo. Shortly afterwards, PGCs
begin migrating along the embryonic–extraem-
bryonic interface and eventually arrive at the gen-
ital ridge by E12.5. Genome-wide DNA
methylation analyses reveal that PGCs undergo
demethylation in two major phases (Guibert et al.
2012; Kobayashi et al. 2013; Popp et al. 2010;
Seisenberger et al. 2012). The first phase takes
place during PGC expansion and migration from
~E8.5, which leads to a global demethylation
affecting almost all genomic regions. Passive
demethylation likely plays a major role in this
phase, as a result of repression of Uhrf1, as well
as Dnmt3a and Dnmt3b, in PGCs (Kagiwada
et al. 2013; Kurimoto et al. 2008). The second
phase occurs from E9.5 to E13.5 and affects
specific loci including ICRs, germline-specific
genes, and CpG islands on the X chromosome
(Guibert et al. 2012; Hackett et al. 2013; Popp
et al. 2010; Seisenberger et al. 2012; Yamaguchi
et al. 2013a). Tet1- and Tet2-mediated 5mC oxi-
dation is important in the second phase of



demethylation (Zeng and Chen 2019; Zhao and
Chen 2013). Genetic studies in mouse indicate
that Tet1 deficiency leads to aberrant DNA
hypomethylation at a subset of ICRs in germ
cells and somatic tissues and results in the activa-
tion of germline genes involved in gametogenesis
and meiosis (Hill et al. 2018; SanMiguel et al.
2018; Yamaguchi et al. 2012, 2013b). Thus, both
passive and active demethylation pathways are
involved in the erasure of parental imprints
in PGCs.
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5.3.4 Noncanonical Genomic
Imprinting

In addition to DNA methylation-dependent
“canonical” imprinting, recent studies in mice
have shown that maternal H3K27me3 can lead
to DNA methylation-independent “noncanoni-
cal” imprinting, which occurs at several
placenta-specific genes (e.g., Gab1, Sfmbt2,
Slc38a4, and Phf17) (Inoue et al. 2017a; Okae
et al. 2012). These genes, which are not
associated with germline DMRs, are paternally
expressed in preimplantation embryos. After
implantation, they become biallelically expressed
or repressed in the epiblast (which gives rise to
the embryonic lineages), while retaining
imprinted expression in the extraembryonic
lineages and placenta (Inoue et al. 2017a). Loss
of H3K27me3-mediated imprinting in mice
cloned by somatic cell nuclear transfer (SCNT)
could contribute to placental hyperplasia and
postnatal developmental defects (Matoba et al.
2018; Okae et al. 2014), highlighting the impor-
tance of noncanonical imprinting. Oocyte-derived
H3K27me3 also serves as a maternal imprint for
the long non-coding RNA Xist, leading to pater-
nal X chromosome inactivation (XCI) in female
preimplantation embryos and extraembryonic
tissues (i.e., imprinted XCI). The H3K27me3
imprinting mark is established during oocyte
growth. Oocyte-specific deletion of Eed, which
encodes an essential component of Polycomb
repressive complex 2 (PRC2), abrogates nonca-
nonical imprinting and imprinted XCI (Inoue
et al. 2017b, 2018). In contrast, embryos derived

from DNA methylation-deficient oocytes show
intact noncanonical imprinting (Chen et al.
2019; Hanna et al. 2019). Unlike DNA
methylation-dependent canonical imprinting,
which is maintained throughout development,
H3K27me3-mediated noncanonical imprinting is
transient in preimplantation embryos and absent
after implantation (Chen et al. 2019; Hanna et al.
2019; Inoue et al. 2017a). Instead, maintenance of
noncanonical imprinting in extraembryonic cells
requires de novo DNA methylation of the mater-
nal allele (i.e., acquisition of somatic DMRs) at
implantation, which is mediated by zygotic
Dnmt3a/3b (Chen et al. 2019; Hanna et al.
2019). Recent evidence suggests that the
H3K9me2 methyltransferase G9a is also critical
in the maintenance of noncanonical imprinting,
likely by regulating the acquisition of somatic
DMRs (Andergassen et al. 2021; Zeng et al.
2021).

Imprinted XCI is absent in humans (Looijenga
et al. 1999; Migeon and Do 1979), and the Xist
locus is devoid of H3K27me3 in human preim-
plantation embryos (Xia et al. 2019). Whether
noncanonical imprinting by H3K27me3 exists in
humans is controversial, although candidate
genes have been reported (Hanna and Kelsey
2021).

5.4 Concluding Remarks

DNA methylation, a relatively stable epigenetic
mark, acts in concert with other epigenetic
mechanisms such as histone modifications to sta-
bly maintain gene silencing and chromatin struc-
ture. Aberrant DNA methylation patterns are
associated with various human diseases, includ-
ing cancer and developmental disorders. Since the
discovery of mammalian Dnmts (Bestor et al.
1988; Okano et al. 1998a), great progress has
been made in understanding the biological
functions of DNA methylation in mammals.
Genetic studies using Dnmt mutant mice and
murine cells have provided important insights
into the roles of DNA methylation in various
biological processes and the mechanisms by
which mutations in DNMTs contribute to disease



phenotypes (Tables 5.1 and 5.2). Nevertheless,
some key questions remain to be answered. For
example, what retains Dnmt1 in the cytoplasm in
oocytes and early embryos that presumably leads
to passive demethylation during preimplantation
development? How are genes selected for the
establishment of canonical or noncanonical
imprinting during gametogenesis? In the coming
years, we expect to see the generation of mouse
models that better recapitulate the major features
of human diseases associated with DNMT

mutations. This becomes more feasible with the
development of new technologies such as
CRISPR/Cas9-mediated gene editing. Genomic,
epigenomic, transcriptomic, and proteomic
analyses of these models will be powerful
approaches for defining the molecular
mechanisms and pathways involved in pathogen-
esis. These studies will likely lead to novel thera-
peutic strategies, and the genetically engineered
mouse models would be valuable tools for testing
therapeutics.

126 J. Dan and T. Chen

Table 5.1 Phenotypes of Dnmt mutant mice

Gene Mutations Major Phenotypes References

Dnmt1 Dnmt1n/n ~70% reduction in global DNA
methylation, embryonic lethality at
E12.5–15.5

Li et al. (1992)

Dnmt1c/c ~90% reduction in global DNA
methylation, embryonic lethality at ~E9.5.
Unstable XCI

Lei et al. (1996), Sado
et al. (2000)

Dnmt1s/s Similar to Dnmt1c/c Beard et al. (1995),
Lei et al. (1996)

Dnmt1o�/� Maternal-effect phenotype: Partial loss of
DNA methylation imprints, defects in
imprinted XCI, embryonic lethality at
mid-gestation

Howell et al. (2001),
McGraw et al. (2013)

Both maternal and zygotic Dnmt1�/

�
Complete loss of DNA methylation
imprints, embryonic lethality at
mid-gestation

Hirasawa et al. (2008)

Dnmt3a Dnmt3a�/� Gut malfunction, spermatogenesis defects,
death at ~4 weeks of age

Okano et al. (1999)

Dnmt3a�/� in PGCs Failure to establish DNA methylation
imprints, spermatogenesis defects

Kaneda et al. (2004)

Heterozygous W326R or D329A KI
in PWWP domain (corresponding
to human W330 and D333)

Hypermethylation of regions marked by
H3K27me3 and H3K4me3/H3K27me3
(bivalent) chromatin, dwarfism

Heyn et al. (2019),
Kibe et al. (2021),
Sendzikaite et al.
(2019)

Dnmt3b Dnmt3b�/� Hypomethylation of some regions,
including minor satellite DNA, neural tube
defects, embryonic lethality at E14.5–18.5

Okano et al. (1999)

Dnmt3a
& 3b

Dnmt3a�/�, Dnmt3b�/� Failure to initiate de novo methylation after
implantation, embryonic lethality before
E11.5.

Okano et al. (1999)

Dnmt3L Dnmt3L�/� Failure to establish DNA methylation
imprints, spermatogenesis defects

Bourc’his et al.
(2001), Hata et al.
(2002)

Homozygous D124A KI in ADD
domain

Hypomethylation in male germ cells,
spermatogenesis defects

Vlachogiannis et al.
(2015)

Dnmt3c Dnmt3c�/� Failure to silence evolutionally young
retrotransposons, spermatogenesis defects

Barau et al. (2016)
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Table 5.2 Human diseases caused by DNMT mutations

Gene Mutations Diseases References

DNMT1 Heterozygous missense
mutations (D490E, P491Y,
Y495C) in RFTS

Hereditary sensory and autonomic neuropathy
with dementia and hearing loss type IE
(HSAN IE)

Klein et al. (2011)

Heterozygous missense
mutations (A570V, G605A,
V606F) in RFTS

Autosomal dominant cerebellar ataxia,
deafness and narcolepsy (ADCA-DN)

Winkelmann et al.
(2012)

DNMT3A Somatic heterozygous
mutations (multiple), with
R882 as hotspot

Acute myeloid leukemia (AML),
myelodysplastic syndrome (MDS), T cell
acute lymphoblastic leukemia (T-ALL)

Yang et al. (2015)

De novo heterozygous
mutations (multiple)

Tatton-Brown-Rahman syndrome Tatton-Brown et al.
(2014)

Gain-of-function heterozygous
mutations (W330R, D333N) in
PWWP domain

Microcephalic dwarfism Heyn et al. (2019)

DNMT3B Hypomorphic compound
heterozygous or homozygous
mutations (multiple)

Immunodeficiency, centromeric instability,
and facial anomalies (ICF) syndrome

Hansen et al. (1999),
Okano et al. (1999),
Xu et al. (1999)
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Structure and Mechanism of Plant DNA
Methyltransferases 6
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Abstract

DNA methylation is an important epigenetic
mark conserved in eukaryotes from fungi to
animals and plants, where it plays a crucial
role in regulating gene expression and transpo-
son silencing. Once the methylation mark is
established by de novo DNA
methyltransferases, specific regulatory
mechanisms are required to maintain the meth-
ylation state during chromatin replication, both
during meiosis and mitosis. Plant DNA meth-
ylation is found in three contexts; CG, CHG,
and CHH (H¼ A, T, C), which are established
and maintained by a unique set of DNA
methyltransferases and are regulated by
plant-specific pathways. DNA methylation in
plants is often associated with other epigenetic
modifications, such as noncoding RNA and
histone modifications. This chapter focuses
on the structure, function, and regulatory
mechanism of plant DNA methyltransferases

and their crosstalk with other epigenetic
pathways.
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6.1 Introduction

DNA methylation modification refers to the addi-
tion of a methyl group to DNA. In plants, DNA
methylation can occur both at the C5-position of
the cytosine base (5mC) and at the N6-position of
the adenine base (6 mA) (Vanyushin and
Ashapkin 2011). 5mC has been extensively stud-
ied as an important part of bacterial defense
systems and eukaryotic epigenetic regulation
systems ranging from fungi to humans, even
though several species, such as yeast and
Caenorhabditis elegans, lack this type of epige-
netic mark (Goll and Bestor 2005). In contrast,
the 6 mA has been less studied in plants. Thus, in
a narrower sense, DNA methylation refers to the
5mC mark, and this chapter will only focus on
5mC-related studies in higher plants. Studies
from fungi, plants, and higher mammalian
systems have established the conserved function
of DNA methylation in gene silencing, genome
imprinting, and the repression of transposable
elements (TEs) and repeat sequences (Law and
Jacobsen 2010; Castel and Martienssen 2013;
Zhang et al. 2018a). DNA methylation requires
specific enzymes, namely, DNA
methyltransferases (MTases), which share a

common catalytic mechanism that enables the
transfer of a methyl group from the methyl
donor S-adenosyl-L-methionine (AdoMet) to the
5-position of the cytosine base. Nevertheless,
DNA MTases of plants and mammals differ in
their sequence specificity and regulatory
mechanisms. Plants have evolved distinctly from
animals, and hence invoke some specific regu-
latory pathways controlling DNA methylation.
This chapter focuses on the structure and mecha-
nism of plant DNA MTases, thereby highlighting
the unique plant DNA methylation system. As
most plant DNA methylation studies are carried
out using the model system Arabidopsis thaliana,
the emphasis will be on the use of Arabidopsis
genes to present current studies on plant DNA
methylation, unless specified otherwise.

Distinct from symmetrical DNA methylation
at CG dinucleotide sites that dominates in
mammals, plant DNA methylation is much more
complex, because it occurs symmetrically and
asymmetrically in three different sequence
contexts, CG, CHG (H denotes A, T, or C), and
CHH, with methylation levels of about 24%,
6.7%, and 1.7% in these specific sequences in
Arabidopsis, respectively (Cokus et al. 2008)
(Fig. 6.1). In pericentromeric heterochromatin
and some small patches in euchromatin regions,
all three types of DNA methylation are heavily
enriched at TEs and repeat sequences (Lister et al.
2008; Cokus et al. 2008; Wendte and Schmitz
2018). The heterochromatic DNA methylation
has extensive internal crosstalk and highly
correlates with repressive histone marks such as
histone 3 lysine 9 dimethylation (H3K9me2)
(Du et al. 2015; Stoddard et al. 2019). It serves
to silence TEs to preserve genome integrity and to
act as a genomic immune system (Law and
Jacobsen 2010; Kim and Zilberman 2014;
Matzke and Mosher 2014). In contrast, CG meth-
ylation is observed not only abundantly in hetero-
chromatic regions for repression of TEs and
repeat sequences, but also though to a lesser
extent in euchromatic genic regions in one-third
of the transcribed genes (Castel and Martienssen
2013; Law and Jacobsen 2010; Cokus et al. 2008;
Lister et al. 2008; Wendte and Schmitz 2018). In



plants, CG methylation is independent of the
silencing mark H3K9me2 and shows limited
crosstalk with non-CG methylation (Du et al.
2015).
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Fig. 6.1 Establishment and maintenance of plant DNA
methylation and the corresponding MTases. Plants possess
three types of DNA methylation patterns at CG, CHG, and
CHH, all of which are established by DRM2 (an ortholog
of mammalian Dnmt3a) under the control of the
RNA-directed DNA methylation (RdDM) pathway. The
maintenance of CG methylation requires MET1 and its

cofactor VIM proteins, which are orthologs of mammalian
Dnmt1 and UHRF1, respectively. CHG methylation is
mainly maintained by plant-specific DNA MTase CMT3.
CHH methylation is maintained through two pathways:
the DRM2 pathway driven by RdDM and CMT2-
mediated CHH methylation

All de novo methylation in plants uses a plant-
specific RNA-directed DNA methylation
(RdDM) pathway to guide the de novo DNA
MTase DOMAINS REARRANGED
METHYLTRANSFERASE 2 (DRM2)
(Fig. 6.1). DRM2 is an ortholog of mammalian
Dnmt3a but with a rearrangement of the MTase
signature motifs (Cao and Jacobsen 2002a, b;
Fang et al. 2021). The maintenance of different
DNA methylation patterns in plants requires the
employment of different pathways. CG methyla-
tion is maintained through a similar pathway as in
mammals. DNA METHYLTRANSFERASE
1 (MET1), which is an ortholog of the mamma-
lian Dnmt1, maintains plant CG methylation in
cooperation with the VARIANT IN METHYLA-
TION (VIM) proteins, which are orthologs of
mammalian ubiquitin-like PHD and RING finger

domains 1 (UHRF1) (Fig. 6.1) (Finnegan and
Kovac 2000; Woo et al. 2008). Most CHG meth-
ylation is maintained by a self-reinforcing loop
between a plant-specific CHG DNA MTase
CHROMOMETHYLASE 3 (CMT3) and the
H3K9 MTase KRYPTONITE [KYP, also
known as SUPPRESSOR OF VARIEGATION
3–9 HOMOLOG 4 (SUVH4)] and its close
homologs SUVH5 and SUVH6 (Du et al. 2012,
2014, 2015; Jackson et al. 2002; Lindroth et al.
2001). CHH methylation is asymmetric; there-
fore, its maintenance biochemically corresponds
to de novo methylation. CHH methylation main-
tenance is mediated by DRM2 through RdDM
(Law and Jacobsen 2010). In addition, an alterna-
tive pathway, CMT2-controlled CHH methyla-
tion, was shown to be responsible for the
majority of heterochromatic CHH methylation in
Arabidopsis (Fig. 6.1). CMT2 can form a similar
self-reinforcing loop with KYP/SUVH5/SUVH6
as CMT3 (Stroud et al. 2014; Zemach et al.
2013). However, plant DNA methylation is not



a simple system where each enzyme performs its
own exclusive function. There is extensive
crosstalk between different methylation patterns,
especially between the two types of non-CG
methylation. CMT2 functions in the maintenance
of CHG methylation at some loci supporting
CMT3, while CMT3 also functions in CHH
methylation together with CMT2 and DRM2 in
a redundant manner (Stroud et al. 2014; He et al.
2021; Nozawa et al. 2021). Altogether, there are
five types of functionally active DNA MTases in
Arabidopsis: DRM2, DRM3 (Zhong et al. 2015),
MET1, CMT3, and CMT2. The structural
features and molecular mechanisms of each of
these plant DNA MTases will be discussed in
the following sections. For details about mamma-
lian and bacterial enzymes, refer to other chapters
in this book.
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6.2 Structure and Mechanism
of Plant DNA MTases

6.2.1 Structural Mechanism
of the Maintenance of CHG
Methylation in Plants

6.2.1.1 Overview of Plant CHG DNA
Methylation

CMT-type MTases are evolutionarily conserved
plant-specific DNA MTases that have not been
identified in other species. They feature an
N-terminal bromo-adjacent homology (BAH)
domain and a conserved chromodomain embed-
ded within the C-terminal MTase domain
(Fig. 6.2a). Arabidopsis CMT3 was first
identified in a forward genetic screen of suppres-
sor genes in the hypermethylated clark kent
mutant background, with the cmt3 mutants
showing a significant decrease of genome-wide
CHG methylation levels (Lindroth et al. 2001).
The chromodomain has been studied extensively
as a histone methyl lysine reader module (Blus
et al. 2011; Du et al. 2012; Scheid et al. 2021),
providing a potential linkage between the readout
of methylated histones and the establishment of
DNA methylation. Shortly after the discovery of
CMT3, another gene was identified to be critical

for CHG methylation using the same screening
system, which turned out to be a SUVH family
histone-specific protein lysine methyltransferase
(PKMT) and was subsequently named
KRYPTONITE (KYP) (Jackson et al. 2002).
The SUVH family histone PKMTs share a com-
mon architecture consisting of an N-terminal SET
and RING finger-associated (SRA) domain,
which can recognize methylated DNA. They
have a C-terminal Su(var)3–9, enhancer of zeste,
trithorax (SET) domain, which harbors the cata-
lytic PKMT active site (Fig. 6.2b), indicating that
methylated DNA may play a role in histone meth-
ylation (Johnson et al. 2007, 2008). Altogether, a
self-reinforcing loop model was postulated to link
H3K9me2 and DNA methylation by cycling
between CMT3 and KYP (Law and Jacobsen
2010) and shown to exist by the biochemical
and structural work described in the following
paragraphs (Fig. 6.2c).

6.2.1.2 Structure and Mechanism
of CMT3

The co-occurrence between CHG methylation
and the H3K9me2 histone mark has been
observed throughout the genome in plants
(Bernatavichute et al. 2008), raising the possibil-
ity of the genome-wide association between
CMT3 and H3K9me2. This was subsequently
confirmed by both in vitro pulldown and whole-
genome chromatin immunoprecipitation coupled
with sequencing (ChIP-seq) experiments
(Du et al. 2012). The direct binding of CMT3 to
H3K9me2 was postulated, because of the exis-
tence of the chromodomain and was confirmed by
in vitro peptide chip array containing hundreds of
different combinations of histone modifications
(Du et al. 2012). Interestingly, quantitative
measurements of the binding between CMT3 or
its maize equivalent Zea mays methyltransferase
2 (ZMET2), with an H3(1–15)K9me2 peptide by
isothermal titration calorimetry (ITC), yielded a
stoichiometry of around 2, indicating that two
H3K9me2 binding sites exist on each CMT3 or
ZMET2 molecules (Du et al. 2012; Stoddard et al.
2019). The ITC with individual domains of
ZMET2 further revealed that the BAH and
chromodomains contain these two binding sites
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Fig. 6.2 Structure and mechanism of maintenance of
CHG methylation in plants. (a) Schematic representation
of the domain architecture of CMT3. CD, chromodomain.

(b) Schematic representation of the domain architecture of
KYP. 2H, two-helix bundle. (c) A schematic model
showing that methylated DNA-directed H3K9



for H3K9me2 on CMT3/ZMET2 (Du et al.
2012).

Fig. 6.2 (continued) methylation by KYP can form self-
reinforcing loops with H3K9me2-directed CHG methyla-
tion by CMT3 or CHH methylation by CMT2. (d) A
structural model of ZMET2 in complex with the cofactor
AdoHcy, two H3K9me2 peptides, and a modeled DNA
(PDB codes: 4FSX, 4FT2, and 4FT4) (Du et al. 2012). The
DNA was modeled based on PDB: 4DA4 (Song et al.
2012). The BAH domain, catalytic subdomain, TRD
subdomain, chromodomain, and the modeled DNA are
colored in magenta, cyan, orange, green, and red, respec-
tively. The two peptides are shown in space-filling repre-
sentation with their C-termini directed toward the catalytic
center. (e) Three aromatic residues (F441, W466, and
Y469) of the ZMET2 chromodomain form an aromatic
cage to specifically recognize the methyl lysine of
H3K9me2. (f) Three aromatic residues (Y203, W224,
and F226) of the ZMET2 BAH domain form an aromatic
cage to specifically recognize the methyl lysine of

H3K9me2. (g) Three-dimensional reconstruction of
ZMET2(130–912) (PDB:4FSX, Du et al. 2012) bridging
across two nucleosomes (Stoddard et al. 2019). Red
arrows indicate the emergence of the H3 tail from the
globular portion of histone H3. ZMET2 (130–912), his-
tone H3, Catalytic domain (CD) and BAH domain are
colored in magenta, purple, blue, and orange, respec-
tively. Reprinted from Molecular Cell, 73, C. I. Stoddard
et al., A Nucleosome Bridging Mechanism for Activation
of a Maintenance DNA Methyltransferase, 73–83, Copy-
right (2019), with permission from Elsevier. (h) Crystal
structure of KYP in complex with methylated DNA,
AdoHcy, and H3 peptide. The two-helix bundle (2H),
SRA domain, SET domain, and the methylated DNA are
colored in magenta, green, cyan, and red, respectively.
The AdoHcy and H3 peptides are shown in space-filling
representation. (i) Structural basis for the specific recogni-
tion of 5mC by a small pocket within the SRA domain
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Although crystallization attempts with CMT3
failed, the crystal structure of ZMET2 in complex
with bound cofactor S-adenosyl-L-homocysteine
(AdoHcy) was determined and provided the first
structure of a plant DNA MTase (Fig. 6.2d)
(Du et al. 2012). The structure of the AdoHcy-
bound form of ZMET2 containing all the func-
tional domains (BAH, chromo, and DNAMTase)
adopts a triangular-shaped fold (Fig. 6.2d). The
BAH and chromodomains are positioned on the
two triangular-like edges of the MTase domain,
despite the chromodomain being embedded
inside the MTase domain in the primary sequence
(Fig. 6.2a, d) (Du et al. 2012). The BAH and
chromodomains, together with the target recogni-
tion domain (TRD) of the MTase domain, form
the three vertices of a triangular-shaped topology,
with the catalytic pocket located in the center of
the triangle (Du et al. 2012). This reveals a poten-
tial regulatory mechanism of MTase activity by
the surrounding domains. It is worth noting that
the relative positioning of the ZMET2 BAH
domain against the MTase domain resembles the
relative positioning observed for the first BAH
domain and the MTase domain of mouse
Dnmt1, suggesting a common evolutionary origin
and plausibly a similar regulatory role of the BAH

domain (Du et al. 2012; Song et al. 2011). The
MTase domain adopts a classical type I MTase
fold composed of a catalytic subdomain and a
TRD subdomain (Fig. 6.2d). The catalytic
subdomain adopts the classic sandwich topology
with a central seven-stranded β-sheet flanked by
two layers of α-helices on either side (Fig. 6.2d),
which resembles other reported structures of type
I DNA MTases, such as M.HhaI, Dnmt3a, and
Dnmt1 (Jia et al. 2007; Song et al. 2011; Du et al.
2012; Cheng et al. 1993). The TRD subdomain
adopts a novel folding topology enriched with
loops, which has never been observed in
structures of other DNA MTases (Fig. 6.2d).
This suggests a plausible novel DNA recognition
mechanism, although the structure with bound
DNA is currently lacking (Du et al. 2012). The
BAH and chromodomains are firmly anchored on
the two edges of the MTase domain by extensive
interdomain interactions (Du et al. 2012). Two
β-strands of the BAH domain form a continuous
nine-stranded β-sheet with the central seven-
stranded β-sheet of the MTase domain, which
both stabilizes and defines the relative position
of the BAH domain (Du et al. 2012). The
chromodomain has several hydrophobic residues
to form a hydrophobic core with the MTase
domain, thereby stabilizing their relative
positions (Du et al. 2012). Therefore, the BAH



and chromodomains adopt a rigid alignment
against the MTase domain and possess a potential
regulatory role to modulate the MTase domain
function.
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Further structural studies of ZMET2-
H3K9me2 complexes revealed a regulatory
mechanism that directs CHG methylation in
plants by the silencing mark H3K9me2
(Du et al. 2012). The crystal structure of the
ZMET2-AdoHcy-H3(1–15)K9me2 complex
adopts a conformation whereby the H3K9me2
peptide binds to the chromodomain (Du et al.
2012). After binding the peptide, the ZMET2
protein shows a nearly identical conformation as
in its free form, revealing rigid binding without
allosteric regulation. The chromodomain
recognizes the peptide using a classic recognition
mode in which the peptide adopts an extended
β-strand-like conformation stabilized through
intermolecular main chain hydrogen-bonding
interactions with the chromodomain (Du et al.
2012; Blus et al. 2011). The dimethyl lysine
side-chain inserts into a classic aromatic cage
formed by three aromatic residues like that
observed in other chromodomains where it is
stabilized through both hydrophobic and cation-
π interactions (Fig. 6.2e) (Du et al. 2012; Blus
et al. 2011; Patel and Wang 2013). The peptide
possesses a specific directionality with its
C-terminus directed toward the catalytic center
of the MTase domain (Fig. 6.2d), revealing a
plausible mechanism that positions the catalytic
center of the MTase domain toward the inner core
region of the nucleosome. The chromodomain
appears to be necessary for ZMET2’s binding to
H3K9me2 because mutations of its aromatic cage
residues abolished ZMET2’s binding affinity to
H3K9me2 in vitro (Stoddard et al. 2019). Loss of
function of the chromodomain’s H3K9me2 bind-
ing affinity does not affect ZMET2’s MTase
activity in vitro, suggesting that the
chromodomain is important for the initial binding
of H3K9me2 and recruitment of ZMET2 to geno-
mic target loci.

In the ZMET2-AdoHcy-H3(1–32)K9me2
complex, the peptide is bound to the BAH
domain (Du et al. 2012) and it stimulates MTase
activity in vitro (Stoddard et al. 2019). The BAH

domain has been extensively studied both struc-
turally and functionally as a histone methyl lysine
reader module (Yang and Xu 2013; Kuo et al.
2012), though this is the first report of a BAH
domain recognition of the H3K9me2 mark (Yang
and Xu 2013; Du et al. 2012). The ZMET2 BAH
domain forms fewer main chain interactions with
the H3K9me2 peptide when compared to the
chromodomain. However, it also contains an aro-
matic cage formed by three aromatic residues
which accommodate the dimethyl lysine side
chain through hydrophobic and cation-π
interactions, similar to other methyl lysine reader
modules (Fig. 6.2f) (Du et al. 2012; Patel and
Wang 2013). Interestingly, the BAH domain-
bound peptide has the same directionality as that
observed for the chromodomain-bound peptide.
Its C-terminus is directed toward the catalytic
center of the MTase domain (Fig. 6.2d), revealing
a similar regulation mechanism as the
chromodomain, thereby positioning the MTase
domain toward the inner core region of the nucle-
osome. The BAH domain does not appear to be
necessary for H3K9me2 binding, because disrup-
tion of BAH-H3K9me2 binding does not abolish
ZMET2’s ability to bind H3K9me2, but severely
decreases its MTase activity (Stoddard et al.
2019). This suggests that the chromodomain is
important for the initial binding to H3K9me2 and
the BAH domain aids in enzymatic catalysis.
Interestingly, loss-of-function of either the BAH
or chromodomains of CMT3 fails to complement
the in vivo function of CMT3 (Du et al. 2012)
suggesting that the H3K9me2 recognition capac-
ity of both domains is essential for its in vivo
function.

Considering ZMET2 has two H3K9me2 bind-
ing domains, ZMET2 has been proposed to either
span the diameter of a single nucleosome or bind
to two adjacent H3K9me2 containing
nucleosomes (Du et al. 2012). In vitro MTase
activity assays performed on mononucleosomes
and dinucleosomes containing the H3K9me2
showed that ZMET2 has greater activity on
dinucleosomes than mononucleosomes (Stoddard
et al. 2019). With a preference for dinucleosome
substrates (Fig. 6.2g), it was found that the ideal
spacing of the nucleosomes is 30 bp and that



ZMET2 preferentially methylates linker DNA.
This is consistent with the average nucleosome
spacing in Arabidopsis heterochromatin
(Chodavarapu et al. 2010). The positioning of
the CHG sites is also an important factor for
activity. ZMET2 shows markedly higher activity
on a CHG site in the center of the linker DNA
than on a CHG site located on either end of the
linker DNA (Stoddard et al. 2019).
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In this model, CMT3 preferentially methylates
linker DNA between two adjacent H3K9me2-
containing nucleosomes (Stoddard et al. 2019).
The chromodomain of CMT3 must first bind to
one H3K9me2 peptide and subsequently, the
BAH domain binds to H3K9me2 on the second
nucleosome to facilitate the catalytic activity of
CMT3. CHG methylation is highly enriched in
heterochromatic, transposon-rich regions of the
plant genome. Working in concert with the silenc-
ing histone mark H3K9me2, CMT3 ensures the
silencing of transposons in plants. The require-
ment of H3K9me2 for CMT3 methylation activ-
ity ensures proper targeting of CHG methylation
to heterochromatic regions and does not lead to
aberrant silencing of other CHG sites.

Through in vitro MTase activity assays
(Du et al. 2012; Stoddard et al. 2019) and
in vivo knockout studies (Stroud et al. 2013), it
has been shown that CMT3 is responsible for
methylation on CHG substrates, which are
comprised of three contexts: CAG, CTG, and
CCG. CMT3 prefers CAG and CTG (referred to
as CWG) sites over CCG sites (Cokus et al. 2008;
Gouil and Baulcombe 2016) and CWG methyla-
tion level is greater than that of CCG methylation
in Arabidopsis. The preference for methylation of
CWG sites has been observed in Arabidopsis,
tomato, rice, and maize (Gouil and Baulcombe
2016). It has been noted that specific loss of CCG
methylation occurs in met1 mutants (Yaari et al.
2015). This disparity is not due to fewer CCG
sites being methylated compared to CWG sites,
but rather an overall lower methylation level at
CCG sites (Gouil and Baulcombe 2016). This
indicates that CCG methylation may be regulated
by both MET1 and CMT3. The evidence
supporting this notion is that the external cytosine
residues in CCG sites can only be methylated

when internal cytosines are methylated (Zabet
et al. 2017). Interestingly, in cmt3 mutants, all
three contexts of CHG methylation are equally
reduced (Gouil and Baulcombe 2016), indicating
a mechanism beyond CMT3 that may be
regulating its context preference.

While both Arabidopsis and maize only
encode one CMT3 protein, rice (Oryza sativa)
encodes two CMT3 proteins, OsCMT3a and
OsCMT3b (Cheng et al. 2015). Loss of function
of OsCMT3a leads to multiple defects, such as
the activation of multiple transposons and sterility
(Hu et al. 2021), suggesting that CHG methyla-
tion plays an important role in development and
reproduction. Interestingly, unlike the
Arabidopsis triple mutant drm2 cmt2 cmt3
(Stroud et al. 2014), the triple mutant of rice
Osdrm2 cmt2 cmt3a does not eliminate all
non-CG methylation but retains non-CG methyl-
ation in high GC-rich regions of the genome
(Hu et al. 2021). Simultaneous loss-of-function
of CMT3b leads to the complete loss of non-CG
methylation within GC-rich regions, indicating
that OsCMT3a and OsCMT3b have
non-overlapping roles to maintain non-CG meth-
ylation within different regions of the genome.

Although CMT3 typically acts within the
H3K9me2-heterochromatic parts of the genome
(Du et al. 2012; Stroud et al. 2013), CMT3 has
been associated with the presence of gene body
methylation as well. Genome-wide methylation
analysis of multiple angiosperms showed that
two species (Conringia planisiliqua and Eutrema
salsugineum) that do not encode CMT3 also lack
gene body methylation (Bewick et al. 2016,
2017). This shows an interesting connection
between CMT3 and gene body methylation that
had previously not been reported. Furthermore,
the ectopic expression of CMT3 led to the gain of
gene body methylation in Eutrema salsugineum
(Wendte et al. 2019). This observation indicates
that CMT3 can perform de novo DNA methyla-
tion, a new function for this enzyme.

6.2.1.3 Structure and Mechanism
of KRYPTONITE

Since CHG methylation in plants solely depends
on H3K9me2, the maintenance of H3K9me2 is



necessary for proper maintenance of CHG meth-
ylation during mitosis and meiosis. Thus, it is
indispensable to study H3K9 methylation during
an investigation of CHG methylation in plants. In
Arabidopsis, H3K9 methylation relies on the
SUVH family H3K9 MTase KYP and its
homologs SUVH5 and SUVH6. A kyp suvh5
suvh6 triple mutant strain which has lost most of
the H3K9me2 mark on a genome-wide scale
showed a significant loss of CHG methylation
similar to the cmt3 mutant strain (Stroud et al.
2013), confirming that CHG methylation is con-
trolled by H3K9 MTases. The crystal structure of
KYP in complex with its cofactor product
AdoHcy, DNA containing a methylated CHH or
CHG site (mCHH/mCHG), and the substrate H3
(1–15) peptide highlighted how the H3K9 MTase
is regulated by methylated DNA (Fig. 6.2g)
(Du et al. 2014). KYP contains an N-terminal
two-helix bundle, a middle SRA domain that
can recognize methylated CHH or CHG DNA
(Johnson et al. 2007), and a C-terminal SET
domain (including pre-SET, SET, and post-SET
subdomains) which confers the H3K9 MTase
activity (Jackson et al. 2004). The two-helix bun-
dle is located within the middle of the structure
holding together the whole architecture of the
protein (Du et al. 2014). The SRA domain is
aligned on one side of the two-helix bundle,
while the SET domain is aligned on the other
side (Fig. 6.2g) (Du et al. 2014). There are exten-
sive interactions between the three segments of
the structure, suggesting a rigid alignment of the
entire topology (Du et al. 2014). The KYP SRA
domain possesses a positively charged surface
cleft that holds the bound DNA, similar to
structures of other reported DNA-SRA domain
complexes (Hashimoto et al. 2008; Arita et al.
2008; Avvakumov et al. 2008; Rajakumara et al.
2011). In addition, positively charged residues of
the two-helix bundle are involved in the recogni-
tion of the backbone of the methylated DNA
(Du et al. 2014). The 5mC base is flipped out of
the DNA duplex and inserted into a small pocket
of the SRA domain, thereby forming extensive
intermolecular interactions with the surrounding
residues (Fig. 6.2h) (Du et al. 2014). Mutations of
the 5mC-binding pocket residues led to a loss of

the capacity to bind methylated DNA while
retaining the in vitro histone MTase activity.
Interestingly, these mutations also impaired the
in vivo function of KYP, suggesting that specific
binding to methylated DNA is required for the
proper targeting of KYP (Du et al. 2014). The
cofactor product AdoHcy and the substrate pep-
tide are bound in between the SET and post-SET
subdomains (Du et al. 2014). Several important
tyrosine residues are positioned around the target
lysine and form hydrogen-bonding interactions
that can facilitate the catalytic reaction and restrict
the enzyme to be an H3K9me2 MTase (Du et al.
2014). Overall, the structures of the KYP-mCHH/
CHG DNA-AdoHcy-H3 peptide complex and the
DNA-free form of the KYP homolog SUVH9 are
nearly identical, indicating that neither conforma-
tional change nor allosteric regulation occurs
upon DNA binding (Du et al. 2014; Johnson
et al. 2014). Therefore, the KYP protein is
recruited by the methylated CHH or CHG DNA
and then methylates nearby histone tails.
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The structures of the SRA domain of SUVH5
(Rajakumara et al. 2011) and full-length protein
of SUVH6 (Li et al. 2018) showed strong homol-
ogy to KYP. SUVH5 and SUVH6 both contain a
two-helix bundle, SRA, and SET domains that aid
in binding methylated non-CG sites and MTase
activity. It has been hypothesized that each H3K9
methyltransferase prefers specific DNA
substrates (Gouil and Baulcombe 2016), which
may help explain the patterning of CHG methyl-
ation. KYP shows the strongest binding to CAG
sites, while SUVH5 shows the greatest binding to
CCG sites in vitro. Interestingly, the SRA domain
of SUVH5 has an affinity for both methylated CG
sites and hydroxymethylated CG sites in vitro
(Rajakumara et al. 2016). Therefore, some of the
observed sequence bias of CMT3 for CWG sites
can be attributed to the histone methyltransferase
establishing H3K9me2 bindings sites (Wendte
and Schmitz 2018).

In summary, CMT3 uses its BAH and
chromodomains to bind two adjacent H3K9me2-
containing nucleosomes and target its DNA
MTase domain to achieve H3K9me2-directed
CHG DNA methylation. Conversely, KYP uses
its SRA domain to target its histone MTase



domain to mCHG/mCHH-containing DNA to
carry out the methylated DNA-directed H3K9
methylation. Taken together, the two proteins
form a simple self-reinforcing feedback loop to
strengthen H3K9 and CHGmethylation at hetero-
chromatin to maintain the silenced state of TEs
and repeat sequences.
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6.2.2 Mechanism of CMT2-Mediated
CHH Methylation

CMT2 was first identified as a downstream effec-
tor of the chromatin remodeler DECREASED IN
DNA METHYLATION 1 (DDM1), mediating
CHH methylation of TEs independently of the
classical RdDM-dependent CHH methylation
pathway (Zemach et al. 2013). Further biochemi-
cal characterization of CMT2 revealed that this
MTase can de novo methylate both CHH and
CHG sites in vitro, in contrast to CMT3 which
prefers to maintain CHG site methylation (Stroud
et al. 2014). A cmt2 cmt3 double mutant showed a
stronger loss of CHG methylation than the cmt3
mutant alone, confirming that the in vitro CHG
methylation activity of CMT2 is also functionally
relevant in vivo (Stroud et al. 2014). In addition,
the drm1 drm2 cmt2 triple mutant can nearly
eliminate CHH methylation genome-wide, while
the drm1 drm2 double mutant or cmt2 single
mutant can only partially reduce CHH methyla-
tion, indicating that the RdDM pathway and
CMT2 are complementary in controlling almost
all the CHH methylation (Stroud et al. 2014).
Like CMT3, the kyp suvh5 suvh6 triple mutant,
which can eliminate H3K9me2, shows 86% loss
of CHH methylation controlled by CMT2, reveal-
ing a connection between H3K9me2 and CMT2
(Stroud et al. 2014). CMT2 contains a BAH
domain and C-terminal chromodomain inserted
within the MTase domain, with a similar domain
architecture as CMT3. Thus, it is reasonable to
speculate that CMT2 acts in a similar way as
CMT3. ITC binding experiments established
that CMT2 can directly bind H3K9me with a
preference for H3K9me2 and reduced binding of
H3K9me1 and H3K9me3, which is consistent
with the observation that CMT2-controlled

targets have a higher H3K9me2 level than
H3K9me1 (Stroud et al. 2014). The ITC binding
yields a protein-to-peptide molar ratio of 1:2,
establishing that the dual recognition mode
observed for CMT3 is also conserved for CMT2
(Stroud et al. 2014). Due to the high-sequence
homology between CMT3 and CMT2 (46% iden-
tity over the functional BAH, chromo, and MTase
domains), it is speculated that CMT2 can use its
BAH and chromodomains to target the MTase
domain to H3K9me2-containing nucleosomes to
achieve position-specific CHH methylation,
forming a self-reinforcing loop with KYP, similar
to that observed for CMT3 (Fig. 6.2c). CMT2 has
an extra-long N-terminal extension of about
500 residues without any homology to known
domains or predictable secondary structure. It
remains to be determined whether this
N-terminal segment has any functional role
within CMT2. Unlike CMT3, which exists in
almost all plant species, CMT2 exists in some
but not all angiosperm plant species. For exam-
ple, maize does not have a homologous gene of
CMT2, while rice possesses a single CMT2
ortholog (Zemach et al. 2013). Therefore,
CMT2-mediated CHH methylation appears not
to be a strictly conserved plant DNA methylation
pathway, in contrast to DRM2 driven by RdDM.
Moreover, the CMT2 pathway is functionally and
partially redundant with RdDM. Thus, CMT2
may function in an RdDM redundant way in
some plant species, while in others, it could
have been superseded by RdDM during evolu-
tion. Functionally, CMT2 was identified to asso-
ciate with the heat response by comparison with
the genome of different ecotypes of Arabidopsis
(Shen et al. 2014). The cmt2mutant has a stronger
tolerance to heat stress, indicating an epigenetic
basis for the adaptation to environmental stress
(Shen et al. 2014). Furthermore, in the cmt3
mutant, more CMT2 binding is observed on the
heat-sensitive transposon ONSEN than in the wild
type (Nozawa et al. 2021). Consistently, there is
an observed ectopic gain of CHH methylation on
ONSEN in the cmt3mutant, but CHHmethylation
is almost lost in cmt2, indicating that CMT2 is a
major DNA methyltransferase targeting ONSEN.
Under heat stress, the H3K9me2 level is reduced



in wild-type plants, but maintained at high level
in cmt3, likely through the H3K9me2-DNA
methylation feedback loop. The higher CHH
methylation and H3K9me2 levels are associated
with lower ONSEN transcription in cmt3 under
heat (Nozawa et al. 2021).

6 Structure and Mechanism of Plant DNA Methyltransferases 147

Like CMT3-mediated DNA methylation,
CMT2-mediated DNA methylation is also seen
in a specific pattern. CMT2-dependent CHH
methylation is primarily found in the CWA con-
text (W ¼ A or T), which is significant because
CHH methylation can be composed of nine dif-
ferent contexts (Gouil and Baulcombe 2016).
CCC and CCT are the lowest methylated contexts
seen in Arabidopsis, while CAA and CTA are the
highest. The CHH subcontext specificity is most
pronounced in the pericentric heterochromatin
regions of the Arabidopsis genome, enriched
with KYP/SUVH5/SUVH6 dependent
H3K9me2 marks. The histone MTases play a
role in context-specific non-CG methylation;
there appears to be a multi-layered regulation
system within the heterochromatin that involves
CMTs, H3K9me2, and DNA sequence.

6.2.3 RNA-Directed DNA Methylation
(RdDM)

6.2.3.1 Overview of RdDM
RdDM is a plant-specific de novo DNA methyla-
tion pathway, which conducts all the de novo
DNA methylation in plants and is required for
the maintenance of CHH methylation within
small euchromatic TEs (He et al. 2014; Matzke
and Mosher 2014; Zhao and Chen 2014). The
pathway starts with a plant-specific RNA poly-
merase IV (Pol IV), which is a specialized RNA
polymerase that evolved from Pol II. Pol IV is
targeted to certain loci to generate single-stranded
RNA transcripts (Fig. 6.3a) (Haag and Pikaard
2011). The RNA transcripts are subsequently
used as templates by Pol IV-associated
RNA-DEPENDENT RNA POLYMERASE
2 (RDR2) to generate double-stranded RNA
(Fig. 6.3a) (Haag et al. 2012). The double-
stranded RNA is then cut into 24 bp siRNAs by
DICER-LIKE 3 (DCL3), and one 24-nt strand is

loaded into ARGONAUTE 4 (AGO4) (Fig. 6.3a)
(Law and Jacobsen 2010; Matzke and Mosher
2014). The structure of DCL3 in complex with
pre-siRNA shows the preference for 24 nt siRNA
containing an adenine in the 50 position of the
guide strand, which has also been observed for
AGO4’s binding preference in vivo (Wang et al.
2021a; Zhai et al. 2015). Meanwhile, another
plant-specific RNA polymerase Pol V can be
targeted to certain loci and produce long noncod-
ing scaffold RNA transcript. Pol V transcripts are
dependent on the action of a chromatin
remodeling complex, which is composed of
three proteins: DEFECTIVE IN
RNA-DIRECTED DNA METHYLATION
1 (DRD1), DEFECTIVE IN MERISTEM
SILENCING 3 (DMS3), and RNA DIRECTED
DNA METHYLATION1 (RDM1) (Law et al.
2010), referred to as the DDR complex. The
AGO4-bound siRNA can interact with Pol V
transcripts by base-pairing as well as protein
interaction and further target the plant-specific
DNA MTase DRM2 to facilitate site-specific
DNA methylation (Fig. 6.3a) (Law and Jacobsen
2010; Matzke and Mosher 2014). Thus, in this
pathway, DNA methylation sites on the chroma-
tin are determined by the targeting of Pol IV,
Pol V, and DRM2. Studies have established addi-
tional mechanisms in which SAWADEE
HOMEODOMAIN HOMOLOG 1 (SHH1, also
called DNA-binding transcription factor
1, DTF1) can target Pol IV to H3K9me2
containing chromatin regions, and the catalyti-
cally inactive SUVH family proteins SUVH2/9
can direct Pol V to methylated DNA-containing
loci (Fig. 6.3a) (Law et al. 2013; Johnson et al.
2014; Zhang et al. 2013; Liu et al. 2014). The
Arabidopsis Pol V-binding protein RDM15 (Niu
et al. 2021) and maize Pol V-binding protein
SHH2 (Haag et al. 2014; Wang et al. 2021b)
were reported to specifically recognize
H3K4me1 and H3K9me1, respectively,
suggesting that the targeting of Pol V is
influenced by diverse histone marks. The hierar-
chy of action of each RdDM component was
determined by fusing each component to a zinc-
finger endonuclease and testing their abilities to
recruit the rest of the RdDM pathway to de novo
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Fig. 6.3 Structure and mechanism of DRM2 function
driven by RdDM. (a) Schematic model of RdDM path-
way. Pol IV is targeted by SHH2 to H3K9me2-containing
loci to produce ssRNA transcripts. Using the ssRNA as a
template dsRNA is generated by Pol IV-associated RDR2

and cleaved by DCL3 to generate 24-bp dsRNA. The
24-nt siRNA is then loaded onto AGO4. SUVH2/
SUVH9 binds to methylated cytosines and recruits the
DDR complex (DRD1, DMS3, RDM1), which recruits
Pol V. Pol V generates a scaffold noncoding RNA
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methylate a site. It was found that the components
of the DDR complex can robustly recruit other
RdDM components to a target site for methyla-
tion (Gallego-Bartolomé et al. 2019). Co-IP
experiments indicated that DRM2 occurs in the
same complex with AGO4, suggesting that
AGO4 plays an important role in the targeting
of DRM2 (Zhong et al. 2014). However, the
molecular mechanism of the AGO4-DRM2 inter-
action still remains unclear.

Fig. 6.3 (continued) transcript that can interact with the
AGO4-bound siRNA to further direct DRM2 to perform
de novo DNA methylation. (b) Domain architecture of
Arabidopsis DRM2. (c) Crystal structure of the catalytic
domain of NtDRM with the catalytic subdomain (CD) and
TRD subdomain colored in magenta and orange, respec-
tively (PDB code: 4ONJ) (Zhong et al. 2014). (d) Super-
position of the NtDRM catalytic domain with the Dnmt3a
catalytic domain, which is colored in silver (PDB codes:
4ONJ and 2QRV) (Zhong et al. 2014; Jia et al. 2007). If
the N and C-termini of Dnmt3a are fused together and a

break introduced within the loop marked in blue, the
overall topology of Dnmt3a becomes similar to DRM.
(e) Structure of the MTase domain of Arabidopsis
DRM2 in complex with CTT DNA (PDB code: 7L4C)
(Fang et al. 2021). (f) Model of the deformed structure of
DNA upon DRM2 binding. Panels e and f were modified
from Fang et al., Sci. Adv. 2021; 7: eabd9224. # The
Authors, some rights reserved, exclusive licensee AAAS.
Distributed under a CC BY-NC 4.0 License (http://
creativecommons.org/licenses/by-nc/4.0/)
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6.2.3.2 Structure and Mechanism
of DRM2

Arabidopsis DRM2 was identified as the de novo
MTase in plants in a genetic screen and showed
sequence conservation with the mammalian de
novo MTase Dnmt3a (Cao and Jacobsen
2002a, b). From a sequence perspective, DRM
family proteins have N-terminal 2–3 ubiquitin-
associated domains (UBAs) and a C-terminal
DNA MTase domain, which possesses all the
signature motifs of type I DNA MTase, except
that an alignment revealed a circular permutation
of these motifs (Fig. 6.3b) (Cao and Jacobsen
2002a). This type of rearrangement only exists
in plants and is considered a plant-specific fea-
ture. The crystal structure of the MTase domain of
Nicotiana tabacum (NtDRM) shows a classic
type I DNA MTase fold with a central seven-
stranded β-sheet flanked by two layers of
α-helices positioned on both sides (Fig. 6.3c)
(Zhong et al. 2014). The TRD subdomain of
NtDRM is composed of a two-stranded antiparal-
lel β-sheet and two antiparallel α-helices, which
are different from structures of other reported
DNA MTases, indicative of a unique DNA

recognition and selection mode (Fig. 6.3c)
(Zhong et al. 2014). The catalytic subdomain
resembles other DNA MTase domains, such as
the Dnmt3a MTase domain (Jia et al. 2007;
Zhong et al. 2014). In the Dnmt3a MTase domain
crystal structure, the N- and C-termini are close to
each other (Jia et al. 2007). If the N- and
C-termini of Dnmt3a MTase were fused together
and a break was incorporated at the loop between
Pro739 and Pro746 (highlighted in blue in
Fig. 6.3d) (Jia et al. 2007), the resulting
sequence-based folding topology would be iden-
tical to that of the NtDRM MTase domain. As a
result, the nearly identical folding topology
between NtDRM and other type I DNA MTases
indicates both a common catalytic mechanism
and a common evolutionary ancestor.

The NtDRM MTase domain forms a
homodimeric arrangement as observed both in
solution and from packing alignments in the crys-
tal (Fig. 6.3e). The dimer interface is composed of
a hydrophobic core together with several pairs of
intermolecular salt bridges (Zhong et al. 2014). It
is interesting that the NtDRM homodimer inter-
face mimics the mammalian Dnmt3a-Dnmt3L
heterodimer interface (Fig. 6.3e) (Jia et al. 2007;
Zhong et al. 2014). Although Arabidopsis has an
inactive DRM homolog DRM3, which is essen-
tial for the establishment of DNA methylation by
RdDM (Henderson et al. 2010), DRM3 appears
not to engage in interactions with DRM2, given
that DRM3 cannot be detected in immunoprecip-
itation followed by mass spectrometry assays
using epitope-tagged DRM2 (Zhong et al.
2015). In the drm3 mutant, Pol V occupancy
extends to additional loci, but the Pol V transcript
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abundance is reduced, revealing a potential role
of DRM3 in the stabilization of Pol V and/or
mediating Pol V transcript elongation (Zhong
et al. 2015). Thus, DRM3 in plants appears not
to function like Dnmt3L by acting as a cofactor of
the active DNA MTase, but likely functions in
regulating RdDM by association with Pol V
(Zhong et al. 2015). The disruption of the dimer-
ization interface by five mutations of NtDRM
results in perturbation of its enzymatic activity,
indicating that dimerization is biochemically
essential (Zhong et al. 2014). A plausible expla-
nation of the homodimerization of DRM MTase
domains is that dimerization could help to main-
tain the conformation of the catalytic loop,
because the C-terminal portion of the catalytic
loop is involved in the dimerization interface
formation. The mammalian de novo DNA
MTase requires a Dnmt3L-Dnmt3a-Dnmt3a-
Dnmt3L tetrameric arrangement (Jia et al.
2007). Although the DRM homodimer mimics
the Dnmt3a-Dnmt3L dimer interface, there is no
interface in DRM that corresponds to the
Dnmt3a-Dnmt3a interface. The Dnmt3a-Dnmt3a
interface is essential for its activity and is believed
to double the DNA-binding surface to overcome
the shortage of the DNA-binding surface, as a
result of the small TRD subdomain of Dnmt3a
(Jia et al. 2007; Jurkowska et al. 2008). The TRD
subdomain of DRM is bigger than that of Dnmt3a
and can form a continuous large negatively
charged surface, which can access the DNA sub-
strate (Zhong et al. 2014). Thus, the Dnmt3a-
Dnmt3a-like interface appears not to be required
in the DRM case.
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Although DRM2 shares structural homology
with the mammalian Dnmta3, the two
methyltransferases have distinct substrate
preferences. Mammalian Dnmt3a primarily acts
upon CpG substrates (Zhang et al. 2018b; Gao
et al. 2020), while DRM2 primarily acts upon
CHH substrates (Zhong et al. 2014). To dissect
the substrate preference difference, the structure
of Arabidopsis DRM2 was solved in complex
with a representative CHH DNA substrate (Fang
et al. 2021) (Fig. 6.3e). The interaction between
DRM2 and its DNA substrate spans 13 bps

involving contacts between the major and minor
grooves. The major groove is contacted by a loop-
helix-helix (LHH) motif and a helix from the
target recognition domain, while the minor
groove is contacted by a subset of residues within
the catalytic loop and a loop containing a
rearranged motif IV. Upon binding to the DNA,
residues from the catalytic core of the enzyme
intercalate with the non-target DNA strand,
resulting in a large DNA deformation at the
major groove of the DNA strand (Fig. 6.3f). The
target recognition domain of DRM2 then
stabilizes the deformed major groove via shape
complementarity rather than the base-specific
mechanism observed in Dnmt3a (Zhang et al.
2018b). This is an unprecedented substrate recog-
nition mechanism, which allows for DRM2 to
have the capabilities to methylate a broad range
of DNA substrates in comparison to its mamma-
lian homolog, Dnmt3a. Notably, the substrate
preference DRM2 can be engineered to shift
toward a CHG context through a single point
mutation in the target recognition domain of the
enzyme (Fang et al. 2021).

The UBA domains of DRM have been shown
to be critical for its in vivo but not in vitro DNA
MTase activity, revealing an important regulatory
but not catalytic role (Henderson et al. 2010;
Zhong et al. 2014). So far, it is still unclear how
the UBA domains participate in DRM function. A
report revealed that the UBA domains of rice
OsDRM2 can interact with the ATP-dependent
RNA helicase eIF4A, which links RNA higher
structure to DRM (Dangwal et al. 2013).
Recently, UBA domains of Arabidopsis DRM2
interact with the UVB photoreceptor UVR8 in a
UVB-promoted manner (Jiang et al. 2021).
Another plausible connection might be in the
recognition of some ubiquitination modifications
by the UBA domains, which is a common func-
tion of UBA domains. Supporting this notion,
DRM2 was found to interact with CFK1, an
F-box E3 ligase in the SCF complex that regulates
DRM2 protein stability via the 26S proteasome
degradation pathway (Chen et al. 2021). Further
investigation is required to directly understand



the role of UBA domains in regulating DRM2
function.
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6.2.4 Potential Mechanism of MET1
in CG Methylation Maintenance

Unlike the extensive crosstalk between non-CG
methylation and H3K9me2, CG methylation
seems to be independent of H3K9me2 (Du et al.
2015). In the kyp suvh5 suvh6 triple mutant,
which eliminates most of the H3K9me2, only a
limited reduction in CG methylation is observed
(Stroud et al. 2013). Once established, CG meth-
ylation is subsequently maintained by MET1
(Kankel et al. 2003) with the aid of VIM proteins.
MET1 is an ortholog of mammalian Dnmt1 with
several distinct features in its sequence. By com-
paring the sequence motifs of mouse Dnmt1,
whose structure has been extensively studied,
and Arabidopsis MET1 (Fig. 6.4a), it becomes
apparent that the two C-terminal BAH domains
(BAH1 and BAH2) and the DNA MTase
domains exhibit similarities with a sequence iden-
tity of 36%. The high sequence homology
between the catalytic portion of MET1 and
Dnmt1 suggests that MET1 may share a similar
type I DNA MTase domain fold and a common
catalytic mechanism as Dnmt1. The BAH2
domain of Dnmt1 has a long loop extending out-
ward whose tip contacts the TRD subdomain of
the MTase fold (Fig. 6.4b) (Song et al. 2011),
suggestive of a regulatory role for substrate
DNA binding through adjustment of the TRD
position by the BAH2 domain. Similarly, the
BAH1 domain of mammalian Dnmt1 has been
shown to bind H4K20me3 (Ren et al. 2021).
However, neither the interacting region on the
TRD (highlighted in red in Fig. 6.4b) nor the
BAH2 loop (highlighted in blue in Fig. 6.4b) of
Dnmt1 is conserved in MET1 (Fig. 6.4c, d),
indicating that MET1 may lack this type of
BAH domain-mediated regulation of the TRD
subdomain. Toward the N-terminus, Dnmt1 has
a CXXC domain (highlighted in yellow in
Fig. 6.4b), which can specifically recognize
unmethylated CG sites and subsequently position

a loop (highlighted in green in Fig. 6.4b) between
the DNA and the active site of Dnmt1 to block the
MTase activity (Song et al. 2011). This auto-
inhibition mechanism can protect Dnmt1’s func-
tion as a maintenance MTase by ensuring cyto-
sine methylation of the daughter strand on hemi-
methylated CG DNA but not on unmethylated
CG DNA, which can be captured by the CXXC
domain (Song et al. 2011). However, this type of
auto-inhibitory effect did not biochemically show
an effect in the full-length protein, revealing that
there are domain rearrangements that are depen-
dent also on all other domains as illustrated by the
different effect of the CXXC domain observed
with truncated and full-length Dnmt1
(Bashtrykov et al. 2012; Song et al. 2011). In
contrast, plant MET1 does not have a CXXC
domain (Fig. 6.4a), suggesting that such an
auto-inhibitory mechanism is not conserved in
plants. In addition, Dnmt1 contains a replication
foci targeting domain (RFTD), which has been
shown to interact with the catalytic domain in the
absence of DNA, thereby achieving an additional
layer of auto-inhibition (Takeshita et al. 2011;
Bashtrykov et al. 2014; Syeda et al. 2011). The
RFTD domain of Dnmt1 has also been shown to
bind to H3K18Ub and H3K23Ub (Ishiyama et al.
2017), leading to Dnmt1 allosteric activation.
Binding to H3K9me3 by the RFTD further
enhances enzymatic stimulation of Dnmt1 by
H3K18Ub and H3K23Ub and mediates Dnmt1
colocalization with H3K9me3 (Ren et al. 2020).
In contrast, plant MET1 has two putative RFTDs
as predicted by the Pfam server (Finn et al. 2014)
(Fig. 6.4a), but their exact function remains
unclear. Further structural and functional studies
may shed light on the function and regulation of
the plant MET1 DNA MTase.

6.3 Conclusion and Perspective

In plants, DNA methylation has important
functions in the suppression of TEs and repeat
sequences. It acts as a genomic immune response
necessary to silence the abundantly distributed
TEs across plant genomes (Kim and Zilberman



2014; Wendte and Schmitz 2018). In contrast to
the mammalian DNA methylation system, plant
DNA methylation is both more diversified and
complex and includes methylation of cytosines
in all three sequence contexts (CG, CHG, and

CHH). Notably, there are four active DNA
MTases (DRM2, MET1, CMT3, CMT2), in
which the DRM and CMT3/2 are plant-specific
DNA MTases, while MET1 has similarities with
mammalian Dnmt1. In general, all the available
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Fig. 6.4 Potential mechanistic insights into MET1 func-
tion. (a) Comparison between the domain architectures of
ArabidopsisMET1 and its ortholog mouse Dnmt1. MET1
contains one additional putative RFTD but lacks the
CXXC domain. (b) Structure of Dnmt1-DNA complex in
an auto-inhibition mode (PDB code: 3PT6) (Song et al.
2011). The CXXC domain, auto-inhibition loop, BAH1,
BAH2, MTase domains, and the bounded DNA are col-
ored in yellow, green, orange, light cyan, light magenta,
and silver, respectively. A tip within the loop of the BAH2
domain can interact with the TRD subdomain of the

MTase to form a novel regulatory mechanism, with the
interaction highlighted in blue and red, respectively. (c)
Sequence alignment of the TRD subdomain of MTase
between Dnmt1 and MET1 indicates that MET1 lacks
the interaction region within the TRD. Strictly conserved
residues are highlighted in red with yellow background,
and the moderately conserved residues are colored in
green. (d) Sequence alignment of the BAH2 loop region
of Dnmt1 and MET1 showing that MET1 lacks the BAH2
loop. Therefore, MET1 does not have the BAH2-TRD
interaction and this type of enzymatic regulation



structures of the catalytic domains of known plant
DNA MTases adopt typical type I DNA MTase
folds (Zhong et al. 2014; Du et al. 2012), sharing
the same catalytic mechanism as mammalian
DNA MTases such as Dnmt3a and Dnmt1 (Jia
et al. 2007; Song et al. 2011, 2012). However,
there is diversity in the regulation of the plant
DNA MTases and they are enriched with specific
additional features. The CMT family MTases can
be regulated through their BAH and
chromodomains by the recognition of H3K9me2
(Stroud et al. 2014; Du et al. 2012). The RdDM-
driven DRM2 function is regulated by H3K9me2
through SHH1 and by pre-methylated DNA
through SUVH2/9 (Johnson et al. 2014; Law
et al. 2013). The UBA domains of DRM2 may
also play regulatory roles through a so far
unknown pathway. MET1 may be regulated sim-
ilarly to Dnmt1, but also with its own distinct
features, because it lacks both the CXXC domain
and the regulatory loop within the BAH2 domain.
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The current structural studies on plant DNA
MTases have established regulatory mechanisms
for CMTs and DRM2. Further studies on the
UBA domains of DRM2 and MET1 may resolve
additional details about the regulation of RdDM
and the maintenance of CG methylation in plants.
Moreover, further investigations with structures
of plant DNA MTase in complex with DNA
substrates are required to dissect the molecular
mechanisms underlying the observed sequence
specificity associated with each plant DNA
MTase. The DRM2-DNA structure uncovered
DNA deformation as a novel substrate-
recognition mechanism for a DNA
methyltransferase to establish group-specific
DNA methylation (Fang et al. 2021). It will be
important to conduct similar investigations on the
CMTMTases to investigate whether the substrate
deformation is a general mechanism for non-CG
methylation in plants.

It is worth noting that in addition to 5mC, the
6 mA mark was reported to be present at tran-
scription start sites that mark the location of active
genes in green algae Chlamydomonas reinhardtii
(Fu et al. 2015). In addition to the algae, 6 mA
was also detected in higher plants (Vaniushin
et al. 1971). However, the functional role of

6 mA in higher plants is still controversial and
requires additional investigation. The enzymes
responsible for 6 mA deposition and elimination
in plants have not yet been identified. Thus, fur-
ther investigation of 6 mA in higher plants may
open a new window for plant DNA methylation
studies.
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Abstract

DNA methylation has been found in most
invertebrate lineages except for Diptera,
Placozoa and the majority of Nematoda. I
contrast to the mammalian methylation toolkit
that consists of one DNMT1 and several
DNMT3s, some of which are catalytically
inactive accessory isoforms, invertebrates
have different combinations of these proteins
with some using just one DNMT1 and the
others, like the honey bee, two DNMT1s one
DNMT3. Although the insect DNMTs show
sequence similarity to mammalian DNMTs,
their in vitro and in vivo properties are not
well investigated. In contrast to heavily
methylated mammalian genomes, invertebrate
genomes are only sparsely methylated in a
‘mosaic’ fashion with the majority of
methylated CpG dinucleotides found across
gene bodies that are frequently associated
with active transcription. Additional work
also highlights that obligatory methylated
epialleles influence transcriptional changes in
a context-specific manner. We argue that some
of the lineage-specific properties of DNA
methylation are the key to understanding the
role of this genomic modification in insects.

Future mechanistic work is needed to explain
the relationship between insect DNMTs,
genetic variation, differential DNA methyla-
tion, other epigenetic modifications, and the
transcriptome in order to fully understand the
role of DNA methylation in converting geno-
mic sequences into phenotypes.
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7.1 Introduction

Amongst all fields of biomedical research, it is
‘epigenetics’ that is emerging as a principal disci-
pline bridging the gap between genotype and
phenotype. One reason for such a prominent
standing of epigenetic concepts in modern biol-
ogy is the flexible and ever-expanding definition
of what the term ‘epigenetics’ actually means.
Over 70 years ago Waddington originally
introduced the word ‘epigenetics’ (derived from
the word ‘epigenesis’) as ‘a suitable name for the
branch of biology which studies the causal
interactions between genes and their products
which bring phenotype into being’ (Jablonka
and Lamb 2002; Waddington 1942). This new
definition implied that translating the genetic
blueprint into a functional organism requires a
control system whose mode of action is over
and above, or in addition to, the classical geno-
type (Waddington 1942). His ideas were incited
by the realisation that phenotypes are remarkably
stable despite the environmental pressure, a phe-
nomenon that he referred to as developmental
canalisation, whereby development is buffered
against environmental or genetic variation by
evolutionarily selected gene networks. He
illustrated this concept by the famed epigenetic
landscape with systems of connected valleys or
channels representing the optimal developmental
trajectories. The key idea behind this imaginary
topography is that a set of instructions carving the
trajectory towards an optimal phenotype is
selected by responses to recurring environmental
insults in an organism’s adaptive niche
(Waddington 1957). Distinct from canalisation,
phenotypic plasticity is another feature indepen-
dent of the underlying DNA sequence, that is
equally important for the living world. It is a
phenomenon whereby contrasting organismal
outcomes are produced from one genotype using
intricate developmental cues. Cellular differentia-
tion in multicellular organisms or phenotypic
polymorphisms in social insects is generated by
epigenetic mechanisms, not by genetic
differences. These two contrasting aspects of phe-
notypic changeability that are uncoupled from

genetic variation are central to the study of
epigenetics. At present, epigenetics is a very
wide field of study, covering virtually all aspects
of biology ranging from morphogenesis to
transgenerational epigenetic inheritance. For
more detailed discussions on the origins and
changing concept of epigenetics, see recent
review and opinion articles (Jablonka and Lamm
2012; Haig 2004, 2012).

In modern times the distinction between
genetic and epigenetic control system has been
associated with specific biochemical processes.
Typically, DNA methylation and histone
modifications are itemised as epigenetic
mechanisms, but non-coding RNAs, chromatin
remodelling and even prions are often included
(Halfmann and Lindquist 2010). In this context, it
is worth noting that only DNA methylation is
chemically a direct part of the DNA molecule. It
is thus clearly differentiated and distinguished
from other epigenetic mechanisms, such as chro-
matin modification and non-coding RNAs, which
are associated with but separate from DNA. For
over 50 years, DNA methylation or more specifi-
cally cytosine methylation has been studied
extensively in mammals, initially as a mechanism
of gene silencing via hyper-methylation of
promoters associated with the CpG islands and
later as a genome-wide modification. In contrast,
only a couple of studies in the late 1990s have
shown that 5-methyl-cytosine can be detected in
DNAs extracted from various invertebrate species
(Tweedie et al. 1997; Regev et al. 1998), and it is
largely through the honey bee genomic research
that methylomics took center stage as an impor-
tant mechanism of gene regulation in insects/
invertebrates. While the progress in this field has
been inspiring, it also led to a widely accepted
idea that social insects, in particular honey bees,
wasps and ants have a DNA methylation toolkit
that is functionally similar to that in mammals.
However, many features of DNA methylation in
invertebrates suggest that this level of genomic
modifications is driven by several quite distinct
mechanisms that are lineage specific (Maleszka
and Kucharski 2022).

In this article, we discuss DNA methylation as
part of gene regulatory systems in invertebrates,



with special emphasis on the honey bee, Apis
mellifera, and bring into focus several unresolved
aspects of this important regulatory mechanism
that need to be addressed experimentally to better
understand how epigenomic modifications link
genotype to phenotype.
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7.2 Genotype to Phenotype

The existence of a multicellular organism
depends upon the transformation of an apparently
simple, static genetic ‘code’ into variable func-
tional states. With perfect timing, the genetic
information contained within that first single cell
is translated into a series of complex cellular
signals that guide development. As each cell
differentiates uniquely, transcriptional profiles
are established, and their functional roles are
specified. This transition from genotype to phe-
notype, termed epigenesis, is infinitely complex
and results from interactions between the under-
lying genetic sequence, chemical modifications
on DNA and chromatin, and environmental
cues. Yet, how exactly do these layers of infor-
mation contribute to establishing phenotype?

Foremost, the DNA sequence itself interacts
with the transcriptional machinery to produce the
multitude of proteins necessary for a functioning
organism. The human genome, for instance,
encodes approximately 21,000 protein-coding
genes whose sequences are transcribed to gener-
ate our proteome (Clamp et al. 2007). The honey
bee has at least 18,000 genes, but this number is
expected to be evaluated upward following
upgraded genomic assemblies (Elsik et al.
2014). Gene transcription occurs when RNA
Polymerase II (RNA Pol II) interacts with the
genomic regions to produce a transcript. This is
governed by numerous functional elements such
as enhancers, or promoters associated with coding
regions, that interact with various activators and
transcription factors to facilitate the assembly of
the pre-initiation complex and subsequent tran-
scription by RNA Pol II (Fig. 7.1).

In order to generate the full repertoire of
proteins required to build a complex and fully
functioning organism, each gene must be

expressed in a precise spatio-temporal pattern.
To achieve this, numerous control mechanisms
have evolved to tightly regulate transcription.
These range from modulating transcription initia-
tion and elongation, which can alter whether a
gene is expressed or not and how a transcript is
processed, to post-translational processes that
can, for instance, fine-tune the level of a transcript
through the degradation of an mRNA product. In
addition, epigenetic control systems have evolved
to coordinate the action of thousands of genes and
to provide an interface between the genome and
environment. Each of these layers represents an
important mechanism through which gene
expression can be controlled.

7.3 The Epigenetic Control of Gene
Expression

Epigenetics encompasses those mechanisms and
processes that are involved in facilitating tran-
scriptional changes via various covalent
modifications made to DNA itself or the histone
proteins around which DNA is wrapped. The
post-translational modifications (PTMs) of his-
tone proteins are numerous, and include methyla-
tion, acetylation, phosphorylation, ubiquitination,
and many other PTMs. The manner in which
these modifications can influence transcription is
complex, and it is likely that a given mark can
lead to both gene activation and repression,
depending on its location and the genomic con-
text (Kouzarides 2007; Jones 2012). Importantly,
none of these modifications works in isolation,
instead they interact together forming an
epigenome modification network and produce a
unique epigenetic cellular ‘signature’.

This signature, termed a cell’s epigenome,
describes all epigenome modifications found
across the genome. For each cell type within an
organism, and across different developmental
stages and disease states the epigenome will
vary, leading to a vast number of possible
epigenomes (Bernstein et al. 2007). Through
analysing patterns of DNA methylation, histone
modifications, chromatin accessibility and RNA
expression across diverse cell lineages, human



of

epigenomic maps are being catalogued (Kundaje
et al. 2015; Bernstein et al. 2010). These large-
scale pursuits are leading to a greater understand-
ing of how the epigenome contributes to cell
specification and development, and how
alterations to the epigenome contribute to disease
and phenotypic variation. However, defining the
exact role that a given epigenome modification
plays in directing transcriptional changes remains
a challenge. This difficulty will be discussed here
in the context of one of the extensively studied
epigenomic modifications, namely DNA
methylation.
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Fig. 7.1 General model of transcription in the honey bee
showing the key elements involved in the initiation and
elongation of pre-mRNA. Splicing is assumed to occur
co-transcriptionally with DNA methylation affecting con-
ditional usage of weak exons. In insects, methylated
cytosines have been found predominantly in intragenic
regions, often in proximity of splice sites. DNA methyla-
tion may affect binding kinetics of sequence-specific
factors (DBP) either by disrupting their binding, as in the

CTCF model (Shukla et al. 2011), or by recruiting methyl-
CpG-binding factors such as MeCP2 (Maunakea et al.
2013). In both models, such factors promote exon recog-
nition either by pausing the spliceosome/RNA pol II com-
plex (Shukla et al. 2011), or by recruiting histone
deacetylases to maintain low acetylation levels of alterna-
tively spliced exons, which could reduce transcription
elongation (Maunakea et al. 2013). TF transcription factor

7.4 DNA Methylation

In all vertebrates and in most invertebrates the
cytosine nucleotide in DNA can be modified by
the addition of a methyl group to its fifth carbon
atom. This modification typically occurs at
cytosines in CpG dinucleotides and is prevalent
in mammalian genomes where up to 80% (over
20 million) (Smith and Meissner 2013)
cytosines in the CpG context are methylated
(Bird 2002). In comparison, the proportion of
methylated CpGs in insect genomes is a few
orders of magnitude lower, ranging from

approximately 0.1 to 1% (Lyko and Maleszka
2011). The realisation that this covalent modifi-
cation could stably propagate information
throughout development led to considerable
research into its role as an epigenetic mark
(Holliday and Pugh 1975; Riggs 1975). It has
since been shown that DNA methylation plays a
key role in biological processes such as
X-inactivation, genomic imprinting, and transpo-
son silencing across several organisms (chapter
cross reference Genetic studies on mammalian
DNA methylation). In each of these instances,
DNA methylation is engaged in gene silencing,
and this remains one of the more commonly con-
sidered functions of DNA methylation. This is
evident in mammals where the methylation of
promoter regions has long since been associated
with gene repression (Jones and Takai 2001).
However, considerable variation in the distribu-
tion of methylation across organisms and addi-
tional evidence that methylation also associates
with active transcription indicates that the rela-
tionship between DNAmethylation and transcrip-
tion is complex, and not fully understood. Insight
into its functionality can be gained through under-
standing how DNA methylation patterns are
established and by analysing the evolutionary



origins of this mark and its genomic location
(Regev et al. 1998; Suzuki and Bird 2008).
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7.4.1 Conserved and Non-Conserved
Features of DNA Methylation
Enzymology in Animals

The overall level and patterns of DNA methyla-
tion across a genome, what is termed a
methylome, are set up in a cell- and tissue-specific
manner. Throughout embryogenesis and cell dif-
ferentiation, DNA methyltransferases (DNMTs)
establish DNA methylation patterns and then
maintain these patterns across cell divisions.
Two families of DNMTs exist; one referred to
as DNMT1, which preferentially methylates
hemimethylated cytosine residues, and the other
as DNMT3 family, which catalyses the de novo
methylation of DNA (Goll and Bestor 2005)
(chapter cross references Enzymology of mam-
malian DNA MTase). Other important proteins
relevant for DNA methylation is the family of
Ten-eleven translocation (TET) dioxygenase
enzymes that are involved in the active DNA
demethylation process (see a section below)
(chapter reference TET enzymes). All these
enzymes are well conserved and present across a
wide variety of vertebrates and invertebrates.
However, as shown in Table 7.1 there are two
salient aspects of DNA methylation across the
animal kingdom. One is its dispensability in an
evolutionary context, and second, the apparent
differences in the allocation of DNMTs in various
lineages. The distribution of the DNA methyla-
tion toolkit inMetazoa is mosaic, with a variety of
distinct patterns ranging from a total loss of both
DNMT and TET enzymes to partial gene losses
and duplications. Many species, including most
nematodes, advanced Dipteran insects and
Placozoa have lost DNA methylating enzymes
and apparently expanded other epigenetic
mechanisms or even recruited new ones to regu-
late gene expression. Given this contrasting
utilisation of an ancient biochemical modifica-
tion, the extent to which DNA methylation is
advantageous if maintained in a given lineage

remains unclear (Lyko and Maleszka 2011;
Zemach et al. 2010; Miklos and Maleszka 2011).

Initially, it was considered that DNA methyla-
tion patterns were established by the de novo
activity of the DNMT3 family during embryogen-
esis and then these patterns were maintained by
DNMT1, the ‘maintenance’ DNMT. However,
recent work indicates that the classical roles of
DNMT1 and DNMT3s in establishing and
maintaining methylation patterns need to be
redefined to include the apparent de novo activity
of DNMT1 and DNMT3s’ contribution to DNA
methylation maintenance (Jeltsch and Jurkowska
2014). Another interesting feature of the mamma-
lian methylation toolkit is the catalytically inac-
tive paralog DNMT3L that evolved to function as
an accessory protein interacting with the active
DNMT3s. In mammals, DNMT3A has two dif-
ferent isoforms, while DNMT3B has more than
30 isoforms showing highly conserved patterns of
expression in humans and rodents (Duymich et al.
2016; Gao et al. 2020; Zeng et al. 2020).
DNMT3B isoforms modulate gene body methyl-
ation and re-methylation, and even isoforms with-
out catalytic activity, like DNMT3B3, have roles
in this process, thus resembling a functional role
of the partner protein DNMT3L that recruits
DNMT3A in undifferentiated cells to initiate
DNA methylation. Recent evidence suggests
that DNMT3B3 might substitute for the accessory
protein DNMT3L to recruit DNMT3A in somatic
cells (Duymich et al. 2016; Gao et al. 2020).

The variation of DNMTs across invertebrates
is also suggestive of diverse roles for these
enzymes (Table 7.1). Many insect lineages lack
DNMT3 but still methylate their genomes and it
is therefore likely that DNMT1 present in these
organisms has de novo activity (Lyko and
Maleszka 2011; Xiang et al. 2010). Honey bees
and other Hymenoptera have a very characteristic
methylation toolkit comprising two or even
three copies of DNMT1 and one copy of
DNMT3 (Maleszka and Kucharski 2022). This
distinct expansion of the DNA methylation enzy-
mology is found in insects with high level of
phenotypic plasticity, suggesting that epigenomic
control systems are prime movers of developmen-
tal networks controlling organismal plasticity
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(Miklos and Maleszka 2011; Maleszka 2016,
2018). Interference with DNA methylation by
knocking down DNMT3 in larvae reared in vitro
mimics the effect of royal jelly in post-embryonic
female development, suggesting that dietary
ingredients have the capacity to affect epigenomic
settings of a complex nutritionally-driven devel-
opmental process (Maleszka 2018; Kucharski
et al. 2008). In a colony, newly hatched larvae
fed royal jelly develop into long-lived reproduc-
tive queens, whereas larvae fed less potent worker
jelly develop into functionally sterile short-lived
workers (Maleszka 2014). Although this result
clearly implicates DNA methylation in a diet-
controlled developmental division between long-
lived highly fertile queens and short-lived func-
tionally sterile workers, it does not provide an
unambiguous mechanistic explanation of this
process based on one enzyme whose properties
remain to be determined. Given the emerging
view that all DNMTs are not only functionally
interweaved, but also cooperate with histone

modifiers, the impact of DNMT3 silencing on
honey bee phenotypes is more likely the outcome
of a global effect that creates a disturbance in a
highly interconnected epigenomic regulatory sys-
tem. To move forward, insect epigenetics needs
to focus on unravelling the functions of both
DNA and histone modifiers before a model of
this intriguing epigenetic phenomenon can be
generated (Maleszka and Kucharski 2022). In
this context, the queen bee food, royal jelly,
may well hold clues to this problem. It is a com-
plex mixture of unique compounds with
intriguing but poorly understood biochemical
characteristics (Maleszka 2014; Mandacaru et al.
2017; Buttstedt et al. 2018). Some of these
compounds have been identified as histone
deacetylase inhibitors and it is reasonable to
assume that many other ingredients in royal jelly
also have potent epigenetic qualities, possibly
affecting DNA/RNA modifying enzymology
(Maleszka 2014; Spannhoff et al. 2011; Hattori
et al. 2007). Cloning and in vitro characterisation
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Table 7.1 Examples of mosaic distribution of DNA methylation toolkit in selected metazoan species

Lineage Species

DNMT

TET methyl CpGs

Mammalia All ● ●●● ●●● Yes
Hymenoptera Apis mellifera

(honey bee)
●● ● ● Yes

Nasonia spp
(parasitic wasps)

●●● ● ● Yes

Homoptera Acyrthosiphon pisum
(pea aphid)

Yes

Coleoptera Tribolium castaneum
(flour beetle)

● – ● Yes

Lepidoptera Bombyx mori
(silk worm)

● – ● Yes

Diptera Flies, mosquitos ●a No
Nematoda Caenorhabditis elegans

(free living roundworm)
No

Trichuris trichiura
(whipworm, parasitic)

– ●b
– ?

Placozoa Trichoplax adhaerens
(the only extant member of this phylum)

● No

Cnidaria Nematostella vectensis
(sea anemone)

Yes

Black dots indicate the number of genes encoding DNMT paralogs, and the presence of TET in various species
a It has been suggested that in Drosophila, TET demethylates N6-methyl-adenine (6 mA) and this process correlates with
transposon expression (Zhang et al. 2015)
b Highly conserved relatives of DNMT3 in T. suis and in a closely related species T. trichiura available in GenBank
(KFD71641.1; CDW57637.1) suggest that certain nematodes have genes encoding DNMT3, but no DNMT1 and TET



of the honey bee DNMTs and other genes com-
bined with examining the effects of royal jelly
components will provide unprecedented clues to
the nature of dietary impacts on epigenetic
machinery.
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7.4.2 DNMTs and Establishing DNA
Methylation Patterns
in the Honey Bee

Currently, little is known about DNMTs in insects
and other invertebrates and our ideas and
explanations carry the proviso that their modus
operandi is comparable to that of mammalian
DNMTs. All DNMTs in honey bees are ubiqui-
tously expressed in various tissues and through-
out development but their functionality could be
distinctive depending on the context, the level of
expression, specific splice variants, substrate
preference, etc. The DNMT1 paralogs
AmDNMT1a and AmDNMT1b encode almost
identical proteins whose specific roles have not
been studied in detail. Although they might be
partially redundant, they also could have distinc-
tive cellular roles resulting from divergent sub-
strate preference as shown for DNMT3A and
DNMT3B in mammals (Guo et al. 2014). Inter-
estingly, recent sequencing data have revealed the
potential of the gene encoding DNMT3 in honey
bees to generate multiple splice variants whose
biochemical properties are presently unknown.
Improved gene models of AmDNMT1a,
AmDNMT1b and AmDNMT3 based on
transcriptome sequencing from several studies
(Wojciechowski et al. 2018; Ashby et al. 2016)
are shown in Fig. 7.2. Some of the newly uncov-
ered variants are unlikely to be catalytically active
and may serve as regulatory or accessory
proteins. For example, a transcript with deleted
exons 4–5 does not have the PWWP domain that
is important for histone binding, and therefore is
expected to act in a different manner than
DNMT3A or DNMT3B. This variant resembles
the accessory isoform DNMT3L in mammals that
has no PWWP domain but contains the ADDz-
DNMT3L domain with a PHD-like zinc finger
motif and a C2-C2 (Lu et al. 2020). Although

DNMT3L does not have DNA methyltransferase
activity, it acts as an accessory protein to regulate
the functionality of DNMT3A and DNMT3B
(Ooi et al. 2007). These improved AmDNMT
genes models suggest that alternative splicing
rather than gene duplication is used to expand
the cellular utility of DNMT3 in honey bees.
Another intriguing feature of AmDNMT3 is a
duplicated PWWP domain that is critical for
DNMT3s’ interactions with chromatin and other
proteins (Maleszka and Kucharski 2022). It is
one of four currently known domains that not
only bind modified histone tails but can addition-
ally bind to DNA (Wang et al. 2020). Its key
function is to read methylated DNA and
methylated lysine in histones (Rona et al. 2016).
So far, this is the only case of a double PWWP
domain found in DNMT3.

7.4.3 How do TET Enzymes
Contribute to Gene Regulation
in the Honey Bees and Other
Insects?

Caste determination in A. mellifera is an illustra-
tive example of Waddington’s developmental
canalisation, whereby epigenetic processes have
been recruited to conditionally modulate the
expression of one genome using an environmen-
tal cue. Although various cellular elements have
the ability to respond to environmental change,
their combined and coordinated action has
evolved in honey bees as a controlling mecha-
nism for reprograming the entire larval develop-
ment with critical consequences for cellular and
organismal phenotypes. A limited number of
genes can be epigenetically programmed to
yield more than one organismal outcome,
suggesting that epigenomic modifiers are able to
relax evolutionary constrains on development.
These modifiers operate by recruiting only a sub-
set of an organism’s gene repertoire and reusing it
in a combinatorial manner to remodel multiple
sub-networks (Mattick et al. 2010; Maleszka
et al. 2014; Erwin and Davidson 2009).

Importantly, DNA methylation patterns are
governed not only by the de novo and



maintenance activity of DNMTs, but by the pas-
sive loss of methylation during replication and
active demethylation by the family of ten-eleven
translocation (TET1–3) dioxygenases (Pastor
et al. 2013). Demethylation by TETs is critical
to ensure the flexibility of methyl marks whose
responsive nature is contingent on their reversibil-
ity. These enzymes oxidise 5-methylcytosine

(5mC) to 5-hydroxymethylcytosine (5hmC) that
can be further converted to 5-formyl-cytosine
(5fC) and 5-carboxyl-cytosine (5caC). Recent
findings, including genome-wide mapping of
5hmC at a single-base resolution in mammalian
brain (Lister et al. 2013), reveal a complex picture
consistent with the idea that both 5mC and 5hmC
can act as independent epigenetic marks. In
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Fig. 7.2 Improved models of the honey bee DNMTs
based on new sequencing data. (a) Domain architecture
of two very closely related DNMT1s, designated
AmDNMT1a and 1b, and one ortholog of DNMT3. The
positions of the conserved domains and motifs are labelled
in colour. AmDNMT3 has an unusual duplicated PWWP
domain not seen in other DNMTs. (b) The gene encoding
AmDNMT3 has the capacity to generate multiple spliced
variants suggesting that various protein isoforms, includ-
ing some with no catalytic activity, are used by the honey
bee methylation system. It is noteworthy that a long intron

between exons 15 and 16 with lots of repeats is methylated
(indicated by the black lollypops). These models have
been improved using the honey bee genome assembly
version Amel4.5. DNMT1-RFD cytosine specific DNA
methyltransferase replication foci domain, BAH Bromo-
adjacent homology domain, NLS predicted nuclear
localisation signal, PHD finger -a Cys4-His-Cys3 motif
in the plant homeodomain, Zf - CXXC domain the classical
zf-CXXC domain that binds nonmethyl-CpG
dinucleotides, PWWP domain named after its central
core ‘Pro-Trp-Trp-Pro’



addition to their role as methylcytosine
dioxygenases, mammalian TETs perform other
functions, including interactions with metabolic
enzymes and other proteins, participation in tran-
scriptional regulation, telomere elongation and
conveying cellular signals (Pastor et al. 2013;
Lu et al. 2014). TETs have also been implicated
in histone modifications. For example, TET2
promotes histone O-GlcNAcylation during
TET2-dependent gene transcription by recruiting
O-GlcNAc transferase to chromatin (Chen et al.
2013).
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Yet, while active DNA demethylation has
been relatively well investigated in mammals,
little is known about this process in invertebrates.
Recent work in A. mellifera has highlighted that a
conserved TET enzyme in this organism is capa-
ble of converting methylated cytosine residues to
5hmC, as in mammals, and is likely to play an
important role in establishing DNA methylation
patterns, although the exact nature of this role
remains unclear (Wojciechowski et al. 2014). In
contrast to mammals that have three TET
paralogs, only one TET has been found in
A. mellifera and in most of other invertebrates.
TET proteins are absent in organisms such as
nematodes, which have lost the genes encoding
DNMT1 and DNMT3, as well as a tRNA
methylating enzyme (known as DNMT2). One
puzzling feature of the honey bee TET is its
very high level of expression, especially in the
brain, that does not translate into a substantial
number of 5hmCs. In most tissues fewer than
3000 5mhCs have been detected corresponding
to 4–5% of the methylated cytosines. Only in
testes and ovaries the levels of 5hmC in
A. mellifera (7–10%) appear to be more compara-
ble to those in some mammalian systems. Given
this discrepancy between TET expression and the
scarcity of 5hmC in the honey bee, it is likely that
this protein performs other roles not related to
cytosine demethylation. Alternatively, the honey
bee TET may be very efficient in converting
5hmC into 5fC and then into 5caC, which then
could be removed by terminal deoxynucleotidyl
transferase. In this scenario, little 5hmC would be
found despite high level of TET expression and
activity.

An attempt to produce a specific honey bee
antibody to better understand this incongruity
yielded an unexpected binding to an unfamiliar
nuclear structure in intrinsic neurons (Kenyon
cells) in brains of adult honey bees (Hurd et al.
2021). Although the relevance of this structure to
AmTET has not been established, its intriguing
novelty suggests that a possible link to another
TET functionality cannot be ruled out.

A broader functionality of invertebrate TETs is
consistent with its expression in Drosophila that
has no DNA methylation toolkit and does not
require demethylation of genomic cytosines. It is
noteworthy that a few studies have reported the
presence of low levels of highly localised and
asymmetrical methylated cytosines in Drosophila
genome (Takayama et al. 2014; Capuano et al.
2014). If confirmed, these results would hint
towards a novel enzymatic machinery capable of
modifying DNA in certain contexts.

A study in Drosophila has shown that removal
of the TET gene increases N6-methyladenie
(m6A) levels in DNA (chapter reference Adenine
methylation), but has no effects on RNA in which
m6A is common (Zhang et al. 2015). Drosophila
TET null mutants show a lethal phenotype begin-
ning at the pupal stage with the last survivors
dying three days post-eclosion. This finding
suggests that a single relative of TETs in insects
has the potential to catalyse a variety of chemical
modifications not necessarily involving 5mC.
Even more intriguing is a new study showing
that in Drosophila, TET has the capacity to add
hydroxymethylcytosine to RNA and that this
modification is most prominent in the brain
where it is important for promoting the translation
of mRNAs (Delatte et al. 2015). Whether or not a
similar TET activity exists in other insects
remains to be determined, but it is conceivable
that high levels of TET transcripts in A. mellifera
brain are needed for RNA hydroxymethylation.
Further exploration of demethylation and
hydroxymethylation dynamics is required to
fully understand both the role of TET in
DNA/RNA methylation patterning and in other
hitherto unidentified functions amongst inverte-
brate organisms.
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How are DNA methyltransferases and TET
dioxygenases guided to a given genomic region?
Recent models indicate that these enzymes are
recruited to specific genomic locations via their
interactions with other epigenetic modifiers, and
that these interactions are dependent on the chro-
matin environment (Jeltsch and Jurkowska 2014;
Jones and Liang 2009). Work in mammals, for
instance, has highlighted that various histone
post-translational modifications (PTMs) and
chromatin remodelling factors are involved in
recruiting DNMTs to a genomic location (Jones
and Liang 2009). It is likely that similar
mechanisms operate in insects, but until these
are explored in the context of differential DNA
methylation, the role these factors play in
establishing DNA methylation patterns will
remain unknown. To this end, extensive PTMs
have been described in A. mellifera using mass
spectrometry (Dickman et al. 2013), and genome-
wide chromatin immunoprecipitation-based
approach (ChiPseq) has been applied to map spe-
cific histone PTMs in the ant C. floridanus
(Simola et al. 2013) and in the honey bee
(Wojciechowski et al. 2018). Although the exact
recruitment mechanism of DNA methylation and
demethylation machinery in insects is still
unknown, the distribution of methylated
cytosines across the genome of A. mellifera has
been mapped at single base resolution, providing
initial impetus for studies on how DNA methyla-
tion might be contributing to a variety of cellular
processes.

7.4.4 DNA Methylation Patterns
Across Invertebrates

The targeting of DNA methylation across the
genome appears to take on two distinct types of
patterns: global DNA methylation and mosaic
DNA methylation (Suzuki and Bird 2008). In
the case of global DNA methylation, which is
typical of vertebrates, the genome is densely
methylated throughout most tissues and develop-
mental stages. In humans, for instance, the major-
ity of CpG sites across the genome are methylated
with the exception of small unmethylated

domains, typically near regulatory regions such
as promoters, termed CpG islands (Ehrlich et al.
1982). In contrast, in invertebrate genomes, dis-
tinct domains are methylated and unmethylated in
a ‘mosaic’ fashion (Tweedie et al. 1997; Suzuki
and Bird 2008). The overall level of this mosaic
methylation varies; for instance, A. mellifera
presents with a much lower level of methylation
when compared to invertebrates such as Ciona
intestinalis (Feng et al. 2010). However, several
features of DNA methylation patterning are
conserved.

Being an important epigenetic mark, DNA
methylation has long been associated with the
transcriptional silencing of genomic regions.
Across a wide range of organisms it is frequently
targeted to repetitive elements and transposons;
A. thaliana, together with the mouse and
zebrafish all exhibit such methylation, and disrup-
tion of DNA methylation leads to the reactivation
of these elements, showing that the methylation
of these regions is critical to their silencing
(Feng et al. 2010; Bourc'his and Bestor 2004;
Kato et al. 2003). Additionally, genomic imprint-
ing, whereby a gene or chromosomal region is
transcriptionally controlled in a parent-of-origin
manner, is frequently associated with DNA
methylation and gene silencing. In mammals
and plants imprinted genes are differentially
methylated and disruption of DNA
methyltransferase activity leads to the aberrant
expression of the maternal and/or paternal tran-
script (Li et al. 1993; Jullien et al. 2006).

Yet, while it is clear that DNA methylation has
been utilised by many organisms to maintain
genome stability and regulate imprinted regions,
this does not extend to all species. Whereas mod-
erate levels of methylation have been observed
across transposons in C. intestinalis, other inver-
tebrate genomes do not exhibit such methylation;
in A. mellifera, for example, transposons are not
targeted for methylation (Zemach et al. 2010;
Feng et al. 2010). However, transposons are not
as frequent in A. mellifera as they are in some
other species, suggesting that a mechanism
controlling mobile genomic elements may be
less critical for this organism. Additionally, not
all species utilise DNA methylation to establish



imprints; organisms such as C. elegans do not
have a functional methylation system, yet still
contain imprinted genes, and there is no current
evidence for genomic imprinting via DNA meth-
ylation in A. mellifera (Sha and Fire 2005). It thus
appears that while DNA methylation can be criti-
cal for transcriptional silencing in many contexts,
this is not always the case.
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The better-conserved feature of eukaryotic
DNA methylation is the distribution of methyla-
tion at gene bodies. Gene body methylation has
been identified across numerous organisms, and it
is likely that its occurrence predates the last com-
mon ancestor of plants and animals (Feng et al.
2010). It is characterised by methylation across
the introns and exons of protein-coding genes. In
vertebrates and plants, this gene body methyla-
tion is prevalent and has been shown to frequently
occur in the regions that are highly expressed
(Ball et al. 2009; Zilberman et al. 2007).

In invertebrates, DNA methylation predomi-
nantly occurs across gene bodies. The vase tuni-
cate C. intestinalis, the parasitoid wasp Nasonia
vitripennis, the carpenter ant Camponotus
floridanus, A.mellifera and lower Metazoa such
as the sea anemone Nematostella vectensis, all
display high levels of gene body methylation,
and the regions with high gene body methylation
also correlate with genomic regions that are
actively transcribed (Tweedie et al. 1997; Zemach
et al. 2010; Feng et al. 2010; Wang et al. 2013;
Foret et al. 2009; Bonasio et al. 2012). To date, in
all insects in which methylation has been
analysed on the genome-wide scale, 5mC appears
to be limited almost exclusively to CpG
dinucleotides with only marginal levels found at
non-CpG sites, and very few CpGs methylated
asymmetrically (Welsh et al. 2017). Whether this
pattern is a universal feature of all insects awaits
sequencing of methylomes in more species
representing diverse evolutionary lineages. In A.
mellifera, intragenic DNA methylation is higher
in exons than introns and those genes, which are
highly methylated are often ubiquitously
expressed, with evidence that this type of methyl-
ation modulates the expression of these
transcripts (Foret et al. 2009; Lyko et al. 2010;
Wedd et al. 2016). These common findings

suggest that intragenic DNA methylation is
associated with active transcription and have
important implications for understanding how
this mark might direct transcription.

The correlation between intragenic DNA
methylation and the expression of ‘housekeeping’
genes has led to the suggestion that DNA methyl-
ation functions by preventing spurious transcrip-
tion. By methylating intragenic regions, the
initiation of transcription at cryptic sites within
coding regions can be prevented (Weber and
Schubeler 2007). For frequently transcribed
genes, such as the ubiquitously expressed
housekeeping genes, this would represent an
important mechanism, whereby transcription can
be controlled and transcriptional noise reduced
(Zilberman et al. 2007; Suzuki et al. 2007). This
hypothesis is supported by a recent work, which
demonstrated that gene body methylation is neg-
atively correlated with transcriptional noise (Huh
et al. 2013). However, alternative suggestions,
based on work in A. thaliana, indicate that it is
the rate of transcription of these moderately
expressed transcripts that induces intragenic
methylation, as opposed to methylation itself
influencing transcription (Zilberman et al. 2007).

Yet, given that key differences in the DNA
methylation system exist between A. thaliana
and other eukaryotic model organisms, this rela-
tionship between intragenic methylation and the
rate of transcription may not be universal. DNA
methylation patterns in A. thaliana and other
flowering plants are established via an
RNA-directed DNA methylation system
(RdDM), where RNA molecules, small
interfering RNAs (siRNAs), guide de novo meth-
ylation (Chan et al. 2005; Bao et al. 2004). The
proposed model that transcription itself causes
intragenic methylation, is based upon the spuri-
ous transcription of these siRNAs (Zilberman
et al. 2007). Amongst invertebrate models, there
is no current evidence for an RdDM-like system
and therefore the intragenic DNA methylation
seen in these species may have alternate
functions.

Indeed, several lines of evidence indicate a
number of functional roles for intragenic DNA
methylation in mammals, including the regulation



of non-coding RNAs and transcription elonga-
tion. Both microRNAs and long non-coding
RNA (lncRNA) transcripts have been shown to
be influenced by intragenic DNA methylation,
with important transcriptional consequences
(Kulis et al. 2013; Cheung et al. 2011; Lujambio
et al. 2007). By altering chromatin structure,
DNA methylation can reduce the efficiency of
transcription elongation (Lorincz et al. 2004).
Intragenic DNA methylation has been shown to
influence elongation; exonic differential methyla-
tion modulates binding of the CTCF transcription
factor, altering RNA Pol II processing and the
alternative splicing of a transcript (Shukla et al.
2011). Further evidence that intragenic DNA
methylation modulates alternative splicing
(Maunakea et al. 2013; Foret et al. 2012) and
leads to the cell- and tissue-specific expression
of alternative transcripts (Maunakea et al. 2010)
across a number of species suggests that this
function of intragenic DNA methylation is com-
monplace, and likely to have important biological
consequences (Kulis et al. 2013).
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In A. mellifera, differential intragenic DNA
methylation has similarly been correlated to alter-
native splicing. High intragenic DNA methyla-
tion has been observed near alternatively spliced
sites, and the differential methylation of these
regions has been linked to the expression of
condition-specific alternatively spliced transcript
variants (Table 7.2) (Lyko and Maleszka 2011;
Foret et al. 2012; Kucharski et al. 2016). Some of
these cases support the Shukla et al. (2011)
model, whereby methylation inhibits binding of
a CTCF factor that can promote inclusion of weak
upstream exons by mediating local RNA poly-
merase II pausing. In the case of Anaplastic Lym-
phoma Kinase (Table 7.2), low methylation
correlates with exon 25 inclusion at high fre-
quency. In the adult brain, where the methylated
region shows much lower methylation relative to
larvae, the majority of the available ALK
transcripts (81%) have been found to contain
exon 25 (Foret et al. 2012). Thus, differential
methylation of this sequence seems to affect the
dynamics of exon 25 inclusion and generates
ALK isoforms with different amino termini in

the intracellular domain that could interact with
distinct partners. This suggests that the DNA
methylation seen across the genes of
A. mellifera can control the choice of context-
dependent transcript variants.

7.4.5 Does Gene Body Methylation
Direct Gene Expression
in Insects?

Although several clear relationships between
DNAmethylation and transcription have emerged
over the past decades, including the link between
intragenic DNA methylation and active transcrip-
tion, this relationship is not entirely straightfor-
ward. While there are a number of cases where
DNA methylation has been shown to directly
influence transcription, for instance Shukla et al.
(2011) provide a direct relationship between
methylation and alternative splicing in the
mouse model, the situation in invertebrates is
less clear. In the case of invertebrate models, the
few examples seen in A. mellifera indicate that
intragenic DNA methylation is likely to play an
important role in eliciting transcriptional changes.
Yet, these studies also highlight that such changes
are context-dependent and do not necessarily
eliminate the possibility that they result as a func-
tion of other processes that are simply associated
with differential DNA methylation.

For some time it has been acknowledged that
DNA methylation does not stand alone in
directing transcriptional changes, but is coupled
with other epigenetic marks, such as histone
modifications (Fuks 2005; Cedar and Bergman
2009). These epigenetic modifications and DNA
methylation itself are also influenced by genetic
variation (Kilpinen et al. 2013; McVicker et al.
2013; Kasowski et al. 2013; Furey and
Sethupathy 2013). The complexity of these
interactions makes it difficult to ascertain whether
DNA methylation itself directs transcriptional
changes, or if other factors, such as the underlying
DNA sequence, play a more substantive role, and
this has become an important avenue of research
across the epigenetics field (Schubeler 2012).



7 DNA Methylation in Honey Bees and the Unresolved Questions in Insect Methylomics 171

Table 7.2 Examples of genes with cassette exons whose expression correlates with differential methylation

Gene Id Exon Effect on protein Putative function

GB43824
Trans-membrane
lysoplasmalogenase
(Lyko et al. 2010)

3 Creates a truncated protein by
introducing a premature STOP
codon

In a heterodimer, the truncated protein is
predicted to inhibit trans-membrane activity
of the full-length protein

GB43446
Anaplastic lymphoma
kinase (ALK) (Foret
et al. 2012)

25 Creates a different interacting
domain by changing the N-terminal
sequence of ALK

Modifies selection of protein partners
interacting with ALK

GB43543
Glycine Receptor
(Foret et al. 2012)

8 Extends the intracellular TM3–4
loop by 36 bp (12aa)

New gating properties of the glycine channel
with the insertion. The cassette exon is found
mostly in GlyR expressed in the brain and
sensory organs

Cis- and trans-acting polymorphisms have
been shown to lead to differentially methylated
regions across a number of organisms (Schubeler
2012; Richards 2006). In mammals, these obliga-
tory methylated epialleles have been well-
documented; numerous studies have established
linkage between allelic variation and a methylated
state across many cell types (Kerkel et al. 2008;
Schilling et al. 2009; Shoemaker et al. 2010).
Importantly, epiallelic variation is a key contribu-
tor to phenotypic variation, where these epialleles
influence transcription across different cellular
contexts (Schubeler 2012; Gutierrez-Arcelus
et al. 2013). In A. mellifera and other invertebrate
models, although DNA methylation is critical,
there has been little investigation into how genetic
variability might be contributing to differential
DNA methylation.

In a recent study (Wedd et al. 2015), differen-
tial intragenic DNA methylation of the gene
encoding for lysosomal-alpha mannosidase
(LAM) was correlated with sequence variation,
providing the first evidence for an obligatory
methylated epiallele within the A. mellifera pop-
ulation (Fig. 7.3). In contrast to pure epialleles
that arise from stochastic genotype-independent
events, obligatory differentially methylated
epialleles are generated by sequence variants
(Richards 2006). The methylated status of the
LAM epiallele in A. mellifera has been found to
increase LAM expression in a context-specific
manner, along with the expression of a long
non-coding RNA transcript. LAM epialleles are

inherited in the classical Mendelian manner with
no apparent evidence of imprinting (Wedd et al.
2016). This result not only further supports the
link between intragenic DNA methylation and
active transcription, but also indicates that oblig-
atory epialleles in A. mellifera will likely contrib-
ute to phenotypic variation in a context-specific
manner, as has been demonstrated across other
species.

Given that phenotypic differences in
A. mellifera are generated by tightly controlled
epigenetic changes, any impact that genetic vari-
ation might have on the epigenetic layer of infor-
mation could be profound. In the context of DNA
methylation, substantial work in social insects
like A. mellifera has shown that differential
DNA methylation patterns correlate with tran-
scriptional changes and phenotypic variation,
but fewer studies interpret these changes in the
context of any underlying sequence variation.
The discovery of obligatory epialleles in the
A. mellifera population highlights the importance
of interpreting differential DNA methylation
patterns more carefully and investigating the
extent to which epiallelic variation influences
phenotype in this organism. The availability of
ultra-deep next-generation bisulfite sequencing
technologies, as used in the LAM study, will
facilitate interpreting these patterns accurately in
the context of developmental, tissue-specific, and
stochastic effects that are known to influence
methylation patterns (Wagner et al. 2014; Landan
et al. 2012).
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Fig. 7.3 Transgenerational inheritance of obligatory
methylated epialleles of the gene coding for lysosomal
alpha-mannosidase (LAM) in A. mellifera. A single male
drone was mated with a queen; haploid drones develop
from unfertilised eggs and diploid workers/queens develop
from fertilised eggs. The level of methylation of the two
alleles, LAMC + CT and LAMCΔGA, across an intragenic
region of LAM (exons 16 to exons 18) is indicated; 0%

indicating a CpG site was never found to methylated,
100% indicating that a CpG site was always found to be
methylated. The transgenerational inheritance of methyla-
tion patterns, irrespective of factors such as caste or devel-
opmental stage and without parent-of-origin effects, is
indicative of an obligatory methylated epiallele (see
Wedd et al. 2016 for more details)

7.5 Conclusion

Invertebrates, such as the honey bee A. mellifera,
represent an important model from which a
broader understanding of DNA methylation, and
its role in directing transcription, can be drawn.
Importantly, this is reliant on the accurate inter-
pretation of insect methylomes, and without
performing in-depth analyses of differential meth-
ylation patterns in A. mellifera there is a risk of
misconstruing the biological significance of such
marks. Equally important is advancing efforts to
unravel mechanistic properties of
non-mammalian DNMTs within living
organisms, and to comprehend the molecular
role of their various isoforms. To achieve a full
understanding of how this epigenetic modifica-
tion links genotype to phenotype, the relationship
between DNA methylation patterns, genetic
variability and other epigenetic marks must be
understood and interpreted in the context of addi-
tional factors, such as developmental and tissue-
specific effects, and environmental influences.
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N6-methyladenine: A Rare and Dynamic
DNA Mark 8
Zach Klapholz O’Brown and Eric Lieberman Greer

Abstract

Chromatin, consisting of deoxyribonucleic
acid (DNA) wrapped around histone proteins,
facilitates DNA compaction and allows identi-
cal DNA code to confer many different cellu-
lar phenotypes. This biological versatility is
accomplished in large part by post-
translational modifications to histones and
chemical modifications to DNA. These
modifications direct the cellular machinery to
expand or compact specific chromatin regions
and mark certain regions of the DNA as impor-
tant for cellular functions. While each of the
four bases that make up DNA can be modified
(Iyer et al., Prog Mol Biol Transl Sci. 101:25–
104, 2011), this chapter will focus on methyl-
ation of the 6th position on adenines (6mA).
6mA is a prevalent modification in unicellular
organisms and until recently was thought to be
restricted to them. A flurry of conflicting stud-
ies have proposed that 6mA either does not
exist, is present at low levels, or is present at
relatively high levels and regulates complex
processes in different multicellular eukaryotes.
Here, we will briefly describe the history of
6mA, examine its evolutionary conservation,

and evaluate the current methods for detecting
6mA. We will discuss the proteins that have
been reported to bind and regulate 6mA and
examine the known and potential functions of
this modification in eukaryotes. Finally, we
will close with a discussion of the ongoing
debate about whether 6mA exists as a directed
DNA modification in multicellular eukaryotes.
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8.1 Introduction

DNA must faithfully transmit the blueprints of
life from generation to generation. However, it
is also necessary that different cell types have
access to different portions of the genome, and
that specific cell types can respond appropriately
to changes in the environment. Such dynamic
responses are mediated in part by transcription
factor complexes, and by chemical modifications
to chromatin. DNA is not as heavily modified as
RNA, which has over 170 different modifications
identified to date (Frye et al. 2018). The limited
number of DNA modifications (relative to RNA)
is presumably evolutionarily selected to protect
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the DNA code from mutations, and to enable the
formation of a stable double helix. Nevertheless,
several DNA modifications occur in different spe-
cies distributed across the tree of life and are
important as both signals of DNA lesions and as
epigenetic regulators of diverse biological pro-
cesses. Importantly, DNA modifications increase
the repertoire of cellular phenotypes that can be
encoded by a single DNA sequence, without
directly altering the integrity of the genetic code.
Soon after DNA was discovered, variants of each
base were identified. However, the role of DNA
methylation in the context of normal biological
processes and disease pathogenesis remains an
active area of study.
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Although 6mA was discovered in 1955 (Dunn
and Smith 1955, 1958) soon after cytosine meth-
ylation (5mC) which was confirmed in 1950
(Johnson and Coghill 1925; Hotchkiss 1948;
Wyatt 1950), 6mA was thought to exist predomi-
nantly in prokaryotes and was therefore not given
the same amount of research attention in
eukaryotes as 5mC. The discovery that 6mA
exists in more recently evolved eukaryotes has
revived interest in this DNA modification. To
understand the dynamic regulation of and by ade-
nine methylation, it is useful to view the role of
6mA across evolution. Here, we aim to provide a
broad overview of the historical research on 6mA
across the evolutionary spectrum and discuss the
mechanisms by which N6-adenine methylation is
established, reversed, and recognized. We exam-
ine the role of 6mA in biology, discuss the possi-
bility of 6mA playing a functional role in
multicellular eukaryotes as well as contradictory
evidence regarding its existence, and summarize
exciting areas for future research.

8.2 Types of DNA Modifications

Each DNA base is modified to varying degrees in
different organisms. DNA methylation occurs
either as non-enzymatic DNA damaging lesions
or as directed modifications with signaling func-
tion, which are actively introduced by specific
methyltransferase enzymes. DNA lesions include
N1-methyladenine (1mA), N3-methyladenine

(3mA), N7-methyladenine (7mA),
N3-methylcytosine (3mC), N2-methylguanine
(2mG), O6-methylguanine (6mG),
N7-methylguanine (7mG), N3-methylthymine
(3mT), and O4-methylthymine (4mT), while
directed methylation includes N6-methyladenine
(6mA), N4-methylcytosine (4mC), and
C5-methylcytosine (5mC) (Sedgwick et al.
2007; Iyer et al. 2011; Grosjean 2009). Other
DNA modifications include deaminated cytosines
(Shapiro and Klein 1966; Lindahl and Nyberg
1974), oxidized derivatives of 5mC
(5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine
(5caC)) (Wyatt and Cohen 1952; Privat and
Sowers 1996; Shen et al. 2014) and the
hypermodified thymine base J (Gommers-Ampt
et al. 1993). These modifications are discussed in
greater detail in other reviews; we will focus on
6mA, a relatively uncharacterized DNA modifi-
cation in eukaryotes with potential epigenetic
function.

Of the directed DNA methylation events, 5mC
is the most extensively studied. 5mC occurs at a
higher frequency in more recently evolved
organisms and its abundance in the genome
ranges from 0.002% to 27% of cytosines,
depending on the organism (Fig. 8.1). In
mammals and plants, 5mC is the most abundant
DNA modification (Iyer et al. 2011), and
functions in the regulation of gene expression
and maintenance of epigenetic memory (Bird
2002). 5mC in promoter regions typically leads
to transcriptional gene silencing and therefore
plays important roles in diverse cellular and
developmental processes, including
X-chromosome inactivation, genomic imprinting,
stem cell pluripotency and differentiation (Bird
2002). Other directed DNA methylation events
include 4mC and 6mA. 4mC has been identified
mainly in thermophilic bacteria and archaea
(Janulaitis et al. 1983; Ehrlich et al. 1985, 1987;
Grosjean 2009; O’Brown et al. 2019). Until
recently, 6mA was also thought to be restricted
to bacteria, archaea, and protists. However, its
recent identification in several eukaryotes raises
the possibility that 6mA serves as an epigenetic
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Fig. 8.1 Abundance of 6mA and 5mC across the tree of
life. The relative abundance of 6mA and 5mC are
displayed in a heat map. The first column of the heat
map displays the percentage of adenines that are
N6-methylated (%6mA/A) and the second column
displays the percentage of cytosines that are
C5-methylated (%5mC/C) for the organism indicated in
each row. Blue color represents lower 6mA or 5mC abun-
dance and red color represents higher 6mA or 5mC abun-
dance. Gray color indicates that the methylation mark was
not tested in that organism. Dark blue color indicates that

the methylation mark was not detected in that organism,
and therefore may or may not be present at levels below
the limit of detection for the technique used. For some
organisms, the level of methylation has been shown to
vary across multiple measurements, between different
studies or between different cell types within the same
organism. In such cases, a range is presented where the
left half of the column reflects the lowest detected level
(or not detected in some cases) and the right half of the
column shows the highest detected level. Methylation
values are presented on the right along with citations.



signaling modification within an organism and
potentially across generations.

Fig. 8.1 (continued) The phylogenetic tree was generated
using the PhyloT web server (http://phylot.biobyte.de/
index.html) and visualized using the Interactive Tree Of
Life web server (http://itol.embl.de/). The phylogenetic
tree (“rooted” setting) displays the inferred evolutionary
relationships between the indicated genera based on their
genetic similarity (Letunic and Bork 2011). The tree was
created using FigTree v1.4.2. The different organisms are
subdivided into different colored boxes to represent differ-
ent kingdoms and phyla. For some phyla only one organ-
ism has been examined. 1: (Willis and Granoff 1980), 2:
(Dunn and Smith 1958), 3: (Van Etten et al. 1985), 4:
(Ehrlich et al. 1985), 5: (Razin and Razin 1980), 6:
(Vanyushin et al. 1968), 7: (Srivastava et al. 1981), 8:
(Degnen and Morris 1973), 9: (Yuki et al. 1979), 10:
(Drozdz et al. 2012), 11: (Vanyushin et al. 1970), 12:
(Rae 1976), 13: (Rae and Spear 1978), 14: (Ammermann

et al. 1981), 15: (Cummings et al. 1974), 16: (Gorovsky
et al. 1973), 17: (Hattman et al. 1978), 18: (Babinger et al.
2001), 19: (Fu et al. 2015), 20: (Capuano et al. 2014), 21:
(Kakutani et al. 1999), 22: (Huang et al. 2015), 23:
(Wagner and Capesius 1981), 24: (Montero et al. 1992),
25: (Rogers et al. 1986), 26: (Hassel et al. 2010), 27:
(O’Brown et al. 2019), 28: (Adams et al. 1979), 29:
(Proffitt et al. 1984), 30: (Zhang et al. 2015), 31: (Lyko
et al. 2000), 32: (Koziol et al. 2016), 33: (Jabbari et al.
1997), 34: (Unger and Venner 1966), 35: (Romanov and
Vanyushin 1981), 36: (Wu et al. 2016), 37: (Gama-Sosa
et al. 1983), 38: (Tawa et al. 1992), 39: (Ehrlich et al.
1982), 40: (Liang et al. 2018), 41: (Kong et al. 2022), 42:
(Xie et al. 2018), 43: (Yao et al. 2017), 44: (Douvlataniotis
et al. 2020), 45: (Hao et al. 2020), 46: (Schiffers et al.
2017)
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8.3 Discovery of 6mA in Various
Eukaryotes

DNA N6-methyladenine (6mA) is a widespread
modification in prokaryotes. Although 6mA is not
necessary for viability in prokaryotes (Marinus
and Morris 1973; Russell and Hirata 1989), it
plays crucial roles in regulating DNA replication
(Campbell and Kleckner 1990; Yamaki et al.
1988), repair (Pukkila et al. 1983), transposition
(Roberts et al. 1985), transcription (Wallecha
et al. 2002; Robbins-Manke et al. 2005), and
cellular defense (Luria and Human 1952;
Meselson and Yuan 1968; Linn and Arber 1968;
Smith et al. 1972). For reviews on 6mA in
prokaryotes, please see (Marinus and Lobner-
Olesen 2014; Wion and Casadesus 2006; Murray
2002) and Chapter 2. At the time of 6mA discov-
ery, an unknown base was initially identified in
E. coli and, using several techniques, this base
was compared to synthesized nucleotides to iden-
tify 6mA. Hydrolyzed bases were separated by
two-dimensional paper chromatography in differ-
ent solvents, ultraviolet absorption spectrum
maximums and minimums were measured, and
electrophoretic mobility of this unknown base all

confirmed the detection of 6mA (Dunn and Smith
1955, 1958). The existence of 6mA was subse-
quently confirmed in a variety of different bacte-
rial species (Vanyushin et al. 1968). These initial
detection techniques were capable of detecting
6mA at ~0.01% of total adenines (Vanyushin
et al. 1970). This detection limit, combined with
the confounding presence of commensal
symbionts, technical variability, tissue-specific
differences, development/stage-specific
variability, or subtle environmental effects on
6mA levels initially led to contradictory reports
of the identification of 6mA in eukaryotes.
Indeed, 6mA was reported by one group to
occur in bull and human sperm (Unger and
Venner 1966), but other groups were unable to
replicate this result or detect 6mA in other
metazoa (Dunn and Smith 1958; Vanyushin
et al. 1970). 6mA was reported to occur in some
unicellular eukaryotes including Paramecium
aurelia (Cummings et al. 1974), Stylonychia
mytilus (Ammermann et al. 1981), Oxytricha
fallax (Rae and Spear 1978), Chlorella variabilis
(Van Etten et al. 1985), Tetrahymena pyriformis
(Gorovsky et al. 1973) and Chlamydomonas
reinhardi (Hattman et al. 1978). Two reports
also identified 6mA in multicellular eukaryotes,
including the mosquito Aedes albopictus (Adams
et al. 1979) and the sponge Suberites domuncula
(Vanyushin et al. 1970). However, the detection
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of 6mA in mosquitos was not reproduced (Proffitt
et al. 1984), and its detection in the sponge was
dismissed as potentially coming from symbiotic
prokaryotes or algae (Vanyushin et al. 1970).
Therefore, until recently, 6mA was thought to
be restricted to prokaryotes and unicellular
eukaryotes (Casadesus and Low 2006).
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With the advent of more sensitive detection
techniques (discussed below), 6mA has been
identified in multicellular eukaryotes including
Caenorhabditis elegans and Drosophila
melanogaster (Greer et al. 2015; Zhang et al.
2015). Several other papers reported low levels
of 6mA in more recently evolved eukaryotes, but
each of these has caveats that we must acknowl-
edge. 6mA was detected in Drosophila, calf thy-
mus, and human placental samples by dot blots
(Achwal et al. 1983). 6mA was also detected by
immunofluorescence in mouse heart tissues (Sun
et al. 2015). Another group identified 6mA in the
plants Oryza sativa and Zea mays, rat tissues, and
human cells by high-performance liquid chroma-
tography coupled with mass spectrometry
(HPLC-ms/ms) (Huang et al. 2015). Furthermore,
6mA was found by dot blots, HPLC, and methyl
DNA immunoprecipitation followed by sequenc-
ing (MeDIPseq) in Xenopus laevis and mouse
kidney (Koziol et al. 2016), and by dot blots,
MeDIPseq, HPLC and SMRT-seq in mouse
embryonic stem (ES) cells (Wu et al. 2016). A
number of studies have also reported 6mA occur-
ring in human cell lines as well as in human
tissues (Xiao et al. 2018; Xie et al. 2018; Pacini
et al. 2019; Hao et al. 2020). While these papers
raise the exciting possibility that 6mA may
indeed be present across the tree of life, it is
difficult to discount potential contaminating
microbiota and to confirm that the detection of
6mA is real when the reported levels of 6mA are
at the limit of detection. In fact, several studies
have reported that detected 6mA in each of these
multicellular eukaryotes is the consequence of
artifacts introduced during tissue or genomic
DNA (gDNA) sample preparation, or methodo-
logical flaws in 6mA detection or mapping
techniques (O’Brown et al. 2019; Schiffers et al.
2017; Liu et al. 2017; Douvlataniotis et al. 2020;
Musheev et al. 2020; Lentini et al. 2018). RNA

m6A (discussed below) could also account for
contaminating signal in dot blots and immunoflu-
orescence if not properly removed. It has been
proposed that the presence of 6mA in genomic
DNA is unlikely because injection of N6-adenine
methylated oligos into mice induces a greater
immune response than unmethylated oligos, as
measured by the production of IL-12 (Tsuchiya
et al. 2005). But this does not necessarily confirm
that 6mA is a foreign base in mice, as
unmethylated CpG motifs also induce a more
substantial immune response (Tsuchiya et al.
2005). These results raise the possibility that
6mA is either not present in mammals, or present
in sufficiently small quantities to keep it as an
immunogenic species in the mammalian reper-
toire. To confirm the existence of 6mA across
eukaryotes, it will be necessary to identify the
enzymes that regulate 6mA and specific
biological conditions under which the modifica-
tion changes.

The studies suggesting that 6mA might be a
conserved DNA modification raise several funda-
mental and largely unexplored questions about
the evolutionary importance of 6mA across the
tree of life. From an evolutionary perspective,
why did higher eukaryotes shift from 6mA (the
most pervasive DNA modification in
prokaryotes), toward using 5mC as the more
dominant DNA modification? To what extent
are the ancient functions of 6mA and its
modifying enzymes conserved from prokaryotes
to more recent eukaryotes?

In contrast to DNA adenine methylation, RNA
adenine methylation (m6A) has long been
recognized as the most abundant post-
transcriptional modification of prokaryotic and
eukaryotic mRNAs (Niu et al. 2013). In humans,
there are over 18,000 m6A sites representing
approximately 7,000 unique mRNA transcripts
(Jia et al. 2011; Meyer et al. 2012; Dominissini
et al. 2012). Furthermore, m6A is enriched in
3’UTRs in highly conserved regions (Meyer
et al. 2012; Dominissini et al. 2012; Deng et al.
2015), suggesting a shared function for m6A
in evolutionarily distant species.
N6-methyladenosine regulates multiple aspects
of RNA metabolism, including mRNA stability/



decay, translation, splicing, and localization
(Wang et al. 2014, 2015; Zhou et al. 2015; Niu
et al. 2013), and participates in diverse cellular
and biological processes including meiosis and
embryonic stem cell differentiation (Yue et al.
2015; Batista et al. 2014; Hongay and
Orr-Weaver 2011; Bodi et al. 2012). The preva-
lence of RNA m6A raises the possibility that
DNA adenine methylation could be a conse-
quence of methylated adenines in RNA recycled
via the nucleotide salvage pathway. Another pos-
sibility is that DNA adenine methylation is
catalyzed by RNA methyltransferases, either as
an off-target effect of these enzymes or as a bio-
logically regulated process. Unlike the better-
characterized RNA m6A, relatively little is
known about the functional importance of DNA
6mA in metazoan genomes, and whether 6mA
plays a similarly conserved role in the dynamic
regulation of biological processes. The effects
that RNA m6A have on RNA structure and func-
tion might provide clues to the roles of
N6-adenine methylation on DNA.
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8.4 Abundance of 6mA

The relative genomic abundance of 6mA can
provide clues to its biological function across
evolutionarily distinct organisms. 6mA and 5mC
appear to have a large range of abundance in the
genomes of different organisms across evolution
(Gommers-Ampt and Borst 1995). 5mC is unde-
tectable in many bacterial species, as well as the
genome of S. cerevisiae, and ranges from
0.0016% of cytosines in D. melanogaster to as
high as 10% in some mammals and 30% in cer-
tain plant species (Gommers-Ampt and Borst
1995; Capuano et al. 2014; Wagner and Capesius
1981). If we accept that published literature
documenting the presence of 6mA in different
organisms is in fact detecting 6mA in the reported
organism (rather than in contaminating symbionts
or technical artifacts), the genomic abundance of
6mA varies by several orders of magnitude across
the tree of life as well (Fig. 8.1). Generally,
organisms with higher levels of 6mA such as
bacteria and single-celled eukaryotes tend to

have lower levels of 5mC, while organisms with
higher levels of 5mC such as plants and mammals
tend to have lower levels of 6mA. The detected
level of 6mA ranges from ~0.0001 to 0.0003% of
adenines in plants and mammals to as high as 3%
of adenines in some species of bacteria, and up to
10% of adenines in the dinoflagellate Peridinium
triquetrum (Rae 1976). Early studies of nucleic
acid composition in the 1950s examined the base
composition of DNA in different strains of bacte-
ria using 2D paper chromatography (Dunn and
Smith 1958). It was found that 6mA comprised
1.75% of all adenines in E. coli and 2.5% of
adenines in Aerobacter aerogenes (Dunn and
Smith 1958). Subsequent studies examined the
content of 6mA in the DNA of unicellular
eukaryotes, such as the ciliate Tetrahymena
pyriformis (0.65–0.8% of adenines) (Gorovsky
et al. 1973), Paramecium aurelia (2.5%)
(Cummings et al. 1974), and Stylonychia mytilus
(0.176%) (Ammermann et al. 1981). The level of
6mA in these unicellular eukaryotes is compara-
ble to the 6mA abundance in many species of
bacteria. Interestingly Tetrahymena and
Stylonychia mytilus have 4–13 fold lower 6mA
levels in their micronucleus than their macronu-
cleus (Gorovsky et al. 1973; Ammermann et al.
1981), suggesting that this modification plays an
important role in determining the differences
between the two nuclei in these species, which
are separated by ~1159 million years of evolution
(Parfrey et al. 2011).

6mA was initially identified in the DNA of
C. elegans, using both antibody-based
approaches and antibody-independent methods
of quantitation, including single molecule real
time (SMRT) sequencing and ultra-high perfor-
mance liquid chromatography followed by mass
spectrometry (UHPLC-ms/ms) (Greer et al.
2015). Based on the UHPLC-ms/ms data, the
levels of 6mA ranged from 0.013% to 0.39% of
adenines. However, more recent measurements in
C. elegans have quantified that 6mA is either
undetectable or only occurs at 0.0003% of
adenines (O’Brown et al. 2019). The initial higher
quantifications appear to be due to artifacts
introduced because of the presence of bacteria in
the guts of C. elegans, exogenous methylated



adenines introduced to the samples by recombi-
nant bacterial enzymes used to digest gDNA
samples prior to UHPLC-ms/ms analysis, as
well as by limitations of 6mA sequencing
techniques (O’Brown et al. 2019).
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6mA abundance was quantified in plants, rat
tissues, and human cells using HPLC-ms/ms
(Huang et al. 2015). These data must be viewed
with caution, as there was no independent valida-
tion that the 6mA modification was occurring in
the reported organisms, rather than contaminating
symbionts. In that study, the abundance of 6mA
in plant and mammalian genomes ranged from
0.00008% of adenines in rat lung DNA to as
high as 0.0007% of adenines in plant DNA. The
human cell lines had 0.0017% and 0.0023% 6mA
(in Jurkat and 293T cells, respectively). Another
group identified 6mA in 0.00009% of adenines in
Xenopus laevis by HPLC and MeDIPseq (Koziol
et al. 2016). More recently 6mA was identified in
mouse ES cells at 0.0006–0.0007% (or 6–7 parts
per million) of adenines (Wu et al. 2016). How-
ever, each of these quantifications has been called
into question by conflicting reports which have
questioned whether the modification exists at all
in mammals (Schiffers et al. 2017; Douvlataniotis
et al. 2020). The large range of reported 6mA
levels in mammals, either not occurring (Schiffers
et al. 2017; Douvlataniotis et al. 2020), occurring
at the lower range of around 0.1–1 part per mil-
lion bases (Huang et al. 2015) to the higher range
of ~400 parts per million in mitochondrial DNA
(Hao et al. 2020) or even as high as ~1000 parts
per million in human glioblastoma derived stem
cells (Xie et al. 2018), suggests that these
differences are not biological but rather methodo-
logical. It will be important in future studies to
ensure that when making direct comparisons cul-
turing conditions as well as the methods used for
detecting and quantifying 6mA are comparable.
In summary, these findings suggest that if 6mA
occurs in plants and mammalian genomes it is
~1,000–40,000-fold lower than in some bacteria
and single-celled eukaryotes. The large degree of
variability in 6mA abundance between
eukaryotes motivates further exploration into the
environmental factors and evolutionary pressures
that led to a decline in 6mA levels and an increase

in 5mC levels during eukaryotic evolution. These
differences could also indicate that at very low
6mA levels, 6mA is at the limit of detection.
Therefore, quantitative differences between dif-
ferent samples could be attributed to technical
errors, rather than true biological variability.
Moreover, these modifications are typically
detected under basal conditions. It is possible
that 6mA levels are dramatically altered under
specific environmental conditions. Finally, we
should note that even if a relatively rare percent-
age of adenines are methylated, the presence of a
single methylated adenine at a critical genomic
location could have dramatic phenotypic
consequences by affecting the binding of specific
regulatory proteins (see cell cycle regulation
below).

8.5 Methods of Detecting 6mA

Detection of DNA methylation has evolved over
the years to become increasingly sensitive and
accurate. Detecting different DNA modifications
started with a technique of combining the cyto-
sine fraction with picric acid to form crystalline
picrate. After purification by crystallization, salt
crystals were compared to synthetic pyrimidines
of known structure. By this method, the authors
reported the identification of 5mC in Mycobacte-
rium tuberculosis in 1925 (Johnson and Coghill
1925). Detection techniques shifted to paper chro-
matography (Hotchkiss 1948), which had a limit
of detection of 1%, and was used to compare
synthetically generated 5mC to the content of
5mC in animal, plant, viral, and bacterial DNA
(Wyatt 1950). By the time, 6mA was first
identified in 1955, its presence was confirmed
by a combination of ultraviolet absorption spec-
trum (Mason 1954), electrophoretic mobility, and
its paper chromatographic movement in different
solvents (Dunn and Smith 1955). Because these
early methods were relatively insensitive, the
presence of 6mA in a number of animal species
was undetectable. Researchers quickly realized
that they could take advantage of restriction
enzymes to identify methylated residues (Bird
and Southern 1978; Geier and Modrich 1979). A



limitation of this approach is that detection of
methylation sites is dependent on the methylated
residue occurring in the appropriate restriction
enzyme target motif, and whether the restriction
enzyme preferentially recognizes un-, hemi-, or
fully-methylated substrates. Therefore, not all
sequence contexts can be addressed with this
method.
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High-performance liquid chromatography was
subsequently used to determine that E. coli has
1.4% 6mA (Yuki et al. 1979). Liquid chromatog-
raphy has become increasingly sensitive and,
recently, ultra-high performance liquid chroma-
tography coupled with mass spectrometry
(UHPLC-ms/ms) has been used to detect
concentrations of 6mA in the order of 0.00001%
(Huang et al. 2015). However, UHPLC-ms/ms
and other quantitative techniques cannot discrim-
inate from which species the genomic DNA
originates. This can cause problems if the gDNA
is contaminated with microbiota or other species
which could have substantially higher levels of
6mA than the species being queried. If the levels
of 6mA are low, the contaminating prokaryotic
DNA could cause an artificially elevated signal.
Additionally, the enzymes used to digest DNA
for UHPLC-ms/ms could be contaminated with
methylated DNA from their recombinant produc-
tion and therefore add abundant 6mA into the
sample, which must be avoided if possible or
subtracted from final concentrations when
quantifying 6mA levels (O’Brown et al. 2019;
Boulias and Greer 2021; Douvlataniotis et al.
2020). An alternative technique, called capillary
electrophoresis and laser-induced fluorescence
(CE-LIF), uses the fluorescent dye boron-
dipyrromethene (BODIPY), to specifically bind
to 6mA, followed by capillary electrophoresis
combined with laser-induced fluorescence to
detect 6mA levels (Krais et al. 2010). This tech-
nique has a lower limit of detection of 0.01%
6mA and was used to confirm the presence of
6mA in Bacteriophage λ, E. coli, and to identify
6mA’s presence in Hydra magnipapillata (1.04%
of adenines) (Krais et al. 2010). At this limit of
detection, the authors could not detect 6mA in
calf thymus or human kidney samples.

While the aforementioned techniques have
proven useful for detecting whether 6mA is pres-
ent in a particular organism, they do not provide
information on the genomic location of this mod-
ification. To determine the genomic locations of
6mA, several methylation-sensitive sequencing
techniques have been developed. Methylated
DNA immunoprecipitation (MeDIP) coupled
with microarray analysis (Weber et al. 2005) has
evolved into MeDIP sequencing (MeDIP-seq)
(Pomraning et al. 2009). MeDIP-seq has been
optimized by a combination of photo-
crosslinking, exonuclease digestion, and restric-
tion enzyme digestion to achieve near single-
nucleotide resolution of 6mA (Chen et al. 2015;
Fu et al. 2015). MeDIP-seq, however, is depen-
dent on the antibody specifically recognizing
6mA. While the most commonly used 6mA anti-
body displays a greater than 1000-fold affinity for
methylated adenines relative to unmethylated
adenines (Greer et al. 2015), if 6mA is rare, as is
the case in most multicellular eukaryotes,
non-specific binding can still confound analyses.
Sequencing methods have an inherent error rate
which can be further exacerbated by the
non-specific binding of IgG to unmodified repeti-
tive DNA sequences (Lentini et al. 2018;
Douvlataniotis et al. 2020). Alternative
techniques have also been developed to identify
where throughout the genome 6mA occurs. One
such technique consists of radioactive methyla-
tion of DNA followed by restriction digest, elec-
trophoresis, and sequencing (Posfai and
Szybalski 1988). Single-molecule real-time
sequencing (SMRT-seq) is a next-generation
sequencing technique that provides accurate
sequence reads and measures the kinetic rate of
nucleotide incorporation during sequencing
(Flusberg et al. 2010). Since different DNA
modifications result in different kinetic
signatures, SMRT-seq can identify every DNA
modification at single-base resolution. This tech-
nology, however, does have troubles
distinguishing several closely related
modifications from each other, including 1mA
from 6mA. While SMRT-seq provides an
antibody-independent manner of detecting, at
nucleoside resolution, every different DNA



modification which produces a unique kinetic
signature, this method requires high sequence
depth and loses accuracy when 6mA levels are
lower than 10 parts per million (Mondo et al.
2017; Ye et al. 2017; O’Brown et al. 2019;
Douvlataniotis et al. 2020; Zhu et al. 2018). The
earliest SMRT-seq analyses were performed
using mapping algorithms that were designed
for bacterial species where 6mA occurs at high
abundance in specific motifs (Zhang et al. 2018),
it is important to confirm with higher sequencing
depth that detected methylated bases are not false
positives (Zhu et al. 2018; O’Brown et al. 2019;
Kong et al. 2022). Oxford Nanopore sequencing
is an alternative long read sequencing technology
that reads out disruption of ionic current as a
DNAmolecule passes through a nanopore present
in a lipid bilayer (Bayley 2015). This sequencing
method has been used to examine 6mA (McIntyre
et al. 2019; Shah et al. 2019) but is subject to
many of the same limitations as SMRT-seq. One
of the most promising new 6mA sequencing
technologies, nitrite sequencing, uses sodium
nitrite under acidic conditions to selectively
deaminate unmethylated adenines while not
affecting N6-methylated adenines. This deamina-
tion converts unmethylated adenines to
hypoxanthines, which pairs with cytosine rather
than thymine. Therefore when sodium nitrite
treated DNA is subjected to polymerase chain
reactions all unmethylated adenines are converted
to guanines during sequencing (Mahdavi-Amiri
et al. 2020). While it still remains to be deter-
mined what the limit of detection of nitrite
sequencing is, and whether it can accurately
detect 6mA at lower concentrations than
10 parts per million, this chemical-based sequenc-
ing method will be a powerful tool for accurate
mapping of 6mA in genomic DNA. Methylated
residues can be confirmed by restriction digest
coupled with real-time RT PCR to determine the
methylation at a specific locus (Fu et al. 2015).
Alternatively, sequence-specific probes have
been developed that can selectively bind to 6mA
or unmodified adenines in specific sequence
contexts (Dohno et al. 2010).
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To convincingly identify rare modifications,
such as 6mA, a combination of multiple

complimentary techniques is ideal since each
technique has its own set of limitations
(Table 8.1). UHPLC-ms/ms can be
complemented by restriction enzyme digestion
confirmation (as long as 6mA occurs in the appro-
priate motif), dot blots and MeDIP with a
6mA-specific antibody, and SMRT-seq. For a
complementary discussion of the methods for
detection of 5mC see chapter 16.

8.6 6mA Regulating Enzymes

8.6.1 DNA Methyltransferases

An important step in the confirmation of 6mA as a
regulated mark of biological significance has
been the identification of enzymes that deposit
and remove this mark. It was previously thought
that methylated adenines were incorporated
premade into genomic DNA. This assumption
likely hampered initial efforts to identify 6mA in
eukaryotes. A study in the early 1970s concluded
that 6mA did not exist in eukaryotes, because
radioactively labeled adenines, but not
methylated adenines were incorporated into
DNA when added exogenously (Vanyushin
et al. 1970). However, several groups
demonstrated that DNA could be glycosylated
and RNA could be methylated at the N6 position
of adenines after incorporation into
polynucleotides, rather than pre-methylated
nucleotides being incorporated during the biosyn-
thesis of polynucleotide (Kornberg et al. 1959;
Kornberg et al. 1961; Fleissner and Borek 1962).
These findings led to the hypothesis that methyl-
ation occurs after DNA synthesis (Theil and
Zamenhof 1963), rather than on unincorporated
nucleotides, and spurred attempts to identify the
DNA methylating enzymes. The first biochemical
studies aiming to identify DNA
methyltransferases were conducted in E. coli by
fractionation of total protein lysates followed by
methylation assays with each fraction. Early stud-
ies identified a single fraction that methylated
DNA at the C5 position of cytosines and the N6
position of adenines, but this fraction was only
efficient at methylating foreign DNA (Gold et al.
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1963; Gold and Hurwitz 1964). Subsequent stud-
ies using increasingly subdivided fractions were
able to identify multiple adenine and cytosine
methyltransferases in E. coli (Nikolskaya et al.
1976; Nikolskaya et al. 1981). However, the iden-
tification and characterization of active DNA
methyltransferases does not preclude that
premethylated RNA or DNA nucleosides could
be incorporated through the nucleotide salvage
pathway or DNA polymerases. Several groups
have demonstrated that administering exogenous
premethylated adenines to mammalian cells leads
to the incorporation of these N6-adenine
methylated bases into the mammalian DNA
(Schiffers et al. 2017; Charles et al. 2004;
O’Brown et al. 2019; Musheev et al. 2020; Liu
et al. 2021). Using exogenous heavy isotopes has
revealed that exogenous DNA N6-methyladenine
and even RNA N6-methyladenosine can both be
incorporated into mammalian DNA (Schiffers
et al. 2017; Musheev et al. 2020; Liu et al. 2021).

8 N6-methyladenine: A Rare and Dynamic DNA Mark 189

Additional evidence for the widespread pres-
ence and functional importance of 6mA in
eukaryotic genomes comes from the observation
that members of the MT-A70 family of known or
putative N6-adenine methyltransferases exist in
most organisms, ranging from bacteria to humans
(Luo et al. 2015). Based on structural similarity to
other members of the MT-A70 family of
methyltransferases, the candidate DNA adenine
methyltransferase enzymes in multicellular
organisms likely evolved from the bacterial M.
MunI-like 6mA methyltransferase, which
functions in the host restriction modification sys-
tem (Iyer et al. 2011). The MT-A70 family
includes both RNA and DNA methyltransferases,
including IME4 (also called SPO8) in
S. cerevisiae (Clancy et al. 2002), DAMT-1 in
C. elegans (Greer et al. 2015), and members of
the methyltransferase-like (METTL) family in
mammals, including METTL3 (an N6-adenosine
RNA methyltransferase) (Liu et al. 2014), and
METTL4 (a homolog of DAMT-1) (Greer et al.
2015). Whether the same enzymes catalyze both
RNA and DNA adenine methylation in different
organisms remains an open question. Notably,
biochemical in vitro studies have suggested that
the mammalian RNAmethyltransferase METTL3

also methylates DNA (Woodcock et al. 2019),
suggesting that the same enzymes can be capable
of methylating both RNA and DNA in certain
contexts, but the substrate specificity (i.e. RNA,
DNA or both) for each member of the different
MT-A70 family members remains incompletely
characterized. Recent research has suggested that
METTL4 is present in the mitochondria and is
necessary for 6mA (Hao et al. 2020) which is
highly enriched on mitochondrial DNA in
humans (Koh et al. 2018; Hao et al. 2020).
Knock-down of METTL4 caused an increase in
the expression of mitochondrial DNA genes and
an increase in mtDNA copy number (Hao et al.
2020). It was suggested that these effects were
mediated by 6mA repelling the mitochondrial
transcription factor TFAM (Hao et al. 2020).
METTL4 was shown to be active in vitro against
mitochondrial DNA (Hao et al. 2020), raising the
possibility that 6mA could be a directed active
epigenetic modification. However, METTL4 has
also been reported to catalyze m6Am on U2
snRNAs (Goh et al. 2020; Chen et al. 2020; Gu
et al. 2020). It will be important for future
experiments to determine the physiologically rel-
evant substrate of METTL4. Moreover, several
groups have also been unable to detect 6mA in
appreciable levels in mitochondrial DNA (Ratel
et al. 2006; Chen et al. 2020). It will be important
for future experiments to determine whether
techniques to isolate mitochondrial DNA could
explain differences in detecting 6mA, whether
6mA is only present on mammalian mitochon-
drial DNA under specific stress conditions, or
whether 6mA is absent from mammalian mito-
chondrial DNA. At the structural level, all of the
MT-A70 containing enzymes are characterized
by a 7-ß-strand methyltransferase domain at
their C-terminus, fused to a predicted alpha-
helical domain at their N-terminus and require
S-adenosyl-L-methionine (SAM) as a methyl
donor (Iyer et al. 2011). The high degree of
amino acid sequence conservation among the
predicted N6-adenine methyltransferases
motivates further exploration into their potential
functional conservation.

How adenine methyltransferases of recently
evolved eukaryotes recognize their substrates



still remains to be determined. The utilization of
adenine methylation by the restriction-
modification system suggests that bacterial 6mA
methyltransferases evolved to recognize specific
sequences for methylation. In bacteria and the
unicellular eukaryote Tetrahymena, DNA ade-
nine methylation occurs in a palindromic
sequence-specific manner in vitro and in vivo
(Geier and Modrich 1979; Zelinkova et al. 1990;
Bromberg et al. 1982). However, sequence-
specific adenine methylation is not observed in
all organisms and some bacterial DNA adenine
methyltransferases show no sequence specificity
(Drozdz et al. 2012). Similarly, 6mA sites in
multicellular eukaryotes appear modestly
enriched in specific sequence contexts (Greer
et al. 2015; O’Brown et al. 2019; Pacini et al.
2019; Wu et al. 2016; Yao et al. 2017; Koh et al.
2018; He et al. 2019; Zhu et al. 2018; Li et al.
2019; Xiao et al. 2018) suggesting that targeted
adenines might be selected by more complicated
metrics than simply sequence codes. 6mA has
been reported to correlate with chromatin
boundaries (Li et al. 2020), the histone variant
H2A.X (Wu et al. 2016), and various histone
modifications (including histone H3 lysine
4 dimethylation (H3K4me2) (Greer et al. 2015),
H3K9me3 and H3K27me3 (Xie et al. 2018; Yao
et al. 2018)), leading to the supposition that these
modifications could communicate with 6mA to
help direct 6mA to specific locations beyond a
sequence-specific pattern. However, since
methods used to map 6mA can be prone to false
positives (Lentini et al. 2018; Douvlataniotis et al.
2020; Zhu et al. 2018; O’Brown et al. 2019),
accurate mapping and the existence of 6mA in
multicellular eukaryotes must be confirmed
before conclusions can be drawn on how this
modification is localized.
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8.6.2 Mechanism of 6mA
Methyltransferases

Substantial work in prokaryotes has identified the
mechanism of action, the preferred methyl donor,
and the kinetics of 6mA methyltransferases.
Whether these regulatory principles are

conserved in eukaryotes remains to be seen.
There was an initial debate as to whether N6
was directly methylated, or if adenines were first
methylated on the N1 position and then, follow-
ing a Dimroth rearrangement, the methyl group
would be transferred to the N6 position. How-
ever, the enzyme EcoRI had been shown to meth-
ylate N6 directly rather than through an initial N1
methylation (Pogolotti et al. 1988). This result,
combined with the slow rate of Dimroth reactions
at physiological pH (Macon and Wolfenden
1968), suggests that N6 is the direct target of
methyltransferases. This conclusion has been
confirmed by the structures of different adenine-
N6 methyltransferases in complex with DNA,
showing a direct approximation of the N6 atom
toward the methyl-donor (Goedecke et al. 2001;
Horton et al. 2005; Horton et al. 2006).

Early reports identifying that DNA was
methylated suggested that S-adenosyl-L-methio-
nine (SAM) was the primary methyl donor (Gold
et al. 1963), and subsequent work has confirmed
that SAM is the predominant methyl donor for
not only DNA and RNA methylation, but also for
proteins and lipids (Chiang et al. 1996). However,
5,10-methylene tetrahydrofolate has been
identified as the methyl donor for tRNAs in Strep-
tococcus faecalis and Bacillus subtilis (Delk and
Rabinowitz 1975; Delk et al. 1976; Urbonavicius
et al. 2005). While the enzyme that utilizes 5,10-
methylene tetrahydrofolate in B. subtilis, GidA, is
absent in eukaryotes (Urbonavicius et al. 2005),
this finding raises the possibility that some DNA
methyltransferases might use alternative methyl
donors.

Kinetic rates have been measured for the T4
bacteriophage DNA adenine methyltransferase,
Dam (Malygin et al. 2000) and the EcoRI adenine
methyltransferase (Reich and Mashhoon 1991).
For Dam the methylation rate constant (kmeth)
was significantly faster than the overall reaction
rate constant (kcat) (0.56 and 0.47 s�1 vs 0.023
s�1), suggesting that product dissociation is the
rate-limiting step. Similar, but faster results were
observed with EcoRI (Reich and Mashhoon
1991). These enzymes function by binding, flip-
ping out the adenine, methylating, and restacking
of the modified base (Allan et al. 1998). Whether



these hold true for M.MunI-like
methyltransferases remains to be determined.
Reducing the double strand duplex stability did
not alter the kmeth, suggesting that base-flipping is
not a rate limiting step in the methylation reaction
(Malygin et al. 2000). Additionally, EcoRI
enzyme-DNA complexes were less efficient com-
pared to enzyme-SAM complexes, suggesting
that the enzyme first binds SAM before
methylating its substrates (Reich and Mashhoon
1991). This is opposite to what has been observed
with Dam and the bacterial 5mC
methyltransferase HhaI, where the
methyltransferase first binds DNA, followed by
SAM (Urig et al. 2002; Wu and Santi 1987),
suggesting that the sequence of binding events
in the DNA methylation reaction is enzyme-
dependent.
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An important step for the confirmation of the
presence and role of 6mA in more recently
evolved eukaryotes will be the identification of
genuine 6mA methyltransferases. The conserva-
tion of MT-A70 domain-containing proteins in
conjunction with the identification of 6mA in
many eukaryotes suggests that this modification
is conserved. Whether eukaryotic DNA
methyltransferases function in a similar manner
to prokaryotic methyltransferases remains to be
seen. Interestingly, the RNA m6A
methyltransferase, METTL3, functions in com-
plex with METTL14 (Liu et al. 2014), raising
the possibility that DNA methyltransferase
enzymes, like many other chromatin regulating
enzymes, function in multi-protein complexes.
These multi-protein complexes could help the
enzymes achieve their specificity.

8.7 DNA Adenine Demethylation

The identification of the enzymes that catalyze the
removal of 6mA from DNA strongly suggests
that 6mA is a regulated and dynamic epigenetic
mark. Examination of the enzymes responsible
for the removal of DNA base damage fostered
the identification and characterization of the DNA
demethylation processes. DNA base damage, in
the form of 1mA and 3mC, was shown to be

removed by the Fe(II)- and α-ketoglutarate-
dependent dioxygenase AlkB in E. coli (Trewick
et al. 2002). The AlkB family of dealkylating
enzymes is highly conserved from bacteria to
humans (Fedeles et al. 2015; Wei et al. 1996).
AlkB enzymes can demethylate many DNA
substrates, including the DNA lesions 1mA,
3mC, and 3mT (Kamat et al. 2011; Chen et al.
2015). Notably, humans have nine AlkB family
members (ALKBH1-8 and FTO). Like E. coli
AlkB enzymes, the mammalian enzymes
ALKBH2 and ALKBH3 function in the repair
of DNA alkylation damage (Duncan et al.
2002). In addition to their DNA demethylase
activity, AlkB members catalyze oxidative
demethylation of RNA (Aas et al. 2003). Interest-
ingly, AlkB enzymes in RNA viruses preferen-
tially demethylate RNA substrates, suggesting
these AlkBs are necessary for maintaining the
integrity of the viral RNA genome (van den
Born et al. 2008). More recently, it was found
that AlkB family members function in the oxida-
tive demethylation of N6-methyladenosine in
RNA, catalyzed by ALKBH5 and FTO in
mammals (Jia et al. 2011; Zheng et al. 2013),
and that the AlkB family member NMAD-1 in
C. elegans demethylates 6mA in DNA (Greer
et al. 2015), although whether alternative
substrates are more physiologically relevant
remains to be determined (Wang et al. 2019).
FTO was also shown to demethylate 6mA in
single-stranded DNA in vitro (Jia et al. 2011),
raising the possibility that these enzymes might
regulate both DNA and RNA 6mA. ALKBH1
and ALKBH4 have also been proposed to
demethylate 6mA (Wu et al. 2016; Xie et al.
2018; Xiao et al. 2018). ALKBH4 demethylates
6mA in in vitro demethylation assays (Kweon
et al. 2019) and ALKBH1 was also shown to
demethylate 6mA in single-stranded DNA
in vitro (Wu et al. 2016). Additionally,
ALKBH1 knockout was reported to cause an
increase in global 6mA levels in mouse embry-
onic stem cells and this increase can be rescued
by a wildtype, but not a catalytic domain mutant
of ALKBH1 (Wu et al. 2016), suggesting that
ALKBH1 functions as a 6mA demethylase in
mammals. Alkbh1 knockout leads to embryonic



lethality and significantly more males born than
females due to ALKBH1 regulating gene expres-
sion during spermatogenesis (Nordstrand et al.
2010). However, in vitro assays with ALKBH1
and a variety of potential substrates reveals that it
preferentially demethylates m1A on tRNAs (Liu
et al. 2016a) or m5C on tRNAs (Haag et al.
2016), again suggesting that determination of
the physiologically relevant substrates of
ALKBH1 and ALKBH4 must be determined.
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Several studies have begun to dissect the
mechanism of action of AlkB demethylases. In
the presence of their essential cofactors
α-ketoglutarate and Fe(II), AlkB demethylases
use molecular oxygen to oxidize the methyl
group of 6mA, forming the unstable intermediate
6-hydroxymethyladenine (6hmA), which sponta-
neously releases its aldehyde group, regenerating
the unmodified adenine base (Fig. 8.2) (Fedeles
et al. 2015). Whether the same mechanism occurs
for the demethylation of 6mA in eukaryotes and if
so, whether 6hmA has any additional function
remains to be seen. 6hmA was detected in both
rat tissues and human cell lines (Xiong et al.
2019). In mammals, FTO was recently shown to
oxidize m6A on RNA to
N6-hydroxymethyladenosine (hm6A) and
N6-formyladenosine (f6A) (Fu et al. 2013).
These mRNA derivatives have half-lives of ~3
hours (Fu et al. 2013), suggesting that if 6hmA
does have additional functions, they would
require a 6hmA-specific binding protein that
could stabilize the intermediate. ALKBH1 was
shown to generate 6hmA in vitro and ex vivo
(Xiong et al. 2019), raising the possibility that
this mechanism of 6mA demethylation is
conserved. The same oxidation reaction mecha-
nism is used by AlkB enzymes to demethylate
1mA and 3mC during the cellular response to
DNA alkylation damage (Falnes et al. 2002;
Trewick et al. 2002).

In addition to demethylation of 6mA by the
AlkB demethylase family, 6mA can also be
converted to hypoxanthine by a 6mA deaminase
(Kamat et al. 2011). This modified base can then
undergo base excision repair by hypoxanthine
DNA glycosylases of the AlkA family
(Saparbaev and Laval 1994) (Fig. 8.2). If

hypoxanthine is not removed, it can cause a tran-
sition mutation (AT pairs would be converted to
GC pairs), since hypoxanthine pairs with cytosine
instead of thymine. Recently, 6mA was found to
be correlated with increased point mutations in
Neisseria meningitidis (Sater et al. 2015),
suggesting that this modified base might be muta-
genic, potentially as a consequence of unrepaired
6mA deamination events. However, 6mA
deaminases in Neisseria meningiditis have not
yet been identified. In contrast to 6mA deamina-
tion, which is only mutagenic if not removed,
5mC is converted to thymine when deaminated,
which leads to a transition mutation in a single
step (Lindahl and Nyberg 1974; Heindell et al.
1978). Deamination of adenine, 6mA, or cytosine
all leads to non-natural bases, which can easily be
identified by specific glycosylases. Deamination
of 5mC, on the other hand, leads to thymine
which requires a more complicated repair pro-
cess. This more direct mutational path might
explain why 5mC is more prone to mutation
than 6mA. This divergence begs the question as
to why evolution has selected for a higher preva-
lence of the more mutagenic DNA modification
in more recently evolved species.

In E. coli,AlkB expression is induced by DNA
damage and the enzyme functions in DNA repair
via direct removal of base alkylation damage
(Trewick et al. 2002). AlkB mutant E. coli are
sensitized to cell death induced by the alkylating
agent methyl methanesulfonate (MMS), and the
predicted human ortholog of AlkB is sufficient to
partially rescue the MMS-induced cytotoxicity
seen in AlkB mutants (Wei et al. 1996). Interest-
ingly, MMS treatment of human skin fibroblasts
did not result in the same induction of AlkB seen
in E. coli, suggesting that the regulation of AlkB
expression may have diverged during the evolu-
tion of more recent eukaryotes (Wei et al. 1996),
or that one of the other 8 AlkB family members in
humans has taken on this role or that the induction
by different alkylating agents is cell-type specific,
and may only occur in certain cell types. In Peni-
cillium chrysogenum mutants lacking DNA ade-
nine methyltransferase mutate more readily and
display increased sensitivity to DNA damaging
agents, suggesting that 6mA could regulate DNA



damage or DNA repair in fungus as well (Rogers
et al. 1986). In C. elegans, mutation of the puta-
tive 6mA demethylase nmad-1, causes increased
DNA damage and defective expression of DNA
repair genes (Wang et al. 2019), raising the pos-
sibility that some aspects of the prokaryotic DNA
repair function of 6mA could be conserved in
eukaryotes. However, NMAD-1 could function

by demethylating other residues; therefore,
NMAD-1’s physiologically relevant substrates
need to be identified before broader conclusions
can be drawn about a conservation of 6mA’s role
in multicellular eukaryotes.
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Fig. 8.2 Mechanisms of N6-adenine methylation and
demethylation. MT-A70 family methylases catalyze the
methylation of adenine at the sixth position of the purine
ring. MT-A70 methylases use S-adenosylmethionine
(SAM) as their methyl donor to generate
6-methyladenine and S-adenosylhomocysteine (SAH).
Adenine could be regenerated from 6mA by several dif-
ferent enzymatic mechanisms: AlkB family enzymes cata-
lyze the oxidative demethylation of 6mA. AlkB enzymes
require α-ketoglutarate and Fe2+ and use oxygen to oxidize
the methyl group. This oxidative demethylation reaction
first generates 6-hydroxymethyladenine, which releases its
formaldehyde group to generate adenine. Alternatively,

6mA can be deaminated and subsequently removed via
the base excision repair pathway. First, 6mA deaminase
hydrolyzes the methylamine to generate hypoxanthine.
Hypoxanthine is recognized as a damaged base by AlkA
family enzymes, which cleave the glycosyl bond to
remove the base. Apurinic (AP) endonuclease cleaves the
phosphodiester backbone at the abasic site, exposing the
residual 50 deoxyribose phosphate group, which is then
removed by deoxyribose phosphodiesterase. Finally, DNA
polymerase I incorporates the unmodified adenine and
DNA ligase catalyzes the formation of the
phosphodiester bond

Interestingly, a different family of enzymes,
ten-eleven translocation (Tet) proteins, has been
shown to demethylate 5mC in many organisms



(Tahiliani et al. 2009; Ito et al. 2010, 2011).
Unlike AlkB proteins, whose crystal structures
have revealed that the enzymes flip out the base
to facilitate demethylation (Yang et al. 2008;
Sundheim et al. 2008), crystal structure of the
TET enzymes demonstrated that TET catalytic
domains are not suitable for accommodating
flipped out purines (Aravind et al. 2015),
suggesting that they cannot act on 6mA. The
TET family has a good phyletic correlation with
DNA cytosine methyltransferases, but not with
DAMT-1 or other Dam family methylases
(Aravind et al. 2015). Additionally in bacteria,
there is little evidence that TET-related enzymes
are capable of demethylating purines (Aravind
et al. 2015). Given these findings, it is surprising
that the D. melanogaster ortholog of Tet (named
DMAD) was reported to function as a 6mA
demethylase on DNA (Zhang et al. 2015).
Nuclear extracts from DMAD mutant flies
showed reduced in vitro demethylation activity
compared to nuclear extracts from wild-type
flies, while the addition of purified DMAD was
sufficient to increase adenine demethylation in
these assays (Zhang et al. 2015). It remains to
be seen whether this 6mA demethylase activity
can be biochemically confirmed using purified
DMAD, and whether Tet proteins play a
conserved role as 6mA demethylases.
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8.8 6mA Binding Proteins

Beyond the machinery that catalyzes the addition
and removal of 6mA, cells have evolved
mechanisms to recognize 6mA as a regulatory
signal that can be translated into different
biological consequences (see Biological
functions of 6mA). We will discuss later in this
chapter the direct chemical consequences of ade-
nine methylation, but 6mA can be recognized by
specific effector molecules or complexes that alter
chromatin architecture and/or transcriptional
states. Alternatively, methylation could function
by preventing the binding of proteins.
Methyladenine-binding proteins have evolved to

recognize and transduce 6mA signals into specific
biological outcomes. For example, in E. coli the
MutS enzyme binds to mismatch base pairs as a
homodimer, facilitating recruitment of the MutL
protein, which binds MutS. The MutS-MutL-
DNA complex then loops out until it finds the
nearest hemimethylated GATC site, which is
bound by the endonuclease MutH. Upon binding
of MutL-MutS to the MutH-DNA complex,
MutH is activated and nicks the unmethylated
daughter strand, allowing helicase and
exonucleases to excise the single-stranded mis-
match region (Su and Modrich 1986). Thus,
hemimethylated GATC sites are used to specifi-
cally direct mismatch repair of the daughter
strand (Lahue et al. 1987) Similarly, the oriC
region of E. coli is hemimethylated to prevent
premature replication before the cell has divided.
These hemimethylated adenine sites are
recognized and bound by the SeqA protein
(Brendler et al. 1995; Slater et al. 1995), which
prevents assembly of the DNA replication
machinery at this region (von Freiesleben et al.
1994; Wold et al. 1998). The crystal structure for
SeqA has revealed why SeqA binds preferentially
to hemimethylated over fully methylated DNA
(Guarne et al. 2002; Fujikawa et al. 2004),
highlighting the importance of determining the
crystal structure of 6mA binding proteins for
deciphering the chemical and biological
consequences of their binding. Several eukaryotic
6mA binding proteins have also been identified.
The D. melanogaster transcription factor Jumu
has a slight preference for binding to
N6-adenine methylated DNA and might play a
role in regulating the maternal-to-zygotic transi-
tion through binding to and transcribing
N6-adenine methylated genes (He et al. 2019).
The mitochondrial single-stranded DNA binding
protein 1 (SSBP1) displays a ~2.5-fold higher
affinity for N6-adenine methylated DNA (Koh
et al. 2018). To fully understand the potential
biological roles of 6mA it will be important to
further identify and characterize 6mA binding
proteins in eukaryotes.
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8.9 Biological Functions of 6mA

The direct effects of adenine methylation on the
structure of DNA and its roles in prokaryote
biology have been well characterized (see also
chapter 2). The functional role that 6mA plays
in eukaryotes is actively being deciphered.
Discussing 6mAs functional effects in
prokaryotes raises several interesting potential
functions which will need to be further explored
in eukaryotes.

8.9.1 Effects of Adenine Methylation
on DNA Structure

One possible role for adenine methylation,
beyond providing a binding site for effector
proteins, is to directly alter the overall structure
of DNA. An early crystal structure suggested that
6mA might alter the secondary structure of DNA
(Sternglanz and Bugg 1973). Adenine methyla-
tion is thought to affect DNA double helix forma-
tion through altering both base pair stability and
base stacking. Ultraviolet photoelectron studies
suggested that adenine methylation would lower
the ionization potentials and cause the destabili-
zation of valence electrons to increase base
stacking in methylated adenines (Peng et al.
1976). This increased base stacking would be
offset by a slight destabilization of base pairing
ranging from ~0.35 to 0.95 kcal/mol (Engel and
von Hippel 1978b). Interestingly, 5mC behaves
oppositely to 6mA in these regards. Hence, 5mC
causes an increase in helix stability, while ade-
nine methylation destabilizes the DNA, as
measured by denaturing gradient gel electropho-
resis (Collins and Myers 1987). Moreover, 6mA
within GATC sequences causes slight DNA
unwinding of 0.5�/methyl group (Cheng et al.
1985), but two-dimensional NMR studies
revealed that, in almost all cases, 6mA has only
minor effects on the overall helix conformation,
as it retains the canonical B-form (Fazakerley
et al. 1985; Quignard et al. 1985; Fazakerley
et al. 1987). The effects of 6mA on the thermody-
namic stability and folding of DNA appear to be

sequence-specific (Fazakerley et al. 1987).
Indeed, when 6mA occurs directly after a T this
can cause a highly altered structure that is
overwound and bent (Fazakerley et al. 1989).
However, 6mA lowers melting temperatures and
slows the rate of helix formation, as demonstrated
by the enthalpy of dissociation studies (Quignard
et al. 1985; Fazakerley et al. 1985). While 6mA
does not dramatically alter helix rigidity
(Hagerman and Hagerman 1996; Mills and
Hagerman 2004), it can increase DNA curvature
to variable degrees, depending on sequence con-
text (Diekmann 1987). These studies suggest that
methylated adenines are associated with DNA
regions that spend prolonged periods in the open
state. These effects were confirmed by cruciform
extrusion assays where 5mC inhibits extrusion
and 6mA facilitates the initial opening of DNA
(Murchie and Lilley 1989). These consequences
seem to be in line with the reported effects of
5mC and 6mA on gene transcription; 5mC is
generally believed to be a repressor of gene tran-
scription when it occurs at promoters, while 6mA
is generally associated with gene activation
(Rogers and Rogers 1995; Graham and Larkin
1995; Allamane et al. 2000; Liu et al. 2016b;
Zhang et al. 2018; Liang et al. 2018; Shah et al.
2019). However, the correlation between 5mC
and gene transcription is dependent on the geno-
mic context in which it occurs. When 5mC occurs
within gene bodies, rather than promoters, it is
correlated with gene transcription (Reviewed in
(Jones 2012)). Similarly, 6mA has also been
correlated with repression of gene expression
(Zhang et al. 2015; Yao et al. 2018; Lizarraga
et al. 2020) as well as repression of transposons
(Wu et al. 2016; Yao et al. 2017; Koh et al. 2018;
He et al. 2019). Thus, the effects of 6mA on gene
transcription may depend on its location in the
genome.

8.9.2 Restriction-Modification
Systems

In prokaryotes, DNA N6-adenine methylation is
oftentimes used to discriminate self from foreign
DNA, as part of restriction modification systems;



a bacterial immune system by which pathogenic
DNA from bacteriophages is recognized by
endonucleases that selectively cleave
unmethylated DNA at specific restriction sites
that are methylated in the host’s genome, and
thus protected from endonuclease digestion
(Low et al. 2001; Iyer et al. 2011). Interestingly,
enterobacteriophages appear to have evolved to
contain fewer GATCs to avoid the GATC R-M
system of their hosts (McClelland 1984). How-
ever, GATC methylation is not always involved
in the R-M system as discussed in more detail
below (Marinus and Lobner-Olesen 2014). This
system does not appear to be conserved in
eukaryotes that have evolved more complex
immune systems. However, 6mA has been
suggested to correlate with long interspersed ele-
ment (LINE) retrotransposons suppression
(Wu et al. 2016; Yao et al. 2017; Koh et al.
2018; He et al. 2019; Zhu et al. 2018), raising
the possibility that 6mA could recognize and
inhibit foreign DNA through an independent
mechanism when it is integrated into the host
genome. But since the enrichment of 6mA at
LINE elements is not always observed (Li et al.
2019; Xiao et al. 2018), further studies using
alternative 6mA mapping methods are required
to determine whether 6mA could play a role in
suppressing foreign DNA in eukaryotes.
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8.9.3 DNA Damage Control

Early reports indicated that dam mutant E. coli
had higher mutation rates and were more sensitive
to UV and mitomycin C, suggesting that 6mA
could protect against DNA damage (Marinus
and Morris 1974). It was subsequently suggested
that 6mA could help to distinguish the parental
DNA strand from the mutated daughter strand
(Glickman et al. 1978; Glickman 1979). Simi-
larly, Penicillium chrysogenum mutants deficient
in 6mA had higher sensitivity to mutagenic
agents without changes in the number of
mutations (Rogers et al. 1986). Additionally,
mutation of the putative DNA demethylase,
nmad-1, in C. elegans leads to elevated levels of
DNA damage (Wang et al. 2019). However, as

stated above, NMAD-1 could regulate DNA dam-
age through the regulation of substrates other than
6mA. Since deletion of nmad-1 is correlated with
defects in the expression of DNA repair genes
(Wang et al. 2019), NMAD-1 could also regulate
DNA damage repair in eukaryotes through indi-
rect mechanisms.

In E. coli and other Gram-negative bacteria,
DNA adenine methylation plays an important role
in the DNA mismatch repair pathway, a strand-
specific repair pathway that relies on the transient
post-replicative hemimethylation of DNA. The
DNA adenine methylase, Dam, binds selectively
to hemimethylated DNA substrates and
methylates GATC sites after DNA replication.
The delay between DNA synthesis and methyla-
tion of the newly synthesized daughter strand is
crucial for the fidelity of DNA mismatch repair
(Pukkila et al. 1983). When DNA replication
errors lead to base pair mismatches, the DNA
repair machinery uses adenine methylation to dis-
tinguish the already methylated template strand
from the newly synthesized unmethylated daugh-
ter strand. As described above (6mA binding
proteins) hemimethylated DNA allows MutL,
MutS, and MutH to identify and specifically
cleave the daughter strand, allowing helicase
and exonucleases to excise the single-stranded
mismatch region. Subsequently, DNA polymer-
ase III re-synthesizes the mismatch region of
single-stranded DNA using the methylated paren-
tal strand as a template (Pukkila et al. 1983).
However, mechanisms of DNA mismatch repair
appear to be different in eukaryotes (Fukui 2010).

8.9.4 Effect on Transcription

Several studies listed below have suggested that
N6-adenine methylation correlates with increased
gene expression in different more recently
evolved eukaryotes. Whether this is due to the
direct effect on relaxing DNA structure
(as discussed above), recruitment of
6mA-specific binding proteins, or both, remains
unknown. It is still also unclear whether this
phenomenon is conserved across all organisms
that contain 6mA. While 5mC CpG methylation



had little effect on transcription in barley, 6mA
methylation increased transcription two to five-
fold (Rogers and Rogers 1995). Similarly, 6mA
but not 5mC methylation increased gene expres-
sion by 3–50 fold of reporter constructs in
tobacco or wheat protoplast, or intact wheat
tissues (Graham and Larkin 1995). Luciferase
reporter constructs purified from dam+dcm+ bac-
teria (with 5mC and 6mA methylation) had 2–6
fold increased luciferase production compared to
constructs purified from dam-dcm- bacteria in rat
or mouse cell lines, or when electroporated into
mice (Allamane et al. 2000). Together, these
results suggest that 6mA promotes gene
expression.
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6mA can also directly affect binding of tran-
scription factors. Methylation of a HNF1 binding
site reduces HNF1 binding affinity, but this only
causes a minor reduction in gene transcription
(Tronche et al. 1989; Lichtsteiner and Schibler
1989). Conversely, 6mA increases binding affin-
ity for the transcription factor AGP1 in tobacco
(Sugimoto et al. 2003). These results suggest that
the effects of adenine methylation on transcrip-
tion will be sequence- and transcription factor
specific. Interestingly, 6mA was shown to reduce
the incorporation rate of uridines by inducing a
stalling of RNA polymerase II in S. cerevisiae
in vitro experiments (Wang et al. 2017). This
finding suggests that an increase in transcription
would have to overcome a physical pausing of the
polymerase, however, it is important to perform
directed adenine methylation to determine what
6mA’s causal effects are on transcription.

Similar to DNA cytosine methylation in
metazoa, bacterial DNA adenine methylation
regulates gene expression programs, including
those related to virulence and phase variation
(Low et al. 2001; Wallecha et al. 2002; Zaleski
et al. 2005; Sarnacki et al. 2013), suggesting that
6mA levels might be sensitive to changes in envi-
ronmental conditions. By directed manipulation
of the Dam methyltransferase it was shown that
6mA in Salmonella enterica predominantly leads
to activation of transcription (Sanchez-Romero
et al. 2020). Similarly, recent data suggest that

6mA may play a role in transcriptional regulation
in the single-celled eukaryote Chlamydomonas
reinhardti, where 6mA occurs preferentially
near actively transcribed genes (Fu et al. 2015).
As preliminary evidence that 6mA levels might
be relevant to human physiology and disease, it
was reported that human patients with type 2 dia-
betes have reduced levels of m6A on RNA and
6mA on DNA, as measured by HPLC-ms/ms. It
was proposed that these differences might be
regulated by the cellular fat mass and obesity
associated protein (FTO) (Huang et al. 2015),
which was shown to function as an RNA m6A
and single-stranded DNA 6mA demethylase (Jia
et al. 2011) and DNA 3mT demethylase (Gerken
et al. 2007). 6mA was found to be significantly
enriched in the mitochondria where it was
demonstrated that the mitochondrial transcription
factor TFAM was repelled by N6-adenine
methylated DNA and 6mA suppressed in vitro
transcription of mitochondrial DNA (Hao et al.
2020). Future studies will be required to defini-
tively determine whether 6mA exists in human
DNA using independent detection methods.

8.9.5 Nucleosome Positioning

In the protists Tetrahymena thermophilia,
Chlamydomonas reinhardtii, and Oxytricha
trifallax, 6mA is preferentially located in the
linker regions between nucleosomes (Karrer and
VanNuland 2002; Fu et al. 2015; Pratt and
Hattman 1983; Beh et al. 2019), raising the pos-
sibility that 6mA could help to direct nucleosome
positioning. Alternatively, enrichment of 6mA in
linker regions may reflect increased accessibility,
or recruitment of the methyltransferase at regions
of open chromatin. Interestingly, in rice, deletion
of the nucleosome remodeler, DDM1, causes a
2.5-fold reduction in 6mA (Zhang et al. 2018). In
future studies, it will be interesting to examine
whether 6mA directs nucleosome positioning and
whether it does so in a conserved manner, or
whether other open chromatin modifications can
direct N6-adenine methylation at those sites.
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8.9.6 Cell Cycle Regulation

N6-adenine methylation marks regions for DNA
replication initiation in prokaryotes and has been
shown to alter the rate of cell cycle progression
(see chapter 2). In E. coli, the Dam
methyltransferase is necessary for precise timing
between DNA replication events (Bakker and
Smith 1989; Boye and Lobner-Olesen 1990).
The hemimethylation of DNA plays an important
role in modulating the initiation of DNA replica-
tion. The SeqA protein binds to hemimethylated
DNA adjacent to the origin of replication OriC,
preventing its methylation by Dam, and leading
to a delay in DNA replication before the cell has
divided, which is only initiated from a fully
methylated promoter (Low et al. 2001; Lu et al.
1994). When DNA replication is desired, adenine
methylation at the oriC region lowers the thermal
melting temperature which could facilitate the
unwinding at the origin of replication (Yamaki
et al. 1988). Interestingly, 6mA also slows the
rate of DNA polymerase I catalysis, presumably
due to the effects of 6mA on base pairing
(discussed above) (Engel and von Hippel 1978a).

In Caulobacter crescentus, the cell cycle-
regulated DNA adenine methylase (CcrM)
controls the timing of DNA replication and pro-
gression through the cell cycle (Collier et al.
2007). In contrast to E. Coli Dam methylase,
which does not have a preference for
hemimethylated sites, C. crescentus CcrM prefer-
entially methylates hemimethylated DNA after
replication (Berdis et al. 1998) and is essential
for cell viability (Stephens et al. 1996). In
C. crescentus, 6mA levels change throughout
the cell cycle from fully to hemimethylated as
the replication forks progress (Kozdon et al.
2013). The promoter of the replication initiation
factor DnaA is preferentially activated when its
promoter is fully methylated, leading to DnaA
accumulation and progression through the cell
cycle (Collier et al. 2007). In C. elegans deletion
of nmad-1 causes delayed DNA replication
(Wang et al. 2019). Whether this change in
DNA replication is due to a misregulation of cell
cycle gene expression or through a direct

consequence to DNA methylation remains to be
seen. Mitochondrial DNA replication in humans
could also be regulated by 6mA, as SSBP1, a
mitochondrial DNA replication factor, is a 6mA
binding protein (Koh et al. 2018). In vitro kinetic
experiments with the human DNA polymerase η
suggest that 6mA directly decreases replication
efficiency (Du et al. 2019). To determine a defin-
itive role for 6mA in cell cycle regulation in
eukaryotes it will be necessary to perform
directed N6-adenine methylation or demethyla-
tion and measure the consequences on cell cycle
progression.

8.9.7 Transgenerational Inheritance

DNA methylation at palindromic sites provides
the most parsimonious method by which epige-
netic information could be transmitted across
generations. Because of the semi-conservative
nature of DNA replication, methylation events
on the parental strand can be replicated on the
newly synthesized daughter strand. In mammals,
5mC methylation patterns are established by the
de novo methyltransferases Dnmt3a and Dnmt3b
during early embryonic development (Okano
et al. 1999). Inheritance of cytosine methylation
patterns through cell division is mediated by the
maintenance methyltransferase Dnmt1 (Bestor
et al. 1988). Dnmt1 preferentially binds
hemimethylated DNA at the replication fork and
copies parental-strand methylation patterns onto
the unmethylated daughter strand (Stein et al.
1982; Yoder et al. 1997; Bestor 2000; Bashtrykov
and Jeltsch 2018). Whether adenine methylation
propagates non-genetic information through cell
divisions, or from parents to their offspring
remains to be seen. However, there are some
hints that 6mA could transmit non-genetic infor-
mation. Labeling experiments showed that newly
synthesized E. coli DNA in Okazaki fragments
were quickly N6-adenine methylated (Marinus
1976), consistent with the idea that parental meth-
ylation patterns might be passed on to their
descendants during DNA replication. In some
bacteria, DNA adenine methylation is tightly
coordinated with cell division (Casadesus and



Low 2006)(see cell cycle regulation above),
enabling the inheritance of parental methylation
patterns. Thus, a key unanswered question is
whether there exists a mode of inheritance of
adenine methylation in eukaryotes, or whether
different organisms have evolved different
mechanisms for the inheritance of parental DNA
methylation through somatic nuclear divisions
and across generations. In the ciliate Tetrahymena
thermophila macronucleus, analysis of methyla-
tion patterns using methylation-sensitive restric-
tion enzymes showed that both actively
replicating and non-replicating DNA contained
hemimethylated sites, and that the vegetatively
growing macronucleus contained a combination
of partially methylated and fully methylated sites
(Capowski et al. 1989). These findings are incon-
sistent with a simple semi-conservative 6mA
inheritance mechanism and suggest that inheri-
tance of 6mA in some organisms may rely on
hemi-methylation-independent mechanisms of
6mA maintenance through cell division
(Capowski et al. 1989).
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In C. elegans, loss of the histone H3 lysine
4 dimethyl (H3K4me2) demethylase spr-5 causes
a progressive transgenerational loss of fertility
(Katz et al. 2009) and a transgenerational exten-
sion in lifespan (Greer et al. 2016). This is
accompanied by a progressive decline in
H3K9me3 and accumulation of H3K4me2 and
6mA (Greer et al. 2014; Greer et al. 2015). Dele-
tion of the putative 6mA demethylase, nmad-1,
accelerates the progressive fertility decline, while
deletion of the putative 6mA methyltransferase,
damt-1, suppresses the transgenerational
H3K4me2 accumulation, fertility, and longevity
phenotypes (Greer et al. 2015; Greer et al. 2016),
raising the possibility that 6mA might transmit
epigenetic information across generations. 6mA
also increases transgenerationally in response to
electron transport chain stress, and deletion of
damt-1 eliminates the transgenerationally pheno-
type (Ma et al. 2019). However, the physiologi-
cally relevant substrates of NMAD-1 and DAMT-
1 must be identified before it can be determined
whether these transgenerational phenotypes are
truly regulated by 6mA or some other modifica-
tion. Future studies will be needed to reveal

whether 6mA can regulate transgenerational
inheritance in multicellular eukaryotes.

Many years of research have shown that chro-
matin modifications do not occur in isolation, but
rather actively communicate with each other. For
example, 5mC and H3K9me3 are coordinately
regulated in mammals and plants (see
chapters 11). The H3K9 methyltransferase binds
to 5mC methylated DNA (Jackson et al. 2002;
Johnson et al. 2007; Malagnac et al. 2002) and the
DNA methyltransferase binds to H3K9me-
containing nucleosomes (Du et al. 2012). It is
possible that a similar reciprocal cross-talk occurs
between 6mA and chromatin modifications. 6mA
correlates with chromatin modifications in several
eukaryotic species (Li et al. 2020; Wu et al. 2016;
Greer et al. 2015; Xie et al. 2018; Yao et al.
2018). In D. melanogaster, Dmad binds to Wds,
an H3K4 trimethyltransferase complex compo-
nent, and deletion of Dmad causes a decrease in
H3K4me3 (Yao et al. 2018). Future work should
reveal whether 6mA methyltransferases can bind
to specific methylated histones to direct DNA
methylation to particular loci. However, this coor-
dinate cross-talk between 6mA and chromatin
modifications is predicated on accurate mapping
of 6mA. The correlation between 6mA and chro-
matin modifications must first be confirmed in
eukaryotes by alternative mapping techniques
(Lentini et al. 2018; Douvlataniotis et al. 2020;
Zhu et al. 2018; O’Brown et al. 2019), before any
conclusions about cross-talk between 6mA and
other modifications can be drawn.

8.10 Conclusions and Future
Directions

As detection techniques are becoming increas-
ingly sensitive, 6mA has begun to be convinc-
ingly observed in several metazoa. However,
several groups have pointed to errors in these
methods which could lead to high false positives
(Schiffers et al. 2017; Liu et al. 2017; O’Brown
et al. 2019; Douvlataniotis et al. 2020; Zhu et al.
2018; Lentini et al. 2018). Due to the relative
paucity of 6mA in multicellular eukaryotes, at or
near the limit of detection for multiple techniques,



changes in 6mA could help confirm or negate the
conserved presence of this modification. 6mA
might only occur under specific conditions of
stress or in the mitochondria, which could be
difficult to detect under basal conditions (Zhang
et al. 2018; Ma et al. 2019; Yao et al. 2017; Li
et al. 2019). The conservation of active 6mA
methyltransferases, demethylases, and binding
proteins, coupled with alternative detection
techniques could confirm that N6-adenine meth-
ylation is a conserved signaling modification.
However, it will be important to rigorously exam-
ine whether 6mA is present across the tree of life
using a combination of rapidly evolving detection
techniques (discussed in this review and others
that are actively being developed). For metazoa
that are confirmed to have 6mA in their DNA, it
will be important to define the biological
functions of 6mA and its genomic localization
patterns in different cell types. A fundamental
question is whether the biological functions of
6mA in bacteria are conserved in higher
eukaryotes or whether 6mA has evolved new
biological functions in these organisms. As 6mA
occurs less frequently in more recently evolved
organisms, this might reflect a more specialized
functional role.
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A growing body of work has revealed an
important role for m6A on mRNAs in the regula-
tion of gene expression and cellular differentia-
tion in eukaryotes (Peer et al. 2017; He and He
2021; Zaccara et al. 2019). Therefore, another
open question is whether N6-adenine methylation
of DNA is coordinately regulated with
N6-adenine methylation on RNA. Given that
substrates of the AlkB family of demethylases
and MT-A70 family of methyltransferases can
include both RNA and DNA, it will be of interest
to better characterize the substrate specificity of
these enzymes in different organisms and to
examine whether the same enzymes regulate
both RNA and DNA N6-adenine methylation in
different organisms. Moreover, it will be relevant
to find out if in cases of overlapping substrate
specificities, whether methylation of DNA or
RNA (or both) is the biologically relevant signal
under different physiological conditions.

Additionally, RNA m6A, or methylated DNA
from foreign organisms, could be incorporated
into genomic DNA through the nucleotide sal-
vage pathway (Schiffers et al. 2017; Charles
et al. 2004; O’Brown et al. 2019; Musheev et al.
2020; Liu et al. 2021). While this indirect
incorporation of 6mA into eukaryotic DNA
would be less directed, it could still have an effect
on biological processes in multicellular
eukaryotes.

Given the dynamic nature of 5mC in mamma-
lian development and cell differentiation (Okano
et al. 1999; Chen and Zhang 2020) (see
chapter 1 + 5), it will be of interest to define the
dynamics and potential functions of 6mA during
mammalian development, if its presence in
mammals can be rigorously confirmed. 6mA has
been proposed to change in development in
D. melanogaster, A. thaliana, D. rerio,
M. musculus, and S. domesticus (Liu et al.
2016b; Fernandes et al. 2021; Liang et al. 2018;
Shah et al. 2019) however, it will be important to
confirm that these changes are not due to changes
in the relative contribution of foreign DNA with
high levels of 6mA (O’Brown et al. 2019; Kong
et al. 2022). Future studies should also reveal the
environmental factors that regulate the levels of
6mA and its modifying enzymes in eukaryotes,
which should provide clues to its evolutionary
conservation and biological relevance. The diver-
sity of methods for detection of 6mA in DNA will
allow for a comprehensive and detailed examina-
tion of 6mA’s presence, localization patterns, and
potential functions in the genomes of diverse
organisms. All in all, the newly developed and
more sensitive tools for detection, along with the
recent discovery of 6mA in metazoa tentatively
open an exciting new chapter of discovery in the
field of adenine methylation.
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Wendy Dean

Abstract

The regulation of the genome relies on the
overlying epigenome to instruct, define, and
restrict the activities of cellular differentiation
and growth integral to embryonic develop-
ment, as well as defining the key activities of
terminally differentiated cell types. These
instructions are positioned as readers, writers,
and erasers in their functional roles. Among
the sizeable repertoire of epigenetic
instructions, DNA methylation is perhaps the
best understood process. In mammals, multi-
ple cycles of reprogramming, the addition and
removal of DNA methylation coupled with
modulation of chromatin post-translational
modifications (PMTs), constitute critical
phases when the developing embryo must
negotiate lineage specification and commit-
ment events which serve to canalise develop-
ment. During these reprogramming events the
DNA methylation instruction is often
removed, thereby allowing a change in devel-
opmental restriction, resulting in a return to a
more plastic and pluripotent state. Thus, in
germline reprogramming, DNA demethylation
is essential in order to give rise to fully func-
tional gametes which are inherited across
generations and poised to restore totipotency.

A similar return to a less differentiated state
can also be achieved experimentally. DNA
methylation constitutes one of the significant
barriers to erroneous induced pluripotency,
and loss of DNA methylation is a prerequisite
for the generation of induced pluripotent stem
cells (iPSCs). Taking fully differentiated cells,
such as skin fibroblast cells or peripheral blood
cells, and turning back the developmental
clock by generating iPSCs constituted a tech-
nological breakthrough in 2006, offering
unprecedented promise in precision regenera-
tive medicine. In this chapter, I will explore
mechanistic possibilities for DNA demethyla-
tion in the context of natural and experimen-
tally induced epigenetic reprogramming. The
balance of the maintenance of DNA methyla-
tion as a heritable mark together with its poten-
tial for timely removal is essential for lifelong
health and may be key in our understanding of
aging and the potential to limit or reverse that
process.
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Abbreviations

5caC 5-Carboxylcytosine
5fC 5-Formylcytosine
5hmC 5-Hydroxymethylcytosine
5mC 5-Methylcytosine
A Adenosine
AICDA Activation-induced cytosine

deaminase
AID Activation-induced deaminase
APE1 Apurinic/apyrimidinic

(AP) endonuclease 1
APOBEC Apolipoprotein B mRNA editing

enzyme, catalytic polypeptide-like
BER Base excision repair
BS-seq Bisulphite conversion coupled with

next-generation sequencing
C Cytosine
CGI CpG islands
CHH Asymmetric DNA methylation
CpA Cytosine-adenosine dinucleotide
CpG Cytosine-guanosine dinucleotide
CXXC Zinc finger protein-binding domain

to non-methylated CpG
DNA Deoxyribonucleic acid
DNMT1 DNA (cytosine-5)-

methyltransferase 1
DNMT1o DNA (cytosine-5)-

methyltransferase 1 oocyte form
DNMT1s DNA (cytosine-5)-

methyltransferase 1 somatic form
DNMT3a DNA (cytosine-5)-

methyltransferase 3a
DNMT3b DNA (cytosine-5)-

methyltransferase 3b
DNMT3L DNA (cytosine-5)-

methyltransferase 3-like
DNMTs DNA methyltransferases
E13.5 Embryonic day 13.5
E6.5 Embryonic day 6.5
EGFP Enhanced green fluorescent protein
ELP1 Elongator complex protein 1
ELP3 Elongator complex protein 3
ELP4 Elongator complex protein 4
ESCs Embryonic stem cells
G Guanosine
GV Germinal vesicle

GVOs Germinal vesicle oocytes
H3K9me2 Histone H3 lysine 9 dimethylation
H3K9me3 Histone H3 lysine 9 trimethylation
IAP Intracisternal A particle
IF Immunofluorescence
iPSCs Induced pluripotent stem cells
KO Knockout
MBD2 Methyl-CpG-binding protein 2
MBD4 Methyl-CpG-binding protein 4
NER Nucleotide excision repair
NGS Next-generation sequencing
PARP1 Poly-ADP-ribose polymerase 1
PGCs Primordial germ cells
PMTs Post-translational modifications
RNA Ribonucleic acid
RNAi RNA interference
RRBS Reduced representation bisulphite

sequencing
SAM S-adenosyl-methionine
SCNT Somatic cell nuclear transfer
siRNA Small interfering RNA
SMUG Single-strand selective

monofunctional uracil DNA
glycosylase 1

T Thymine
TDG Thymine DNA glycosylase
TET1/2/3 Ten-eleven-translocation

methylcytosine dioxygenases 1, 2,
and 3

U Uracil
UNG Uracil DNA glycosylase
XRCC1 X-ray repair complementing

defective repair in Chinese hamster
cells 1

9.1 DNA Methylation: One Building
Block of the Epigenome

The genomic DNA sequence constitutes the blue-
print of life. However, the generation of the
200 plus cell types which comprise the tissues
and organs of the body requires another layer to
support this diversification and interpret the
underlying genetic code. This is the role of the
epigenome.
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One of the central pillars of the epigenome is
the modification of cytosine by the addition of a
methyl group at the C5 position of the pyrimidine
base. This modification was discovered early in
total hydrolysates of calf thymus DNA which
identified a satellite to the cytosine spot on
chromatograms. Thereafter, this was dubbed the
fifth base of DNA (Hotchkiss 1948). This fifth
base, 5-methylcytosine (5mC), was abundant and
differed in its prevalence in a species- and tissue-
specific manner (Ehrlich et al. 1982; Kothari and
Shankar 1976). Deeper biochemical evaluation
determined that methylcytosine was found in a
CpG dinucleotide context. This symmetrical
dinucleotide configuration has dominated our
thinking related to the genomic nature of DNA
methylation and the mechanism of its modula-
tion, both gain and loss, over the last 45 years.

The machinery which adds DNA methylation
to cytosines has been extensively studied and
largely comprises a small group of related enzy-
matic activities, the DNA methyltransferases
(DNMTs). This small cadre of DNA methylating
proteins also includes non-enzymatic family
members and essential co-factors along with the
requisite S-adenosyl L-methionine methyl donor.
Details of the DNA methyltransferases are
investigated and outlined in other chapters of
this book. Importantly, DNA methyltransferases
are involved in diverse multi-functional
partnerships via the key BAH and CXXC DNA
binding domain of DNMT1, and the ADD and
PWWP domains of the de novo DNMT3a/b/c
enzymes, which bind chromatin and sequester
specific histone modifications together with
other proteins. Together with a wide selection of
splice variants, principally among DNMT3b
enzymes, these activities possess an expanding
potential to create a wide division of labour for
DNA methylation in the vertebrate genome.
However, these mechanisms and activities are
also at the centre of how DNA methylation may
be lost.

In any discussion of DNA demethylation
reprogramming, it is important to consider the
role of DNA methylation. DNA methylation is
regarded to have two non-exclusive functions.
The first is the regulation of gene expression

either in a developmentally timed or tissue-
specific context. Here the most common occur-
rence involves DNA methylation as negatively
correlated to gene expression. That is, DNA
methylation turns off genes and in most textbooks
you will read that DNA methylation is involved
in tissue-specific gene expression (Holliday and
Pugh 1975). This includes X chromosome inacti-
vation, a ubiquitous requirement in female
mammals, and genomic imprinting. Early
experiments indicated that DNA methylation
was also associated with the induction of changes
in the state of cellular differentiation on exposure
to experimental situations where 5-aza-cytidine,
an inhibitor of DNA methylation, promoted the
generation of muscle cells from non-muscle
precursors through erosion of 5mC
(Constantinides et al. 1977). This highlighted
two epigenetic principles, which would dominate
the field for many years: first, that transcription
was negatively correlated with DNA methylation
and, second, that the loss of DNA methylation
resulted in the loss of heritable cell fate, fre-
quently associated with tumourigenesis (Jaenisch
and Bird 2003). In a related fashion, the second
role for DNA methylation is in genome defence
where the vast non-genic content of highly
repeated sequences including retrotransposons is
kept silenced or stabilised by the presence of
DNA methylation (Bestor 1998). Importantly,
this stabilisation includes the centromeric satellite
repeats essential for chromosome integrity and
segregation in mitosis (Lehnertz et al. 2003;
Saksouk et al. 2014). The gene regulatory role
of DNA methylation has led to the pervasive
concept that it silences gene expression. In a
developing embryo, this is congruous with the
idea that sequential DNA methylation of genes
that are no longer required is an essential element
of cellular differentiation and lineage restriction
as part of cellular commitment. These differential
requirements add to the complexity of
reprogramming and serve to explain the multifac-
eted mechanisms, both passive and active, which
may be required during genomic resetting as part
of reprogramming.

The link between DNA demethylation and
development is long-standing. In a model system



of mammalian development, such as embryonal
carcinoma cells, a multi-potent lineage-specific
cell line isolated from teratocarcinomas, signifi-
cant loss of DNA methylation (approx. 30%) on
retinoic acid induction promoted cellular differ-
entiation (Wei and Lee 1994). Germ cells, such as
sperm, were found to be highly methylated, while
extra-embryonic tissues including yolk sac and
placenta were hypomethylated (Razin et al.
1984; Sanford et al. 1985). These observations
exemplify the wide spectrum under which DNA
methylation exerts its influence. Collectively,
these early examples established that lineages
undergo DNA demethylation during develop-
ment (Razin et al. 1984). A loss of methylation
had already been reported to be present in
transformed cells and in tumours (Riggs and
Jones 1983). These early examples formalised,
very broadly, the concept of the two mechanistic
possibilities for DNA demethylation. In the sim-
plest of terms, DNA demethylation can be
consigned to two clearly defined categories:
active demethylation that requires a
‘demethylase’ and passive demethylation that
engages the machinery around DNA replication
and the associated activities of DNA maintenance
methylation. These very clear distinctions formed
the basis for understanding all examples of
demethylation, at times creating impassioned
schisms among the chief proponents (Ooi and
Bestor 2008).
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9.2 DNA Methylation
Reprogramming: Setting
the Epigenome Up for Success

In mammals, DNA methylation is reprogrammed
at least twice across the life course. One phase
takes place during the establishment of the
germline, while the second is triggered immedi-
ately post-fertilisation as part of an enduring
cycling that perpetuates genetic material across
generations (Reik et al. 2001). In this respect,
the idea of the immortality of the germline is
formed, driven by the reiterative cycling of
DNA methylation and demethylation. As such,
much of the investigation of passive and active

demethylation has focused around these cycles,
especially in the mouse. However, these pro-
cesses are not only integral to mouse develop-
ment, but other mammals including humans rely
on similar programs to achieve these same
outcomes (Kurimoto and Saitou 2018).

Germline reprogramming, one of the key
windows for DNA demethylation during devel-
opment in mammals, serves the vital role of
resetting the non-Mendelian imprinted genes.
These genes are required, in part, for embryonic
growth control and are expressed in a parent-of-
origin manner. Hence, they must undergo erasure
of the DNA methylation that marks the imprinted
regulatory regions in each generation (Reik et al.
2001). Coupled with the erasure of genomic
imprints, a number of germline-specific genes,
such as Dazl, must undergo methylation erasure
in order to be expressed, thus ensuring the com-
plete development of gametes (Seisenberger et al.
2012). However, the temporal kinetics of the era-
sure is tightly regulated, such that methylation of
germline-expressed genes is erased earlier
(E10.5). This erasure supplies the terminal differ-
entiation needed for gametes and precedes that of
imprinted genes (from E11.5) which sets up
future functional requirements and completes
this reprogramming phase (Maatouk et al.
2006). These multiple trajectories may even
require both active and passive mechanisms to
operate simultaneously across the genome as
well as at specific loci.

A second period of demethylation is initiated
immediately on fertilisation. While quantitative
and qualitative differences have been reported
across Mammalia, the mechanisms are largely
conserved (Dean et al. 2001; Young and
Beaujean 2004). Owing to the extensive resource
tools available to investigate mechanistic
pathways, the mouse model has been most com-
prehensively studied and has revealed a number
of activities involved in passive and active DNA
demethylation. In recent years, technological
advancements have been key in revealing a
much richer and more intricate temporal change
in DNA methylation during the preimplantation
period of development. In this window, the fully
mature gametes give way to the newly formed



zygote coupling chromatin remodelling with loss
of DNA methylation from both the male and
female genomes. This process culminates by
setting up a hypomethylated landscape to coin-
cide with the first lineage decisions that delimit
the preimplantation stage of development. The
early observation that the paternal contribution
to the zygote, the remodelled sperm, and thereaf-
ter the male pronucleus underwent a rapid and
extensive loss of methylation prior to replication
inspired the field that an activity, a ‘demethylase’,
might be present (Mayer et al. 2000; Oswald et al.
2000; Santos et al. 2002).
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9.3 Active DNA Demethylation:
The Hunt for the ‘Demethylase’

The definition of active DNA demethylation is
straightforward. It refers to the loss of DNAmeth-
ylation in the absence of DNA replication. In
cycling cells, this requires the proof that the meth-
ylation loss must occur outside of the ‘S phase’ or
that it is faster than 50% loss per cell division.
Importantly, for a direct demethylation event, a
C-C bond would have to be broken. This direct
one-step conversion of 5mC to cytosine is not
energetically favourable and to date has not
been documented in any organism. In order to
fulfil this criterion, the mechanism must conform
to something where it can be envisioned that the
methyl group is directly ‘snipped’ away from the
base, leaving behind cytosine. Another variation
might include one where the base is stripped away
leaving behind an abasic site, which then needs
some type of DNA repair to restore the cytosine.
This mechanism is very reminiscent of the plant
family of activities, DEMETER and ROSI DNA
glycosylases, which recognise the methylated
base and remove it via the base excision repair
(BER) pathway. In animals, no 5meC glycosylase
has been found and the mechanisms requiring
glycosylases only work when the 5meC base is
first altered, such as by deamination, in advance
of glycosylase removal (Drohat 2021). Enzymes
which bind DNA and catalyse chemical reactions
on it do so by distorting, bending, or kinking the
B-form helices. Some of these enzymes, such as

the DNMTs, achieve this by flipping the base out
of the helix and modifying it, thus creating a
methylated nucleotide. This led to the idea that
the reverse reaction might occur in order for
demethylation to take place. Base flipping is
also used by glycosylases in order to gain access
to the DNA bases (Cheng and Roberts 2001).
These ideas supplied a variety of possibilities
and gave clues to finding and confirming the
existence of ‘DNA demethylases’ in animals.

The study of DNA methylation and its modu-
lation has been ongoing for more than 45 years.
Early studies using chromatography and nearest
neighbour analysis could only have reported on
total changes in 5-methylcytosine (Bird 1980).
This was superseded by the use of CpG
methylation-sensitive isoschizomers of restriction
endonucleases that gave some sequence context
but was severely limited by insufficient genomic
information (Cedar et al. 1979). Breakthroughs
came in the combination of differential methyla-
tion sensitivity and the polymerase chain reaction
(Herman et al. 1995) coupled with base pair reso-
lution afforded by bisulphite sequencing (BS-seq)
(Clark et al. 1994; Frommer et al. 1992). These
technological advancements were followed by
refinements to sample sizes by orders of magni-
tude culminating now in the routine use of single-
cell technologies (Denomme et al. 2012; Gravina
et al. 2015; Gu et al. 2019; Niemoller et al. 2021).
However, the field experienced a true paradigm
shift with the mouse genome project in 2002
(Mouse Genome Sequencing Consortium et al.
2002), the human genome project in 2003 (Inter-
national Human Genome Sequencing Consor-
tium 2004), and later with the advent of next-
generation sequencing in 2009 (Metzker 2010;
Meyerson et al. 2010).

9.4 Direct DNA Demethylation

If DNA methylation is negatively correlated with
gene expression, then the identification of a
demethylase that regulates expression would
serve as an integral part of mechanistic under-
standing of gene regulation. Beyond that, a
demethylase might serve important roles



therapeutically in the targeted re-expression of
key genes involved in developmental and cellular
processes. With the advent of the spectrum of
CRISPR/Cas9 technologies, tethering activities
that afford DNA methylation removal and poten-
tiate gene reactivation are now a viable option
(Taghbalout et al. 2019; Xu et al. 2016). Argu-
ably, among some of the most obvious targets for
demethylation are the tumour suppressor genes
frequently altered by inappropriate acquisition of
DNA methylation found in precancerous and
transformed cells of tumours (Herman et al.
1995). In nearly all tumours, cells have a signa-
ture where tumour suppressor genes are
hypermethylated and repressed or silent, while
the remainder of the genome is regarded as
hypomethylated, genomically unstable, and sub-
ject to aneuploidy (Feinberg and Vogelstein
1983; Gama-Sosa et al. 1983). In this context, a
concerted effort to identify and characterise a
‘demethylase’ had attracted much interest beyond
the biological roles establishing the methylation
landscape during development.
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The publication of the discovery of an activity
which could act as a ‘demethylase’ in 1999 was
received with great interest and a degree of scep-
ticism in the biomedical field and the burgeoning
field of epigenetics (Bhattacharya et al. 1999).
The existence of such an activity was highly
controversial, as it had been regarded that the
direct loss of the methyl group was chemically
impossible. This new protein possessed the hall-
mark of such an activity with a methyl-CpG-
binding domain and a reported demethylation
activity on methylcytosine, in this context from
artificially methylated plasmid sequence. More-
over, in the course of this enzymatic reaction the
methyl group in the 5 position of the cytosine
base was reported to be removed as methanol.
This methyl binding protein had been cloned
previously and identified as MBD2. Despite the
flurry of interest in this protein and the demethyl-
ation process, independent verification of direct
demethylation, and hence demethylase activity,
has never been reported (Boeke et al. 2000; Ng
et al. 1999; Wade et al. 1999). Aside from this
controversy, MBD2 has been implicated in indi-
rect demethylation function in a wide variety of

autoimmune diseases in mice and humans includ-
ing demethylation of a master regulatory gene
Foxp3 in T-regulatory cell populations (Wang
et al. 2013). The contribution of MBD2 to
demethylation during the immediate post-
fertilisation period prior to the first zygotic S
phase seems less likely, as oocytes null for
MBD2 undergo loss of DNA methylation from
the male pronucleus in a kinetically similar man-
ner to the control population (Santos et al. 2002).

9.5 Indirect Loss of DNA
Methylation

The energetically unfavourable direct conversion
of 5mC to C prompted investigation into alterna-
tive pathways that could otherwise achieve the de
facto loss of DNA methylation, leaving behind
the idea of ‘demethylation via demethylase’ activ-
ity. While direct 5-methylcytosine-dependent
DNA glycosylases have not been found in
animals, two dominant pathways have now
emerged and have since been well studied and
supported widely across multiple biological
experimental systems. In both cases, the first
step involves the modification of the 5mC base,
either by deamination via the cytosine deamina-
tion family of activities or via singular or iterative
oxidation steps directly targeted to the 5mC mod-
ification. In both instances, and indeed, in combi-
nation, the resolution of the further modified
methylcytosine relies on DNA repair mechanisms
which involve either base excision repair (BER)
or nucleotide excision repair (NER) activities
(Fig. 9.1).

9.5.1 Role of Cytosine Deamination
in DNA Demethylation

One of the mechanisms which have shaped the
mammalian genome is the process whereby the
amine group (–NH2) of the nucleotide base is
removed. Hydrolytic deamination of cytosine is
a prominent form of DNA damage and takes
place at 60–500 residues per genome per day.
This wide variation is a consequence of the



different rates of deamination which occur with a
more than 200-fold preference on single-stranded
versus double-stranded DNA substrate (Lindahl
1993). This is particularly relevant for the pyrim-
idine base cytosine and especially the case for its
modified version 5mC, as deamination leads to
the genomic base substitution, if left unrepaired,

known as the C to T transition. This propensity
for alteration has had a significant impact on the
mammalian genome and its unique sequence
composition (Bird 1980).
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Fig. 9.1 Mechanisms of active demethylation. Cytosine
is methylated by DNA methyltransferases (DNMTs) con-
ferring genomic stability and serving as one layer of chro-
matin required for gene regulation. Much of what we have
learned has been integral to the biology of pluripotent stem
cells and in mammalian development. These processes are
also accompanied by demethylation via a number of
potential pathways. Cytosine may be altered by [1] AID/
APOBEC-mediated deamination leaving uracil and
5-methylcytosine may likewise undergo deamination to
thymidine. This pathway may be repaired to restore the
cytosine residue by one of a number of base excision
repair (BER) pathways. The 5mC residue may also be
directly demethylated to cytosine although this is regarded

as enzymatically unfavourable [2]. Another central mech-
anism to facilitate loss of DNA methylation occurs via
TET-mediated oxidation of the methyl group to give
5-hydroxymethylcytosine (5hmC) that may in turn
undergo further iterative oxidation to 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC). This reaction is Fe
(II)/α-ketoglutarate-dependent and directly enhanced by
vitamin C. In the absence of glycosylases that can detect
this mismatch, 5fC may be further oxidised to
5-carboxylcytosine (5caC). BER mechanisms may aid in
the repair of the cytosine base at each step of the process.
The loss of methylation from cytosine may involve both
pathways. In this case, 5mC is first oxidised to 5hmC and
subsequently deaminated to 5-hydroxymethyluracil

Among the genomic signatures caused by
cytosine deamination is the suppression of the
expected frequency of CpG dinucleotides. The
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genomic frequency of CpG sites in the human
genome is closer to 1 in 24 rather than the
predicted 1 in 16. This altered frequency occurs
as a consequence, over evolutionary time, of the
transition mutation of methylcytosine to thymi-
dine owing to the hydrolytic deamination of the
cytosine base where the fidelity of the repair
process is apt to slip. Indeed, deamination forms
the basis of the chemical modification used in
bisulphite mutagenesis sequencing to discrimi-
nate between DNA methylation status, where
cytosine is read as T and 5mC a C (Frommer
et al. 1992). These two concepts led to the sug-
gestion that an endogenous activity, either enzy-
matic or chemical such as through hydrolytic
deamination, could serve as candidates capable
of achieving functional loss of DNA methylation.
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Whether spontaneous hydrolytic deamination
alone would be competent to clear DNA methyl-
ation from the male pronucleus of the fertilised
oocyte during the period of active demethylation
is not known. However, by all accounts the rate of
this chemical reaction seems far too slow to
account for the observations arising from both
immunofluorescence (IF) studies and that of con-
temporary molecular analyses of DNA methyla-
tion. In contrast, enzymatic deamination coupled
with DNA repair processes offers a diverse and
more feasible solution to explain the rate and
magnitude of active loss of DNA methylation in
the zygote. In mammals, deamination of cytosine
and/or methylcytosine is achieved by a small
family of highly related enzymatic activities.
Cytosine deaminases are encoded by three
enzyme families, APOBEC1, APOBEC3
(APOBEC2 is non-enzymatic (Conticello et al.
2005)), and AICDA. The activation-induced
cytosine deaminase (AICDA or AID) takes its
name from B-cell activation as part of the adap-
tive immune response, resulting in its functional
role in somatic hypermutation and class switch
recombination which permits antibody diversifi-
cation (Longerich et al. 2006). The APOBEC
family of activities are broadly involved in RNA
editing and as such play a role in genome defence
to restrict the movement of non-LTR and LTR
retrotransposable elements, including long
interspersed nuclear elements (LINEs) and short

interspersed nuclear elements (SINEs) (Chiu and
Greene 2008). While there is a family of
deaminases, the implied function in active
demethylation has fallen exclusively to AID.

9.5.2 Methylcytosine
Oxidation-Based
Demethylation Mechanisms

In the same way as deamination modifies 5mC to
thymidine, the oxidation of the 5-methyl group
can rapidly convert 5mC into
5-hydroxymethylcytosine (5hmC) without any
further alteration to the double-stranded DNA
molecule. Under favourable conditions this pro-
cess may proceed through further iterative oxida-
tive steps to form 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC) (Ito et al. 2010; K
et al. 2010). Should a decarboxylase be present
or simply a repair cascade triggered, this pathway
could mediate the conversion of 5mC to cytosine
and the demethylation would be completed. The
oxidative portion of this process is accomplished
variously by the ten-eleven-translocation (TET)
dioxygenase family, comprised of three active
forms of the enzymes TET1-3. They all share a
conserved function and use 5mC as a substrate in
conjunction with 5-α-ketoglutarate and Fe2+ as
co-factors (Kriaucionis and Heintz 2009;
Tahiliani et al. 2009). As such, these enzymes
are influenced by the metabolic state of the cell
and the concentration of each oxidative interme-
diate is dependent on a number of other
co-factors, including vitamins A and C, as well
as the oxygen concentration of the tissue or cells
(Blaschke et al. 2013; Chen et al. 2013). Despite
the powerful potential of the TET family of
activities to oxidise 5mC, mice null for Tet1 or
Tet2 have little phenotypic effects either during
embryogenesis or postnatally. Only upon com-
bining deficiencies in Tet1 and Tet2 double null
mutations semi-penetrant mid-gestational
phenotypes can be observed. On combination of
Tet1/2/3 triple knockouts, the full impact of TET
deletion becomes apparent. Tet1/2/3 triple null
embryos fail to undergo gastrulation likely due
to hypermethylation of promoters in the LEFTY–



NODAL axis required for establishing early
embryonic polarity (Dai et al. 2016). TET
proteins may operate together with other ‘loss of
methylation’ pathways creating a much more
complex and diversified means of epigenetic reg-
ulation. Interestingly, these enzymes may serve
wider biological roles beyond their canonical
enzymatic function in keeping with their evolu-
tionary secondment into a demethylation
pathway.
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Site-specific, feature-specific, or ultimately
genome-wide loss of DNA methylation may
require more than a single pathway to achieve a
change in the epigenome. While some activities
operate exclusively during the replicative portion
of the cell cycle, others operate through a combi-
nation of DNA modifications leading to loss of
methylation often by repair-coupled processes.
This is the case with cytosine deamination and
oxidative modification of 5mC (Fig. 9.1). The
order of modifications may also change, permit-
ting yet further complexity and specificity at tar-
get loci. This may widen and even accelerate the
rate of repair or alteration with additional func-
tional consequences. For example, deamination
of 5mC leads to T which may be further altered
or repaired, e.g., by thymidine DNA glycosylase
(TDG). Alternatively, 5mC may be oxidised to
5hmC, which may be deaminated to give rise to
5-hydroxymethyluracil (5hmU) which is simi-
larly repaired by TDG. In either case, loss of
DNA methylation would be the outcome upon
resolution of the repair process (Kohli and
Zhang 2013).

9.6 Chromatin Remodelling, DNA
Replication, and Repair: The
Epigenetic Triumvirate

Whenever chromatin is remodelled, there is a
likelihood of the occurrence of endogenous
DNA damage. As such, the genome-wide
remodelling during epigenetic reprogramming is
particularly susceptible to DNA damage, espe-
cially in replicating cells where the replication
fork can become a powerful nucleation site for
activities focused on genomic fidelity including

the DNA methyltransferases which maintain the
epigenome. Both natural and experimental
reprogramming, which activates new transcrip-
tional requirements, may trigger the need for a
DNA damage response. Collectively, these may
result in functional demethylation and could
become a source of cellular heterogeneity in
development.

In the window defined in the immediate post-
fertilisation period in the mouse, male and female
gametes are remodelled in order to form a func-
tional metaphase plate, the first of all the
subsequent cellular divisions for life in mammals.
This remodelling is essentially required in order
to re-equilibrate the chromatin of the oocyte with
that of the protamine-configured sperm nucleus
(Brewer et al. 1999). In order to package sperm
into a functional structure able to fertilise an
ovulated oocyte, the genome must be confined
to the dehydrated toroidal structure configured
by protamines, something more akin to a virus
than a cell (Braun 2001). This is the state of play
when the largest cell, the oocyte, meets the
smallest, the highly methylated sperm. Very
shortly following fusion and sperm penetration,
remodelling of the sperm genome ensues in the
shared environment of the oocyte. Indeed, within
one hour of fertilisation the protamine-encased
chromatin has been replaced and the paternal
genome becomes configured with the oocyte-
derived histones (McLay and Clarke 2003). In
this early remodelling phase significant DNA
methylation is lost by paternal alleles (Dean
et al. 2001; Santos et al. 2002). In contrast, the
female pronucleus that forms on completion of
meiosis is less subject to loss of DNAmethylation
(Santos et al. 2002). Quantification of the female
compartment even under the most stringent
conditions indicates a wide variance in DNA
methylation and suggests that chromatin turnover
also takes place on maternal alleles but is overall
methylation neutral, losing and gaining DNA
methylation in equal proportion (Santos et al.
2013).

Despite the introduction of a histone-based
chromatin in the male pronucleus, the male and
female components of the zygote remain epige-
netically different (Probst et al. 2007; Santos et al.



2005). Post-translational modifications (PTMs) of
the chromatin retain differences between the
pronuclei beyond that of DNA methylation. The
PTMs endow the female pronucleus with most of
the modifications found in a somatic cell, while
notably the male pronucleus has neither
H3K9me2 nor H3K9me3 (Santos et al. 2005;
van der Heijden et al. 2005). Both of these
marks are critical to maintain the coupling of
DNA methylation to these chromatin
modifications, usually associated with transcrip-
tional silencing, and are essential for reinforcing
chromosome stability (Guenatri et al. 2004). The
absence of H3K9me2 and H3K9me3 PTMs from
the chromatin in the male pronucleus is thought to
facilitate the loss of DNA methylation. In turn,
this suggested that one or both of these marks
may well be associated with protecting the mater-
nal genome from extensive DNA demethylation
(Nakamura et al. 2007; Szabo and Pfeifer 2012).
Interestingly, the male pronucleus accumulates
5hmC licensed by cell cycle progression to S
phase. This is a consequence of de novo DNA
methylation which is immediately oxidised by
TET in S phase. In contrast, the female pronu-
cleus possesses significantly less of the 5hmC
modification acquired during oogenesis
(Amouroux et al. 2016; Santos et al. 2013). Inter-
estingly, and in keeping with the growing appre-
ciation of the complex interleaved dependency of
DNA methylation and demethylation processes,
maternal deletion of Dmmt3a/3b abrogates an
increase in DNA methylation, but more impor-
tantly 5hmC in the male pronucleus. Thus, while
the rapid paternal loss of 5mC is attributed to the
presence of TET3, the process is dependent on a
de novo DNA methyltransferase activity (Iqbal
et al. 2011). However, whether the 5mC turnover
is required for subsequent development and what
mechanisms protect 5mC from demethylation in
the female pronucleus is not fully known. The
maternal effect protein, STELLA, is responsible
to safeguard the oocyte methylome from overt
DNA hypermethylation in a UHFR1-DNMT1-
dependent manner (Li et al. 2018). Here, upon
deletion of STELLA, UHRFI accumulates in the
nucleus driving DNMT1 mislocalisation. Thus,
STELLA functions to prevent aberrant

hypermethylation de novo by DNMT1 in
oocytes. Recently, DNMT1 has been reported to
have in vitro and in vivo de novo
methyltransferase function with specific
retrotransposon targeting, a long suspected addi-
tional function which has been difficult to fully
establish (Bestor and Ingram 1983; Haggerty
et al. 2021).
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Several groups have knocked out the TET3
catalytic activity with varying phenotypic results
(Gu et al. 2011; Peat et al. 2014). All agree that
the abrogation of the catalytic activity results in
the loss of 5hmC immunofluorescence signal in
the male pronucleus but a concomitant increase in
5mC was not always observed (Santos et al. 2013;
Wossidlo et al. 2011). The absolute loss of TET3
is non-viable and homozygous null mice die
shortly after birth. Maternal-specific oocyte dele-
tion revealed a subtler and nonetheless variable
effect. Maternal deletion of TET3 failed to have a
significant effect on oocyte development and mat-
uration and oocytes were fertilisable and
pregnancies proceeded with only minor issues
(Peat et al. 2014; Tsukada et al. 2015). Several
reports highlighted that the failure to generate
5hmC per se is not responsible for the develop-
mental defects, e.g. neonatal sub-lethality due to
Tet3 haploinsufficiency in maternally deficient
oocytes (Inoue et al. 2015; Tsukada et al. 2015).
Interestingly, genome-wide DNA methylation
analysis of the Tet3 knockout revealed an unex-
pected role for this protein in protecting CpG
islands from DNA methylation (Peat et al.
2014). This intriguing result reminds us that the
machinery of DNA demethylation is complex,
highly interleaved, and multi-dimensional. The
protection of the female pronucleus gives us an
insight into the overall mechanism of the regula-
tion of the loss of DNAmethylation and its role in
setting up zygotic totipotency.

DNA repair has long been implicated in the
process of active DNA demethylation especially
in the mouse zygote. The mammalian oocyte is
replete with many of the activities that are
required across the myriad repair pathways sup-
plying roles in maintaining the genome during
replication and remodelling (Derijck et al. 2006,
2008; Zheng et al. 2005). In the special case of



active CpG demethylation, more focus has been
placed on activities that can read and repair the
mismatched base pairs derived from C-G. It is
now well established that both BER and NER
pathways play a central role in active demethyla-
tion in the mouse zygote (Hajkova et al. 2010;
Wossidlo et al. 2010). Inhibition of critical
activities in BER, such as PARP1 [poly
(ADP-ribose) polymerase 1] and APE1
(apurinic/apyrimidinic endonuclease), attenuated
DNA demethylation with significantly higher
levels of DNA methylation in the paternal pronu-
cleus as judged by 5mC staining (Hajkova et al.
2010). Staining of XRCC1 (X-ray repair
complementing defective repair in Chinese ham-
ster cells 1) revealed high levels of bound protein
exclusive to the male pronucleus, and hence
ssDNA breaks were detectable from an early pro-
nuclear stage (PN3), which coincides with the
onset of DNA demethylation. Collectively, these
pathways account for some of the early demeth-
ylation in the zygote; yet these studies failed to
address the question of what initiates the
pathways. DNMT3a/3b are abundant in oocytes
and early embryos (Hirasawa and Sasaki 2009;
Lucifero et al. 2007) and have been implicated in
deamination roles in human cells (Kangaspeska
et al. 2008; Metivier et al. 2008). However,
whether they serve as the upstream initiator of
the cascade has not been tested directly. Addi-
tional reports highlighted that de novo methyla-
tion is required for the replication-licensed
oxidation of C-5 and generation of 5hmC in the
male pronucleus (Amouroux et al. 2016). In con-
trast, conformational changes, such as those
required during chromatin remodelling in the
zygote, may be sufficient to act upstream of a
DNA damage response and may be able to trigger
repair mechanisms (McLay and Clarke 2003).
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While it is well accepted that both deamination
and TET-mediated oxidative processes are central
to active DNA demethylation, it has taken some
time to identify that they likely target C and 5mC,
respectively. That is, DNA demethylation
pathways use deamination targeting C, while
TET-mediated demethylation employs oxidative
processes to target 5mC. Consequently, these
processes have an impact on different genomic

regions. In either case, the outcome is still loss of
DNA methylation. Here, the preferred target for
deamination is cytosine and the resulting uracil
becomes the repair-based lesion. Should
methylated cytosines reside in proximity to the
C-U mismatch, long patch repair loss of methyla-
tion would result from the replacement of 5mC
with C (Santos et al. 2013).

Apart from deamination and oxidation-linked
processes of DNA demethylation, the transcrip-
tion elongation complex 3 (ELP3) and family
members ELP1 and 4 have been identified in
systematic screens and reported to act via an
otherwise unknown mechanism to effect active
demethylation. Using live cell imaging as a plat-
form to capture the event, RNAi mediated deple-
tion of ELPs in conjunction with expression of a
CXXC-EGFP fusion protein reporter, able to bind
unmethylated CpG-rich regions, accumulated in
the male pronucleus suggesting a loss of methyl-
ation at this time (Okada et al. 2010). Why this
should result in paternal-specific demethylation is
not immediately obvious. Moreover, in light of
reports suggesting that some turnover in DNA
methylation occurs in the female compartment,
the exclusive accumulation in the male might
not be expected (Guo et al. 2014). Given that
this phase of development is characterised by
transcriptional silencing (Bouniol-Baly et al.
1999), the suggestion that ELPs play a role is
somewhat counterintuitive and direct biochemical
evidence is still lacking (Wu and Zhang 2014).

Several groups have investigated the kinetics
of the loss of 5mC and tied it to the acquisition of
5hmC, but have failed to notice that this process
took place in two clearly defined phases. Santos
et al. used a genetic approach to test the possibil-
ity that both AID and TET3 could act in the
‘demethylation’ pathways (Santos et al. 2013).
The dynamics and magnitude of the loss of
DNA methylation were measured by semi-
quantitative IF methods first in the wild-type
(WT) zygotes (Fig. 9.2a) and then using a consti-
tutive AID null mutant. In the AID null mice, the
early phase of demethylation proceeded as in the
WT, but by the post-replication stage PN5 a
residual gain of methylation was evident. This
suggested that an AID-dependent loss of DNA
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Fig. 9.2 Active demethylation during reprogramming in
the zygote. Following fertilisation the maternal and pater-
nal pronuclei are remodelled along two independent

pathways. (a) Chromatin is reconfigured in stages across
time points defined by the size and position of the respec-
tive pronuclei (PN0 to PN5). The paternal pronucleus is
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methylation from the male pronucleus was possi-
ble in the first cell cycle in the mouse. But how
can the temporal shift in the kinetics be
explained? The answer came by way of an inge-
nious mechanism that fits well the temporal
licensing of AID and the biochemical substrate
preference data. AID ordinarily works during G1
phase of the cell cycle, a time consistent with an
active demethylation process. Moreover,
although AID can work on 5mC, its preferred
substrate is C, as the enzymatic configuration
does not work when the C5 position is derivatised
(Nabel et al. 2012). Thus, it was reasoned that
deamination of C to U (Fig. 9.2b), in close prox-
imity to 5mC, would trigger DNA repair via a
long patch BER mechanism and would in turn
result in functional DNA demethylation
(Fig. 9.2c). This mechanism would involve uracil
DNA glycosylases (UNG and SMUG) rather than
TDG, a result confirmed using a maternally
deleted TDG null zygote (Santos et al. 2013).
UNG and SMUG are abundant in oocytes, while
TDG is not readily detectable. UNG null zygotes
showed a reduced demethylation by IF (Santos
et al. 2013) and hypermethylation of Nanog and
Line1 in the paternal alleles and of Dnmt3b and
Zbtb32 in the female (Xue et al. 2016).

Fig. 9.2 (continued) observed to lose methylation in two
distinct phases. In the first phase, 5mC is rapidly lost with
little or no change in 5hmC marking the end of G1. The
onset of the second phase at S phase of the cell cycle
(PN3 – PN5) coincides with the appearance of 5hmC, a
process that is TET3 dependent. Across both phases the
maternal pronucleus retains DNA methylation and
possesses very low levels of 5hmC and little overall
change takes place. The maternal pronucleus resists loss
of methylation in a Stella/PGC7-dependent manner. One
mechanism proposed to achieve loss of DNA methylation
in the paternal pronucleus is by deamination depicted in b.

Here cytosine is modified through loss of the –NH2 group
to uracil triggering a BER cascade involving a short patch
repair (SP) (c). The AID target sequence WRC marks the
position of the deaminated cytosine in a place adjacent to
5mC residues. This mechanism envisions that in Phase I of
demethylation the cytosine base is deaminated and the
resection of the local 5mC only takes place in Phase II in
a replication-activated process resulting in functional
demethylation. Schematic depictions of fertilised oocytes
indicate that initially both compartments have similar
methylation levels that lead to paternal-specific loss of
5mC following short patch repair via BER
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The study also closely followed the kinetics of
the specific acquisition of 5hmC as a function of
the reciprocal loss of 5mC from the male pronu-
cleus. Conditional deletion of Tet3 from the
oocyte, together with experiments inhibiting
DNA replication with aphidicolin, clearly
demonstrated that 5hmC was only present from

S phase onwards and was coincident with, but not
coupled to, DNA replication (Santos et al. 2013).
Together, this ground-breaking study asserted
that multiple and independent pathways were
involved in paternal DNA demethylation in the
zygote. These observations have been conclu-
sively and independently confirmed in the
follow-up studies using genetic and biochemical
approaches together with IF, where both 5mC and
5hmC were measured using mass spectrometry
(Amouroux et al. 2016; Okamoto et al. 2016). In
support of these suggested mechanisms, two
additional studies have also proposed that long
patch repair may facilitate regional loss of 5mC
(Franchini et al. 2014) adjacent to an AID binding
site, i.e. WRC (W ¼ A/T; R ¼ A/G) or via a
similar mechanism through repair of
5-hydroxymethyluracil (5hmU) arising from oxi-
dative modification of T by TET1 (Pfaffeneder
et al. 2014). One of the 11 glycosylases, Nei
endonuclease VIII-like 1 and 3 (NEIL1) has
DNA glycosylase/lyase activity towards
mismatched uracil and thymine, in particular
in U:C and T:C mismatches, and it specifically
binds 5hmC, suggesting that it acts as a specific
reader of 5hmC in advance of repair. As such,
activities targeting both C and T via separate
pathways may result in regional demethylation.

During the late fetal stages and early on in
postnatal stages, oogenesis proceeds and DNA
methylation is reacquired. This re-establishes the
essential DNA methylation at imprinted loci
needed for growth and development during the
post-implantation phase. Some of this



methylation is modified in a TET1-dependent
manner, becoming 5hmC. This establishes, in
part, the chromatin configuration for maternal
alleles at fertilisation. Together with H3K9me2,
the maternal chromatin is actively protected from
post-fertilisation DNA demethylation by the pres-
ence of the protein STELLA/PGC7 that forms an
inaccessible chromatin configuration maintained
post-fertilisation (Pfaffeneder et al. 2014). While
STELLA is found in both male and female
pronuclei, the binding of the protein in maternal
pronuclear chromatin confers protection against
demethylation (Nakamura et al. 2007). Maternal
deletion of Stella in the oocyte reinstates a sub-
strate that is subject to TET3-dependent demeth-
ylation in both compartments and leads to
lethality early on in development. Thus, DNA
demethylation can be modulated through the con-
figuration of the chromatin and may not simply be
a function of presence or absence of the
demethylating activity. Interestingly, there is little
evidence that the loss of methylation from pater-
nal alleles is required for development to proceed.
The paternal-specific demethylation has been
widely observed in mammals though often to
varying degrees, yet an absolute demonstration
of its requirement remains elusive. Experimental
reconstitution of the zygote using round
spermatids, which still possesses histones on
paternal chromatin, does not lead to remodelling
or demethylation and can give rise to a full-term
viable mouse (Kishigami et al. 2006; Polanski
et al. 2008).
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Indeed, this raises the question of whether the
extensive remodelling and dynamic loss of DNA
methylation in the paternal compartment are
rather a secondary consequence of remodelling.
Across Mammalia many species do not appar-
ently undergo paternal-specific active demethyla-
tion shortly after fertilisation (Barnetova et al.
2010; Beaujean et al. 2004a, b). However, exper-
imental manipulation of oocytes from species of
mammals which do not ordinarily undergo overt
demethylation of the paternal pronucleus showed
that paternal nuclei are subject to demethylation
when they are artificially fertilised with sperm
from other species (Beaujean et al. 2004b).
Thus, in sheep oocytes, where there is little or

no paternal-specific active demethylation, mouse
sperm is extensively remodelled and appears to
be demethylated as measured by IF. The recipro-
cal is also true; fertilisation of mouse oocytes with
sheep sperm reveals extensive remodelling of the
sperm nucleus including the specific loss of meth-
ylation from the paternal pronucleus (Barnetova
et al. 2010; Beaujean et al. 2004b). These experi-
mental examples typify the general trend that
changes of cellular state such as development
and cellular reprogramming often have an obli-
gate loss of DNA methylation accompanying
these transitions.

While many studies have addressed the ques-
tion of the specific loss of paternal DNA methyl-
ation in the fertilised zygote, few have taken a
quantitative approach. Using a small-scale mass
spectrometry approach, Okamoto et al. (2016)
were able to supply an absolute metric for 5mC
and 5hmc levels without the ambiguity often con-
founded by bisulphite mutagenesis studies. Fol-
lowing active loss from the paternal pronucleus
(~40%) and a small active loss from the female,
the overall trajectory for 5C and 5hmC across
preimplantation regresses with a best fit model
that follows replication, suggesting that this loss
of methylation occurs via passive DNA demeth-
ylation (Okamoto et al. 2016). The active loss of
DNA methylation from the paternal pronucleus
confirmed previous bisulphite analysis that had
asserted this process in the maternal compartment
as well (Guo et al. 2014). As such, maternal and
paternal haploid contributions to the zygote are
equalised in genomic 5mC content by 24 hours
post-fertilisation (Okamoto et al. 2016). Finally,
this study found no evidence for the reciprocal
loss of 5mC and commensurate gain of 5hmC
claimed in some studies (Okamoto et al. 2016;
Wossidlo et al. 2011).

9.7 Replication-Coupled Loss
of DNA Methylation: Passive
Demethylation

One of the best studied reprogramming events in
development is the establishment and resetting of
the germline in mammals. For the establishment



of the germline, precursor somatic cells of the
epiblast must become reprogrammed, such that
the somatic gene expression pattern is inhibited,
giving way to the early expression of primordial
germ cell markers. At this time, somatic epiblast
cells are highly methylated with approximately
70% of CpGs modified. While the need for
reprogramming of the germline has been known
for several decades, the availability of only a few
cells and the limitations of the available technol-
ogy restricted what we could learn about this
process (Monk et al. 1987). Early studies were
confined to characterising maternally imprinted
genes and highly repetitive sequences including
centromeric satellites and repeat family sequences
following their progression during germline mat-
uration in mouse (Hajkova et al. 2002; Lane et al.
2003). The generality of this requisite
reprogramming event could later be confirmed
in other mammalian model systems (Hyldig
et al. 2011). Early genome-wide analyses com-
bined histology together with immunofluores-
cence detection using the 5mC antibody to give
a semi-quantitative overview of early germ cells
(Seki et al. 2005, 2007). Relying on an OCT4- or
STELLA/PGC7-EGFP reporter to identify the
germ cells, the low-resolution approach was suf-
ficient to establish that at E7.5 the newly specified
germ cells were highly methylated. However,
over the next 24-h period this methylation was
significantly reduced and thereafter no longer
detectable up to E12.5. While inconclusive
regarding a mechanism for the loss of methyla-
tion, these studies gave single-cell resolution and
hinted at a variable level of methylation likely to
arise from a highly repetitive family or families of
genomic sequence.
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Next-generation sequencing supplied the
breakthrough needed for a deeper mechanistic
understanding. This has been the impetus for the
myriad studies which have described the detail of
the reprogramming and programming phases of
mammalian germline development. Whole
genome-bisulphite sequencing was used to com-
prehensively profile DNA methylation of primor-
dial germ cell (PGCs) from both wild-type and
AID KO mice. The scope of this study was lim-
ited by the availability of sufficient sample DNA

to generate libraries, and hence, E13.5 was
elected for the PGC samples. Comparison of the
DNA methylation status of WT with AID null
gave the first high-resolution unbiased epigenome
from PGCs (Popp et al. 2010). Interestingly, in
the absence of AID, E13.5 female PGCs had three
times more methylation (~ 21%) than the WT
(~7% CpG methylation). Differences in male
PGCs were less dramatic. The effect was
genome-wide, except for CGI promoters,
suggesting that AID had some role to play in the
reprogramming machinery in germ cells. Despite
this breakthrough, little or no resolution of the
mechanism of DNA methylation loss was forth-
coming although AID seemed to be involved.

One of the significant limitations of the Popp
et al. (2010) study was the low genomic coverage.
However, technological improvements to handle
small sample sizes together with deep sequencing
coverage were deployed quickly thereafter
allowing for a systematic evaluation of the DNA
methylation profile across multiple stages of
PGCs. OCT4-EGFP-positive PGCs were isolated
from selected stages from E9.5 through E13.5
during PGC development in both male and
female embryos where appropriate. Genome-
wide DNA methylation was analysed using
BS-Seq and deep sequencing. High-depth cover-
age and bp resolution generated the first unbiased
genome-wide survey of DNA methylation in
PGCs across development. Moreover, this study
had the potential to answer the question of the
nature of demethylation mechanisms during
germline reprogramming. Combining strand-
specific bisulphite sequencing analysis and
modelling of stage-specific data, the outcome
was clear-cut. Germline reprogramming
proceeded by a mechanism dominated by passive
loss of DNA methylation through progressive
replication up to the time of mitotic/meiotic arrest
around E14 (Seisenberger et al. 2012) (Fig. 9.3c).
These results confirmed an independent study
using DNA methylation immunoprecipitation
(meDIP) followed by a microarray (Guibert
et al. 2012). This validation was particularly
important owing to the ambiguity of calling
5mC and 5hmC by BS-seq. Evaluating the role
of hydroxymethylation became important to



226 W. Dean

Fig. 9.3 Passive demethylation during preimplantation and germline reprogramming. Very early on the discovery that
DNMT1 accumulated in the subcortical region of the oocyte and that of preimplantation stage embryos established the
expectation that maintenance methylation was interrupted during preimplantation. (a) This panel illustrates this principle.
DNMT1 staining is clearly abundant and excluded from the nucleus up until the 8-cell (8C) stage when it is found in the
nucleus, thus establishing the conditions for passive demethylation. Beyond the 16-cell stage the protein is again found
excluded from the nucleus, something which also included the blastocyst stage (b). Immunofluorescence detection of 5mC
suggested that there was a diminishing quantity of DNA methylation over successive replication cycles across preimplanta-
tion stages in keeping with passive demethylation. Here this distribution of 5mC is reported from the zygote up to the morula
stage. (c) A similar mechanism may operate in primordial germ cells to achieve passive demethylation. Staining primordial
germ cells from E10.5 up to E16.5 indicated that UHRF1, an obligate chaperone for DNMT1 and an essential component of
the maintenance machinery, is relegated to the cytoplasmic compartment. Despite DNMT1 residing in the nucleus, the cross-
sectional tracing below identifies UHRF1 (arrow) depleted in the nucleus (marked by an arrow; stained with DAPI) and found
in the cytoplasm. These conditions are requisite for passive demethylation and in keeping with the genome-wide loss of DNA
methylation in the reprogramming of the germline. Panel a is reprinted from Cell 104, Howell et al., (2001) Genomic



resolve the profiles observed during the passive
loss of methylation. Primordial germ cells express
high levels of TET1 and TET2 and these activities
are licensed by DNA replication; however, the
5hmC mark which they generate from the 5mC
is not maintained or read at CpG dinucleotides
and hence may passively decline. Loss of 5mC
via hydroxylation was thus found to contribute to
asynchronous erasure of imprinted methylation in
PGCs between E9.5 and E 10.5. However, there-
after, the genome average of the loss of DNA
methylation obeyed kinetics in keeping with pas-
sive demethylation (Hackett et al. 2013). In con-
trast, in vitro generation of differentiated PGCs
(iPGCs) where Tet1 and Tet2 were experimen-
tally depleted or deficient indicated that iPGCs
were unaffected by the absence of these activities
and the lack of genomic 5hmC (Vincent et al.
2013). However, some loci were consequently
hypermethylated, which necessitated an alterna-
tive loss of methylation mechanism to generate
functional iPGCs. Indeed, germline erasure is
sufficiently important that multiple and
overlapping mechanisms of erasure have arisen
to ensure the process and restrict
transgenerational inheritance of epimutations
(Hackett et al. 2012). In fact, the extent of the
functional redundancy for loss of methylation
pathways may even stretch to include multiple
and overlapping mechanisms operating even at
the same genomic locus (Ohno et al. 2013).
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If we can measure the dynamic process of
DNA demethylation at high resolution and derive
a model that indicates that passive demethylation
is the favoured mechanism, can we explain how
this mechanism might come about? Kurimoto
et al. (2008) isolated BLIMP1-positive PGC
precursors and profiled RNA from them over the
early stages of PGC establishment and commit-
ment in order to attempt to understand the basis
for passive demethylation. These cells were
characterised by the downregulation of pathways
associated with DNA methylation maintenance—

DNMT1 and UHRF1, and BER pathways
(including a role for TDG) in combination with
loss of methylation by TET oxidation and
AICDA deamination (Kurimoto et al. 2008).
The selective staining of staged PGCs for
DNMT1 and UHRF1 suggested that while
DNMT1 remained in the nucleus, UHRF1 was
cytoplasmic, a configuration in keeping with pas-
sive demethylation (Fig. 9.3c) (Seisenberger et al.
2012). Whether the exclusion of UHRF1 despite
nuclear DNMT1 can account for the loss of 5mC
in PGCs has not been tested. However, DNMT1
was inefficiently recruited in replicating gonadal
germ cells, consistent with progressive loss of
methylation during maturation (Ohno et al. 2013).

�

Fig. 9.3 (continued) Imprinting Disrupted by a Maternal Effect Mutation in the Dnmt1 Gene, pp. 829–838 with
permission from Elsevier. Panel b is taken from Santos et al. (2013) Fig. 1 cited herein

9.8 Resetting and Erasure
of the Germline: A Barrier
Against Transgenerational
Inheritance

9.8.1 Demethylation During
Preimplantation Development

Sanford et al. (1984) showed that sperm was
highly methylated, while oocytes were less so
and that following fertilisation DNA methylation
declined progressively (Sanford et al. 1984).
These methylation-sensitive Southern blots,
although restricted in the genomic loci which
could be interrogated, were accurately revealing
locus-specific changes during development which
included both hyper- and hypomethylation during
this dynamic phase. In fact, Monk et al. (1987)
confirmed and extend these observations using as
few as 200 cells, showing dynamic and temporal
specific regulation of DNA methylation and
demethylation during early mouse development
(Monk et al. 1987). However, molecular analysis,
at this time, could not provide a genome-wide
nuclear architectural perspective.
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The first glimpse of the dynamic genome-wide
distribution of DNA methylation at the single cell
level was reported not in mouse but in bovine.
Investigating stage-specific chromosome spreads
throughout the preimplantation development
using a 5-methylcytidine antibody led to the con-
clusion of the absence of active demethylation
and hence that the progressive loss of 5mC
occurred by a passive mechanism (Bourc’his
et al. 2001; Rougier et al. 1998). The visual
compartmentalisation of DNMT1, the machinery
of maintenance methylation, by IF had already
predicted such an outcome (Fig. 9.3a). Antibodies
raised against DNMT1 had already identified that
the highly abundant protein was largely relegated
to the cytoplasmic compartment of the zygote and
throughout preimplantation and that DNMT1
appeared to be tethered to the subcortical region
by an active process (Cardoso and Leonhardt
1999; Carlson et al. 1992). This striking and
stark distribution offered a mechanism consistent
with the observed conclusion that passive
demethylation operated up to the blastocyst
stage (Fig. 9.3b) (Carlson et al. 1992; Howell
et al. 2001; Ratnam et al. 2002).

During preimplantation reprogramming the
‘genome-wide’ loss of methylation must be
more complex and nuanced because some regions
must retain their methylation. This is in contrast
to the virtually full erasure and resetting observed
during germline reprogramming. This specifically
affects germline differentially methylated regions
(DMRs), including the maternally imprinted
genes, which during oogenesis are restored in a
DNMT3a/DNMT3L-dependent manner (Kaneda
et al. 2010). Transcriptional activity during this
period stockpiles transcripts in order to maintain
the oocyte’s integrity as to supply an immediate
store of protein for the completion of meiosis at
fertilisation and the initiation of embryogenesis.
This includes a number of maternal-specific
transcripts that supply the oocyte with an extraor-
dinary amount of protein, including DNMT1,
both the somatic (DNMT1s) and the oocyte
(DNMT1o) form, and UHRF1, an essential part
of the DNA methylation maintenance machinery.

Advances in molecular profiling of DNA
methylation have provided a more detailed

understanding of the genome-wide methylation
reprogramming during preimplantation in mouse
and human. Reduced representation bisulphite
sequencing (RRBS) is a technique that offers
deeper sequencing of CpG-rich regions with the
trade-off of lower genomic coverage. This tech-
nique covers 5–10% of the genome and favours
CpG islands and the promoters of genes and
hence is ideally suited for methylation profiling
of imprinted genes. In contrast to earlier studies
done by IF, RRBS studies in the mouse and
human confirmed a rapid and global demethyla-
tion of paternal alleles post-fertilisation, but a
much more limited loss of methylation to mater-
nal alleles, such that at the blastocyst stage some
DMRs were maintained (Guo et al. 2014;
Smallwood et al. 2011; Smith et al. 2012). Apply-
ing a whole genome bisulphite sequencing
(WGBS) approach revealed further details.
Many of the 1600 DMRs inherited from the
oocyte were only partially demethylated during
preimplantation, indicative of mechanisms resis-
tant to demethylation at play (Kobayashi et al.
2012). A similar study in human blastocysts
found that maternal alleles were demethylated to
a much lesser extent than in mouse, with notable
locus and species differences attributed to both
the de novo methyltransferase and demethylation
machinery (Okae et al. 2014). Interestingly, in
one of the earliest studies to probe the question
of loss of methylation, Howlett and Reik (1991)
found very little change in the methylation of L1
repeats after the zygote stage until the blastocyst
stage following maternal chromosomes derived
from parthenogenetic mouse embryos (Howlett
and Reik 1991).

Passive DNA demethylation can occur when
the methylation machinery is physically excluded
or degraded from the substrate in each replication
cycle, but other explanations are possible. Loss of
methylation may occur when the ability to recog-
nise the substrate is lost (Inoue et al. 2011; Inoue
and Zhang 2011). This is the situation that arises
in the presence of 5hmC and in the presence of
asymmetric methylation of cytosine. Asymmetric
DNA methylation has recently been recognised
and new biological functions are being discov-
ered especially in non-replicating cells in the



brain (Lister et al. 2009). Asymmetric DNA
methylation has been characterised and mecha-
nistically documented in plants, but functional
roles in mammals have only just started to
emerge. Non-canonical DNA methylation is
found in the form of CHH (where H¼A, C or T)
and CpHpG, representing the non-symmetrical
and symmetrical sequences, respectively. The
most abundant non-symmetrical configuration
for DNA methylation is CpA which is found in
the male germline during the fetal maturation
period, where DNMT3b is expressed at a time
when imprinted methylation is first returned
(Ichiyanagi et al. 2011). This mark is temporary,
as the mitotic expansion of spermatocytes does
not allow for the maintenance of the asymmetrical
methylation and hence it disappears over time. In
a similar manner, during the re-establishment of
DNA methylation during oogenesis, the abun-
dance of DNMT3a results in the acquisition of
extensive CpA methylation. However, owing to
the absence of replication in oogenesis, any accu-
mulation of altered or aberrant bases ordinarily
removed by replication does not happen until
after ovulation and fertilisation has taken place.
As such, the mammalian oocyte may accumulate
a significant level of methylated CpAs, which
remains until after fertilisation when methylation
is progressively eroded away in each replication
cycle (Shirane et al. 2013; Tomizawa et al. 2011).
In the zygote and preimplantation embryo, DNA
demethylation thus follows a path whereby the
5hmC of the male and the 5mCpA in the female
are both subject to passive reduction irrespective
of the cytoplasmic exclusion of the maintenance
machinery, because neither 5hmC nor 5CpA can
be maintained after DNA replication (Dean 2014;
Okamoto et al. 2016).
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9.9 Removing the Molecular
Escapement Mechanism to Cell
Fate and Aging by Modulation
of DNA Methylation: How Cells
Can Turn Back Time

The lessons learned from the activities used dur-
ing the natural reprogramming cycles of

development have given insight into the pro-
cesses of cellular specialisation. In this context
quantitative epigenetic marks, especially DNA
methylation, and its modulation have been critical
in establishing windows of cellular plasticity
which represent developmental junctures for line-
age establishment and their canalisation. Experi-
mental reprogramming includes a wide spectrum
of cellular transition states. These include (1) the
transition of ‘primed’ but pluripotent embryonic
stem cells (ESCs) to the naïve ground state
possessing a wider cellular plasticity; (2) somatic
cell nuclear transfer (SCNT)—returning a fully
differentiated cell to totipotency; and (3) the gen-
eration of induced pluripotent stem cells from
skin fibroblast or peripheral blood cells, the
breakthrough technology at the very centre of
precision medicine and regenerative medicine.
Each of these changes in cellular plasticity are
potentiated by the loss of DNA methylation via
one mechanism or another.

The application of small molecule inhibitors,
the so-called 2i, which facilitate the transitions to
naïve pluripotency by uncoupling the ERK1/
2 and the GSK signalling pathways, results in a
remarkably rapid and quantitatively significant
change in genomic DNA methylation (Lee et al.
2014). Genome-wide bisulphite sequencing
profiling indicated that while most of the genomic
features quickly lost methylation, major satellite
repeats of the centromere, the IAP class of
retrotransposons, and imprinted genes were
ostensibly resistant to this change. Initial findings
from the RNA-seq analyses noted a striking
downregulation of the de novo methylation
machinery, while the maintenance pathway, in
particular DNMTs and UHRF1, was largely
unchanged or upregulated as was the oxidative
pathway mediated by TETs. This downregulation
of the de novo methylation machinery was
thought to be a function of the profound
upregulation of Prdm1, an important negative
transcriptional regulator of de novo
methyltransferase genes. The upregulation of
Prdm14 was regarded as a satisfactory explana-
tion accounting mechanistically for the observed
rapid and widespread demethylation. In this tran-
sition, DNA methylation is reduced by 50%



(5mC/C) in 24 h (Ficz et al. 2013; Leitch et al.
2013; Yamaji et al. 2013). The conclusion that a
wholly passive mechanism of DNA demethyla-
tion via reduction of the de novo DNA methyla-
tion machinery accounts for this rapid loss has
been challenged as the two de novo
methyltransferases Dnmt3a/3b would be unable
to act this rapidly and to this extent. In fact,
Dnmt3a/3b double knockout ESCs take upwards
of 30 passages to become fully demethylated
(Schubeler 2012). More congruous with the
rapid decline of DNA methylation was the sug-
gestion of the erosion in the fidelity of the main-
tenance methylation processes (Ficz et al. 2013).
The best fit of the data suggested a combination of
all three mechanisms, i.e. passive loss of DNA
methylation, reduced activity of DNMT3a/3b,
and TET-mediated oxidative pathways, albeit,
with only a minor effect at most loci.

230 W. Dean

Somatic cell nuclear transfer (SCNT) has been
likened to the reprogramming of the zygote to
totipotency. Reduction of DNA methylation in
the somatic donor nucleus results in improved
reprogramming of the somatic DNA methylation
landscape and the consequent enhancement of
cloning efficiency (Samiec and Skrzyszowska
2018). DNA methylation reinforces somatic cel-
lular memory of cell fate and hence presents the
architectural configuration adopted by the nuclear
donor. This nuclear configuration is completely
foreign to the cytoplasm of the recipient oocyte
with the dominating nuclear structure focused
around the heterochromatic chromocentric
organisation. This demonstrated inability of the
fertilised oocyte to remodel somatic nuclear struc-
ture highlights that competency of remodelling
activities, especially those of demethylation, is
cell type- and chromatin type-specific. Depending
on the epigenetic status of the donor nucleus, the
same panoply of demethylation machinery
components may not be effective, and
reprogramming may be inefficient and develop-
mentally flawed. Recent studies have explored
the tightly regulated relationship of the TET enzy-
matic machinery to that of the de novo DNA
methyltransferases, DNMT3a/3b. This overt part-
nership is reminiscent of the self-same conjunc-
tion of activities required in the generation of

5hmC in the paternal compartment of the zygote
in the first cell cycle (Amouroux et al. 2016). TET
enzymes are precisely recruited to the thousands
of somatic enhancers that remain highly
methylated in pluripotent cells in the presence of
de novo methyltransferases. Thus, in changes of
state, the potential for DNA demethylation is also
influenced by the physical machinery and the
need for recommissioning of DNA methylation
reprogramming factors to enhancers in a
pluripotency-dependent fashion (Charlton et al.
2020).

The generation of induced pluripotent cells has
been one of the transformative discoveries in the
post-genomic era. The expression of a small
defined cocktail of early embryonic transcription
factors, OCT4, SOX2, KLF4, and c-MYC
(OSKM), demonstrated that the linear progres-
sion of development in the forward only direction
could be interrupted and turned in a retrograde
direction to revert differentiated cells types to an
earlier pluripotent cellular state (Takahashi and
Yamanaka 2006). This paradigm shift heralded
the dawn of regenerative medicine which, in con-
junction with CRISPR/Cas9 gene editing technol-
ogy, renders possible the potential for
personalised medicine for the first time (Jinek
et al. 2012). Early on in this process, the question
of whether or not this reprogramming was
achieved by DNA demethylation mechanisms,
and if so which ones, was mooted. Induced plu-
ripotent reprogramming involves two clear
phases: a transient global demethylation step
which involves an AID-dependent
downregulation of UHRF1, suggesting a passive
loss of DNA methylation, and an
AID-independent targeted demethylation process
of enhancers and super-enhancers. In combina-
tion, these two phases lower the DNA
methylation-mediated epigenetic barrier and
potentiate transcription of the pluripotency net-
work (Milagre et al. 2017). TET1 overexpression
is able to replace OCT4 in the OSKM cocktail for
reprogramming. Here this replacement is based
solely on its enzymatic function (Gao et al. 2013)
and TET1 targets enhancers and super-enhancers
for demethylation which need to be activated to
bring about cell-type change. During iPSC



reprogramming, demethylation-associated
activities such as TET1 and TDG are essential,
as mouse embryonic fibroblasts deficient in these
factors fail to be reprogrammed owing to a failure
in the mesenchymal-to-epithelial transitions
(Hu et al. 2014). Multiple DNA demethylation
pathways have been reported to operate during
iPSC reprogramming in mouse and humans and
the obligate expression of the methylation-
demethylation activities, and reallocation of
DNA methylation to somatic enhancers is a quin-
tessential reprogramming step during the acquisi-
tion of pluripotency (Charlton et al. 2020).
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Recent studies have queried the intersectional
significance of TET1 activity during iPSC
reprogramming. The ability of TET1 to demeth-
ylate enhancers coupled with its transcription fac-
tor functions positions this enzyme as essential
for the demethylation of specific targets in both
reprogramming phases, while also responding to
transcriptional regulatory signals through OCT4
binding sites in its promoter to prime the
pluripotency circuitry during reprogramming
(Bartoccetti et al. 2020). These waves straddle
the timing of first acquisition of pluripotency
which progresses eventually into the ‘naïve’
state when other demethylation activities may
engage to affect the loss of DNA methylation.
These transitions are typified by the switching of
stage-specific promoters. TET enzyme function
has been found to be responsive to the context
of flanking regions, over several orders of magni-
tude, and hence influences a spectrum of
biological targets, contributing to genome-wide
heterogeneity during reprogramming (Adam
et al. 2022).

The ability of lineage-specific transcription
factors to activate tissue-specific enhancers takes
place via their capacity to sequester chromatin
remodelling activities including those that
demethylate DNA. This activation, whether direct
or indirect, takes place through the transcription
factor-dependent recruitment of TET proteins.
Forced overexpression of tissue-specific tran-
scription factors initiated by DNA demethylation
of relevant enhancers leads ultimately to a stable
DNA methylation-mediated cell fate identity.
Interestingly, once the demethylation-dependent

change to relevant enhancers has taken place,
there is no longer a requirement for the continued
presence of these enzymatic /transcription factors
(Reizel et al. 2021). This stable balance is
reinforced through the loss of DNA methylation
by TET proteins together with the methylation
reacquisition by DNMT3a/3b de novo
methyltransferases (Charlton et al. 2020). The
idea that transcription factors recruit the demeth-
ylation machinery to specific lineage enhancers as
a requirement for reprogramming has been
gaining mechanistic momentum (Charlton et al.
2020; Ginno et al. 2020; Sardina et al. 2018).
Here, multiple demethylation pathway activities,
including TET1, TDG, and the nucleotide repair
activity XPC, function as critical co-activators of
the stem cell-specific transcription factors OCT4
and SOX2. These repair activities are coupled
with transcriptional coactivators to regulate tran-
scription by cooperating with TDG to stimulate
active demethylation across enhancers and regu-
latory regions of pluripotent stem cells (Ho et al.
2017). The interaction of XPC enhanced TDG
turnover and led directly to improved somatic
cell reprogramming and the quality and robust-
ness of iPSCs.

Combining the requirements of somatic cell
reprograming to iPSCs thus couples the multiple
phases of DNA demethylation to achieve an
objectively younger cellular state. Deletion of
TET1 has been associated with telomere loss in
differentiated cells, pointing to a definitive pro-
tective role of TET1 in cellular senescence and in
the resetting of epigenetic age in iPSCs
(Bartoccetti et al. 2020). Using the measure of
the ‘epigenetic clock’ based on DNA methylation
additions and subtractions, somatic cellular
reprogramming does reset the de facto measure
of aging profoundly. Based on the strictures of the
‘epigenetic clock’, reprogrammed iPSCs are
estimated to be of an age equivalent to zero
(Horvath 2013).

The importance of the many and varied
mechanisms which effect DNA demethylation
continues to broadly inform basic biological
understanding. During development at least two
reprogramming cycles take place, one in the
germline and the other during preimplantation



development. These set up the programming
cycles that establish the next generation. Here,
demethylation mechanisms acting alone and in
concert with DNA repair add and subtract instruc-
tive layers which direct chromatin and transcrip-
tion factors to undertake the cell fate and lineage
specifying decisions of early development. Many
of these factors serve multiple functions and
move seamlessly between enzymatic modifica-
tion of 5mC and gene regulatory roles by binding
to critical enhancer elements in a stage- and
tissue-specific manner. These self-same activities
operate to facilitate experimental reprogramming,
driving cellular reprogramming to generate
iPSCs. This is the foundational starting point for
regenerative medicine, the underpinning technol-
ogy transforming precision medicine into clinical
care transformation. DNA demethylation and
drugs/small molecule inhibitors which can affect
it have been, and will continue to be, vital in the
treatment of cancers as well as in the support and
maintenance of healthy aging. In all of these
facets, the machinery of DNA demethylation
remains a centrally unifying theme.
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Abstract

Mammalian DNA methylation mainly occurs
at the carbon-C5 position of cytosine (5mC).
TET enzymes were discovered to successively
oxidize 5mC to 5-hydromethylcytosine
(5hmC), 5-formylcytosine (5fC), and
5-carboxylcytosine (5caC). Ten-eleven

translocation (TET) enzymes and oxidized
5mC derivatives play important roles in vari-
ous biological and pathological processes,
including regulation of DNA demethylation,
gene transcription, embryonic development,
and oncogenesis. In this chapter, we will dis-
cuss the discovery of TET-mediated 5mC oxi-
dation and the structure, function, and
regulation of TET enzymes. We start with
brief descriptions of the mechanisms of
TET-mediated 5mC oxidation and
TET-dependent DNA demethylation. We
then discuss the TET-mediated epigenetic
reprogramming in pluripotency maintenance
and embryogenesis, as well as in
tumorigenesis and neural system. We further
describe the structural basis for substrate rec-
ognition and preference in TET-mediated 5mC
oxidation. Finally, we summarize the chemical
molecules and interacting proteins that regu-
late TET’s activity.
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5fC 5-Formylcytosine
5hmC 5-Hydromethylcytosine
5hmrC 5-Hydroxymethylcytidine
5mC 5-Methylcytosine
5mrC 5-Methylcytidine
6mA N6-methyladenine
α-KG α-Ketoglutarate
ABH2 AlkB homolog 2
AID Activation-induced deaminase
AML Acute myeloid leukemia
APOBEC Apolipoprotein B mRNA-editing

enzyme complex
BER Base excision repair
CD Catalytic domain
Chip-seq Chromatin immunoprecipitation-

sequencing
CMML Chronic myelomonocytic leukemia
CpG Cytosine-phosphate-guanine
CXXC Cysteine-X-X-cysteine
Cys-C Cys-rich C-terminal
Cys-N Cys-rich N-terminal
Cys-rich Cysteine rich
DMAD DNA 6mA demethylase
DNMT DNA methyltransferase
DSBH Double-stranded β-helix
E11.5 Embryonic day 11.5
FH Fumarate hydratase
HCF1 Host cell factor 1
HEK293 Human embryonic kidney 293
hmU Hydroxymethyluracil
IDH Isocitrate dehydrogenase
iPSCs Induced pluripotent stem cells
JBP J-binding protein
JmjC Jumonji C
LC-MS Liquid chromatography-mass

spectrometry
MEFs Mouse embryonic fibroblasts
mESCs Mouse embryonic stem cells
MET Mesenchymal-to-epithelial

transition
NER Nucleotide excision repair
NOG N-oxalylglycine
OGT O-linked β-N-acetylglucosamine

transferase
OSKM Oct4, Sox2, Klf4, and c-Myc
PGCs Primordial germ cells
Pol II RNA polymerase II

R-2HG R-2-hydroxyglutarate
SAM S-adenosyl methionine
SDH Succinate dehydrogenase
SMUG1 Single-strand-selective

monofunctional uracil DNA
glycosylase 1

T7H Thymine-7-hydroxylase
TAB-seq Tet-assisted bisulfite sequencing
TCA Tricarboxylic acid
TDG Thymine-DNA glycosylase
TET Ten-eleven translocation
TSKM Tet1, Sox2, Klf4, and c-Myc
TSS Transcription start site

10.1 Introduction

DNA methylation plays important roles in vari-
ous biological processes through regulating gene
expression, genome stability, genomic imprint-
ing, and development (Bird 2002; Jaenisch and
Bird 2003; Smith and Meissner 2013; Wu and
Zhang 2017). Mammalian DNA methylation
mainly occurs at the carbon-5 position of cytosine
(5-methylcytosine, also known as 5mC) in CpG
dinucleotide context (Bird 2002). Over the past
several decades, mammalian DNA demethylation
has been thought to be a passive process occur-
ring through DNA replication-dependent dilution
of the methylation mark in the absence of the
maintenance DNA methyltransferase DNMT1.
However, the passive dilution seems to be insuf-
ficient to account for the massive and cell
division-independent DNA demethylation during
specific stages of development. For example,
genome-wide DNA demethylation in sperm-
derived paternal pronuclei is detected shortly
after fertilization before the completion of the
first round of cell division (Mayer et al. 2000;
Oswald et al. 2000). Proximal epiblast-derived
primordial germ cells (PGCs) also undergo global
DNA demethylation during their migration
(Hajkova et al. 2002; Lee et al. 2002; Yamazaki
et al. 2003). Considering that PGCs go through
several cell cycles in the presence of DNMT1
before arriving at the genital ridge at E11.5, active
DNA demethylation mechanisms are proposed to



be involved in this process (Wu and Zhang 2010).
Additionally, DNA demethylation has been
reported to take place in the promoter region of
different genes in somatic cells upon stimulation
by certain signals, indicating the existence of
active DNA demethylation (Bruniquel and
Schwartz 2003; Kangaspeska et al. 2008;
Martinowich et al. 2003; Metivier et al. 2008).
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Over the past few decades, a number of studies
have reported the identification of different
enzymes and pathways involved in mammalian
DNA demethylation, including the enzymatic
removal of the methyl groups, nucleotide exci-
sion repair (NER) pathway, and deamination
followed by base excision repair (BER) pathway.
However, none of the above findings has been
essentially proven. Ten-eleven translocation
(TET) proteins have been demonstrated to cata-
lyze the successive oxidation of 5mC,
5-hydroxylmethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine
(5caC) (He et al. 2011; Ito et al. 2011; Tahiliani
et al. 2009). Further studies have indicated that
TET and the oxidized 5mC derivatives play
important roles in various biological and patho-
logical processes, including the regulation of
active DNA demethylation, gene transcription,
embryonic development, and oncogenesis
(Branco et al. 2011; Cimmino et al. 2011; Pastor
et al. 2013; Rasmussen and Helin 2016; Tan and
Shi 2012; Williams et al. 2011a; Wu and Zhang
2011, 2014; Xu and Walsh 2014). Phylogenetic
analyses showed that members of the TET/JBP
(J-binding protein) family are present in a vast
variety of organisms from phages and fungus to
mammals (Iyer et al. 2009; Iyer et al. 2013). The
prokaryotic TET proteins may generate 5hmC or
hydroxymethyluracil (hmU) as an epigenetic
mark or to help the prokaryotes escape from the
restriction-modification system of the host. In this
chapter, we focus on the discovery of
TET-mediated 5mC oxidation, summarize the
structure, function, and regulation of TET
enzymes, and briefly describe the subsequent
steps in DNA demethylation.

10.2 Discovery of TET-Mediated
5mC Oxidation

10.2.1 TET-Mediated Iterative
Oxidation of 5mC

Ten-eleven translocation 1 (TET1) was first
identified as an MLL fusion partner in acute mye-
loid leukemia (AML) patients (Ono et al. 2002).
Mammalian TET proteins have three family
members, TET1, TET2, and TET3. TET proteins
were considered as candidates in a search for
5mC-modifying enzymes in mammals (Tahiliani
et al. 2009), because they show homology to the
trypanosome proteins JBP1 and JBP2, which
have been proposed to possess hydroxylase activ-
ity toward the C5-methyl group of thymine
(Cliffe et al. 2009; Yu et al. 2007). Subsequently,
TET1 was identified to catalyze the hydroxylation
of 5mC to generate 5hmC in a manner dependent
on α-ketoglutarate (α-KG) and Fe(II) (Tahiliani
et al. 2009) (Fig. 10.1). This activity was
observed for all three mouse Tet enzymes (Ito
et al. 2010).

Later on, two groups independently
demonstrated that TETs mediate iterative oxida-
tion of 5mC to 5hmC, 5fC, and 5caC (He et al.
2011; Ito et al. 2011) (Fig. 10.1), reminiscing the
thymine-7-hydroxylase (T7H)-catalyzed stepwise
conversion of thymine to isoorotate (Liu et al.
1973; Neidigh et al. 2009; Smiley et al. 2005).
The three 5mC oxidation derivatives counteract
the DNMT1-mediated maintenance methylation,
because CpG sites containing oxidized 5mC are
not good substrates for DNMT1 (Hashimoto et al.
2012; Valinluck and Sowers 2007). Following
studies have demonstrated that active DNA
demethylation is dependent on TET3 in the
early stage of embryo development (Gu et al.
2011; Guo et al. 2014a; Shen et al. 2014a).
Thus, TET enzymes may facilitate DNA demeth-
ylation through passive dilution of the modified
bases during replication and/or via active demeth-
ylation (Fig. 10.1).
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three 5mC derivatives may be involved in DNA demeth-
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The latter has been observed in early embryo develop-
ment, but the detailed mechanism remains enigmatic.
5fC and 5caC could be replaced by unmodified cytosine
through the TDG-initiated BER pathway, which does not
account for massive DNA demethylation in mouse zygotes
but contributes to demethylation of specific loci in ESCs
and neurons

10.2.2 TET-Dependent DNA
Demethylation

An additional step in the active DNA demethyla-
tion should exist because 5mC and its oxidation
derivatives 5hmC/5fC/5caC do not spontane-
ously convert to unmodified cytosine under phys-
iological conditions. Interestingly, 5fC and 5caC
can be recognized and excised by thymine-DNA
glycosylase (TDG) coupled with the BER path-
way (He et al. 2011; Maiti and Drohat 2011;
Zhang et al. 2012) to complete the demethylation

pathway (Fig. 10.1). However, TDG is not
required for active demethylation during early-
stage embryo development (Guo et al. 2014a).
In the thymidine salvage pathway, the conversion
of thymine to uracil is achieved by thymine
hydroxylation to isoorotate, followed by decar-
boxylation catalyzed by the isoorotate decarbox-
ylase (Neidigh et al. 2009; Smiley et al. 2005; Xu
et al. 2013). Decarboxylation has been proposed
to contribute to the conversion of 5caC to an
unmodified cytosine. In support of this hypothe-
sis, a 5caC-decarboxylation activity has been



observed in nuclear extracts of mouse embryonic
stem cells (mESCs) (Schiesser et al. 2012) as well
as of HEK293T cells (Feng et al. 2021a, b). Fur-
thermore, mass spectrometry analysis
demonstrated the direct decarboxylation in mam-
malian genomes by using metabolic labeling with
20-fluorinated 5caC (Feng et al. 2021a). However,
to what extent this decarboxylation activity
contributes to the active DNA demethylation,
and how this TDG-independent pathway couples
with TET-mediated 5mC oxidation, remains
largely unknown.
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5mC derivatives have been proposed to serve
as intermediates in DNA demethylation through
alternative pathways. For example, cytidine
deaminase AID (activation-induced deaminase)/
APOBEC (apolipoprotein B mRNA-editing
enzyme complex) family members have been
proposed to deaminate 5hmC to generate 5hmU,
which is further removed by SMUG1 (single-
strand-selective monofunctional uracil DNA
glycosylase 1) or TDG and ultimately replaced
by cytosine via the BER pathway (Guo et al.
2011). However, controversial evidence for this
hypothesis does exist. For example, 5hmU is not
detectable in HEK293T cells concomitantly with
the overexpression of AID/APOBEC. Purified
AID/APOBEC possess decreased or undetectable
deamination activity toward 5mC or 5hmC com-
pared with the canonical substrate cytosine,
because of steric effects of the 5-substituent
groups (Nabel et al. 2012; Rangam et al. 2012).
Intriguingly, DNMT3A/3B have been shown to
directly convert 5hmC to cytosine in the absence
of S-adenosyl-L-methionine (AdoMet) under cer-
tain reaction conditions (Chen et al. 2012;
Liutkeviciute et al. 2009). Moreover, a decarbox-
ylation activity toward 5caC mediated by bacte-
rial and mammalian DNA methyltransferases,
such as M.HhaI and DNMTs, was reported
(Liutkeviciute et al. 2014). However, whether
this reaction occurs in vivo remains elusive
(Shen et al. 2014b), because AdoMet acts as a
general methyl donor in various biological pro-
cesses and it is very abundant in cells. One may
speculate that it reflects an alternative activity of
DNMTs when chromatin is locally exposed to

certain extreme environment (van der Wijst
et al. 2015).

Although 5mC primarily occurs at CpG dinu-
cleotide sites, several studies discovered a signifi-
cant amount of 5mC at non-CpG (CpH) sites in
almost all kinds of human cells (Laurent et al.
2010; Lister et al. 2009, 2011; Ziller et al. 2011).
Particularly, in some cell types, including embry-
onic stem cells (ESCs) and neuronal cells, as
much as 1–6% of non-CpG sites are methylated
(Guo et al. 2014b; Lister et al. 2013; Ziller et al.
2011). Experimental studies showed that TET2
could oxidize 5mCpH sites in double-stranded
DNA in vitro (DeNizio et al. 2021; Dey et al.
2021). However, whether TETs participate in
the demethylation of mCpH in vivo remains
unclear.

10.2.3 Mechanisms and Processivity
for TET-Mediated Oxidation
Reaction

TET enzymes belong to the group of α-KG/Fe
(II)-dependent dioxygenases (Iyer et al. 2009;
Tahiliani et al. 2009) (Fig. 10.2a). Members of
this enzyme family regulate secondary
metabolisms in plants and microorganisms, bio-
synthesis of collagen, hypoxia response, and epi-
genetic modification in animals, through
catalyzing a variety of oxidative reactions, such
as hydroxylation, desaturation, epoxidation,
epimerization, and oxidative halogenations
(Aravind and Koonin 2001; Loenarz and
Schofield 2008; McDonough et al. 2010). In
mammals, the group includes the AlkB family
of DNA/RNA demethylases, JmjC-containing
histone lysine demethylases, TET enzymes, and
other enzymes that will not be discussed hereaf-
ter. DNA repair enzymes in the AlkB family,
including human ALKBH2, ALKBH3, and its
Escherichia coli homolog AlkB, have been
reported to oxidize 5mC to 5hmC, 5fC, and
5caC in vitro (Bian et al. 2019). However,
whether they have a role in 5mC oxidation
in vivo remains elusive.

Oxidation reactions mediated by the α-KG/Fe
(II)-dependent dioxygenases can be divided into



two successive steps: dioxygen activation and
substrate oxidation (Fig. 10.2b) (Shen et al.
2014b). In the first step, Fe(II) and α-KG coordi-
nate to the “facial triad” composed of the
conserved HxD/E. . .H (where x can be any resi-
due) motif of the enzyme. Then, molecular
dioxygen replaces the water molecule and binds

to the Fe(II) in the catalytic center of the enzyme
(Muller et al. 2004). One oxygen atom of the
bound dioxygen inserts into the succinate derived
from α-KG decarboxylation, and the other one
couples with the iron to generate a high-valent
Fe(IV)-oxo intermediate (Krebs et al. 2007;
Seisenberger et al. 2012; Valegard et al. 2004).
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The dioxygen activation procedure has been
demonstrated to be accelerated in the presence
of substrate within the catalytic cavity (Ryle
et al. 1999), which induces environmental
changes in Fe(II) coordination and then facilitates
dioxygen binding (Muller et al. 2004). In the
second step, the C-H bond of the substrate is
cleaved by the Fe(IV)-oxo oxidizing radical, and
the oxygen atom is transferred to the target carbon
group through hydrogen abstraction (Hoffart et al.
2006; Price et al. 2003). Upon substrate oxida-
tion, the iron returns to the Fe(II) state and thus
completes one reaction cycle. TET enzymes oxi-
dize 5mC through the same mechanism (Shen
et al. 2014b) (Fig. 10.2b). In the first cycle of
oxidation, 5mC is converted to 5hmC. In the
next step, 5hmC is further oxidized to a germinal
diol, which decomposes into 5fC, and then 5caC
is generated in a third cycle. One α-KG is con-
sumed for each cycle of the reaction (Fig. 10.2b).
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As mentioned above, TET-generated oxidized
methylcytosine derivatives have been shown to
be crucial epigenetic markers. Characterizing
TET’s function in generating distinct 5mC
derivatives helps to better understand the demeth-
ylation process and the establishment and mainte-
nance of epigenetic landscape. Using isotope
tracing, Crawford et al. reported that mouse Tet2
catalytic domain could generate 5fC/5caC de
novo in an iterative manner, which means that
5mC is oxidized continuously in a single
substrate–enzyme association event producing
5fC/5caC without the detachment of 5hmC inter-
mediate (Crawford et al. 2016), supporting that
TET could perform a chemical processive cataly-
sis. On the contrary, Xu et al. reported the domi-
nantly symmetric production of 5fC containing
5fC in both DNA strands during in vitro 5mC
oxidation mediated by mouse Tet1 catalytic
domain (Xu et al. 2014). By employing a chemi-
cal probe which could not only specifically target
5fC, but also discriminate symmetric 5fC sites
from asymmetric ones, they observed the high
abundance of symmetric 5fC sites in the in vitro
oxidation reaction, indicating a non-processive/
distributive function of TET. Consistently,
Tamanaha et al. also detected a distributive mech-
anism of two mouse Tet catalytic domains and the

full-length Tet1 from Naegleria gruberi, which
exhibited favorable release of the intermediates
5hmC and 5fC bases at the end of each turnover
(Tamanaha et al. 2016).

In vitro assays suggested that TET would dis-
sociate from the DNA strand rather than slide
along DNA in searching for the next targets
(Tamanaha et al. 2016), while another study
reported mobility of TET including sliding and
interstrand transfer by a high-speed atomic-force
microscope (AFM) (Xing et al. 2020), supporting
the site-to-site processivity of TET-mediated oxi-
dation reaction. These controversial outcomes
might indicate that TET’s processivity could be
regulated by a broad range of factors composing
the local chromatin environment, including the
substrate strand configurations and flexibility,
5-oxidated-methyl cytosine site symmetricity
and complementary strand composition (DeNizio
et al. 2019; Xing et al. 2020), flanking sequences,
the enzyme concentration, the interacting
proteins, and whether full-length or truncated
proteins are used.

10.2.4 Oxidation of 5mrC-RNA
and 6mA-DNA

In addition to their activity toward 5mC in DNA,
enzymes of the TET family have also been
reported to possess oxidation activity on other
substrates, including 5-methylcytidine (5mrC) in
RNA and N6-methyladenine (6mA) in DNA. Fu
et al. found that TET enzymes convert 5mrC to
5-hydroxymethylcytidine (5hmrC) in RNA
in vitro and induce the formation of 5hmrC in
human cells (Fu et al. 2014; Xu et al. 2016). The
presence of 5hmrC in RNA has been verified in
mammalian cells using sensitive and accurate
LC-MS/MS/MS approaches (Fu et al. 2014). By
performing sequencing and data analyses, Lan
et al. suggested that the RNA cytosine
5-hydroxymethylation converted by Tet has a
crucial role as a marker of transcriptome flexibil-
ity which is correlated with the equilibrium of
pluripotency maintenance and cell differentiation
(Lan et al. 2020). Similar to oxidation on DNA,
5hmrC-RNA could be further oxidized,



generating 5fC and 5caC in mRNA in vivo
(Huang et al. 2016; Zhang et al. 2016a). Catalysis
of 5fC to 5caC conversion in RNA by Tet1 was
also verified in vitro (Basanta-Sanchez et al.
2017). Tet-mediated oxidation of 5mrC in RNA
may function through affecting the RNA
interactome, rendering RNA chemically instable
and thus influencing RNA metabolism and the
transcriptome. A study reported TET2 promoting
translation by mediating 5mC oxidation in tRNA,
indicating the multilevel effects that TET could
have on the central dogma (Shen et al. 2021a).
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DNA 6mA is commonly found in bacterial
genomes. Several studies have demonstrated the
existence of this modified nucleotide in genomes
of various eukaryotes, including Chlamydomonas
(Fu et al. 2015), C. elegans (Greer et al. 2015),
and Drosophila (Zhang et al. 2015a). While
searching for a specific enzyme responsible for
demethylation of 6mA, Zhang et al. found a Dro-
sophila gene (CG2083) that possessed such activ-
ity and named the corresponding protein DMAD
(DNA 6mA demethylase), which is a homolog of
mammalian TET (Zhang et al. 2015a). Nuclear
extracts from late-stage embryos showed consid-
erable 6mA demethylation activity, whereas
depletion of DMAD from the nuclear extracts
using an anti-DMAD antibody or siRNA led to
the loss of 6mA demethylase activity. Further
study has suggested that DMAD removes 6mA
primarily from transposon regions and is essential
for development (Zhang et al. 2015a). In an
in vitro assay, the catalytic domain (CD) of
DMAD showed 5mC oxidation activity, albeit
approximately 30-fold lower than that of Tet1-
CD, suggesting dual substrate specificity. Intrigu-
ingly, structure-based sequence analysis has
indicated that all residues critical for 5mC recog-
nition are conserved in human TET2 and Dro-
sophila DMAD (Hu et al. 2013). Because 6mA is
considerably larger than 5mC, it would be of
interest to investigate how 6mA is bound and
specifically recognized by DMAD. Further stud-
ies delineate that TET proteins have considerable
tolerance of alterations on substrates beyond
5-methylcytosine and DNA 6mA, such as novel
synthetic N4-methyl substituents (Ghanty et al.
2020), 5-alkylcytosines (Ghanty et al. 2018;

Kavoosi et al. 2019), and thymine (Pfaffeneder
et al. 2014), suggesting a catalytic plasticity of
TET oxygenases and possibly unforeseen roles of
TET in various biological processes.

10.3 Function of TET Enzymes

10.3.1 Distribution of TET Enzymes
and 5mC Oxidation Derivatives

The genomic levels of 5hmC are relatively high in
neurons (15–40% of 5mC), and self-renewing
and pluripotent stem cells, but are greatly reduced
in cancer cells and along with differentiation
(Globisch et al. 2010; Ito et al. 2011; Mellen
et al. 2012; Pfaffeneder et al. 2011; Ruzov et al.
2011; Schutsky et al. 2018; Song et al. 2011;
Szwagierczak et al. 2010; Tahiliani et al. 2009),
suggesting a positive correlation between 5hmC
and pluripotent states. Based on this finding
5hmC might serve as not only a DNA demethyla-
tion intermediate but also a relatively stable epi-
genetic mark. The 5mC derivatives may reduce
DNA-binding affinity of methyl-CpG-binding
proteins (Valinluck et al. 2004) or they could be
recognized by other chromatin-associated factors
for transcriptional regulation (Frauer et al. 2011;
Yildirim et al. 2011; Zhou et al. 2014). 5hmC
inhibits the activity of DNMT1, thus resulting in
replication-dependent erasure of cytosine methyl-
ation (Hashimoto et al. 2012). Intriguingly, it has
been reported that during zygotic reprogramming
the initial loss of paternal 5mC and 5hmC forma-
tion is temporally separated, while 5hmC accu-
mulation at late zygotic stages is dependent on de
novo DNA methylation driven by zygotic
Dnmt3a and Dnmt1 (Amouroux et al. 2016).
The state-of-the-art new 5hmC sequencing tech-
nology suitable for a small amount of genomic
DNA samples (genomic DNA from less than
1000 cells or even single cell) may provide fur-
ther information for understanding the function
of 5hmC.

Consistent with the enrichment of 5hmC in
mESCs, relatively high expression levels of Tet1
and Tet2 (to a lesser extent Tet3) are also detected
in mESCs and mouse iPSCs, whereas the protein



levels diminish during mESCs differentiation
(Ficz et al. 2011; Ito et al. 2010; Mulholland
et al. 2020; Szwagierczak et al. 2010; Wossidlo
et al. 2011). As the stem cells begin to exit from
pluripotency, DNMT3A/3B, with the opposing
enzymatic activity to TETs, are re-expressed
(Lee et al. 2014). Studies showed that
co-existing TETs and DNMT3A/3B act competi-
tively at somatic enhancers in human ESCs
(Charlton et al. 2020), and similar competition
between TET2 and DNMT3A was also found in
hematopoietic stem cells (Zhang et al. 2016b).
TET enzymes are expressed at different levels in
adult human and mouse tissues (Ito et al. 2010).
Tet1 is largely expressed in PGCs (Yamaguchi
et al. 2012). Tet3 is highly expressed in oocytes
and zygotes, whereas Tet1 or Tet2 shows unde-
tectable or moderate expression (Wossidlo et al.
2011), indicating a critical role for Tet3 in epige-
netic reprogramming during embryo develop-
ment. The expression levels of TET enzymes are
decreased in various cancers, which is also con-
sistent with the low level of 5hmC in cancer cells
(Haffner et al. 2011; Lian et al. 2012; Yang et al.
2013).
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In accordance with other chromatin-modifying
enzymes, TET proteins localize to the nucleus in
cultured mammalian cells (Ito et al. 2010;
Tahiliani et al. 2009). However, Tet3 is present
in the male pronucleus in the zygotic stage, and
translocates to the cytoplasm in the preimplanta-
tion stages (Gu et al. 2011). Besides, Aid may
regulate the subcellular localization of Tet
proteins. When co-transfected with Aid, the sub-
cellular localization of Tet1/2/3 is altered from the
nucleus to the cytoplasm, and this translocation is
associated with Aid shuttling (Arioka et al. 2012).

A base resolution map of 5hmC in human and
mouse ESCs determined by Tet-assisted bisulfite
sequencing (TAB-seq) has revealed its wide-
spread distribution in the genome and varied
abundance across functional elements (Yu et al.
2012). Almost half (46.4%) of the 5hmCs reside
in distal regulatory elements, in which p300-
binding sites, enhancers, CTCF-binding sites,
and DNaseI hypersensitive sites harbor more
5hmC than other genic regions. High levels of
5hmC concomitant with low levels of 5mC have

been observed near the transcription factor bind-
ing sites but not within them. 5mC but not 5hmC
was enriched in repetitive elements. Notably,
TAB-seq analysis has indicated that 5hmC is
abundant in regions with low CpG content
(Yu et al. 2012), whereas antibody-based
sequencing has indicated that 5hmC is enriched
in CpG-rich transcription start sites (TSSs)
(Williams et al. 2011b). This discrepancy may
result from the different technological approaches
used. A selective chemical labeling and enrich-
ment method revealed that an age-dependent
acquisition of 5hmC modification in specific
gene bodies is linked to neurodegenerative
disorders (Song et al. 2011).

Genome-wide analysis of 5fC localization in
mESCs has revealed that 5fC is preferentially
enriched at poised enhancers, suggesting its
roles in epigenetic priming (Song et al. 2013).
Base-resolution 5fC maps depicted by
cyclization-enabled C-to-T transition of 5fC
(fC-CET) showed limited overlap with 5hmC,
with 5fC-marked regions being transcriptionally
more active than 5hmC-marked ones (Xia et al.
2015). An additional study using DNA
immunoprecipitation-coupled chemical
modification-assisted bisulfite sequencing has
indicated that 5fC and 5caC can be detected in
enhancers, promoters, and intragenic regions but
share limited overlap in mESCs genome (Lu et al.
2015). In addition, the 5mC oxidation activity
negatively correlates with 5mC abundance and
positively correlates with enhancer activity,
suggesting its roles in regulating gene expression
(Lu et al. 2015) by affecting the process of tran-
scriptional elongation. In support of this hypothe-
sis, Tdg-KO mESCs display an apparent
retardation of RNA polymerase II (Pol II) elonga-
tion compared with the wild-type cells, possibly
because of the increased level of 5caC. The crys-
tal structure of RNA Pol II in complex with 5caC-
DNA showed that an extra hydrogen bond
formed between Pol II and 5caC may contribute
to this retardation (Wang et al. 2015a). These
studies suggest a functional impact of 5caC on
transcriptional elongation and gene expression.
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10.3.2 TET in ESCs and Cell
Differentiation

Individual knockdown of Tet1 or Tet2 leads to a
partial reduction of genomic 5hmC level,
suggesting that both TET1 and TET2 are respon-
sible for 5hmC maintenance in human and mouse
ESCs (Dawlaty et al. 2013; Koh et al. 2011;
Tahiliani et al. 2009). ChIP-seq analyses have
revealed that most of the Tet1 binding sites
co-localize with 5hmC in euchromatin regions
in mESCs and strongly accumulate at
hypomethylated CpG-rich promoters (Williams
et al. 2011b; Wu et al. 2011). Tet1 knockdown
or knockout in mESCs results in increased DNA
methylation levels, suggesting that Tet1 is
required to maintain the hypomethylation state
of many gene promoters (Wu et al. 2011). Tet1
regulates the expression of genes related to the
maintenance of mESCs through promoting the
transcription of pluripotency-associated factors
and suppressing the expression of
differentiation-associated factors (Dawlaty et al.
2011; Ficz et al. 2011; Williams et al. 2011b; Wu
et al. 2011).

Although Tet1 plays a role in gene regulation,
it is largely dispensable in the maintenance of
pluripotency; however, it may regulate the cell
lineage differentiation. Tet1 knockdown and
knockout mESCs present an unvaried propaga-
tion rate and morphology (Dawlaty et al. 2011;
Ficz et al. 2011; Koh et al. 2011). The full
pluripotency of Tet1�/� mESCs has also been
verified by the tetraploid complementation assay
(Dawlaty et al. 2011). Tet1 knockdown or knock-
out mESCs generate teratomas that contain
differentiated cells from all three germ layers but
show skewed differentiation toward the
trophectoderm (Dawlaty et al. 2011; Koh et al.
2011). Consistently, Tet1 knockdown mESCs
show increased mRNA levels of trophectoderm
markers Cdx2, Eomes, and Hand1 but decreased
mRNA levels of Pax6 and Neurod1, which are
representatives of neuroectoderm (Koh et al.
2011). Similarly, TET1 deficiency also impairs
differentiation of human ESCs to neuroectoderm
(Li et al. 2020a). The Tet1 and Tet2 double-

knockout mESCs retain pluripotency in the tera-
toma formation assay but generate abnormal chi-
meric embryos (Dawlaty et al. 2013). Although
there exist possible defects in embryo develop-
ment as indicated by the significant skewing,
Tet1�/� mice are viable and fertile and grow
normally, except for the smaller size of some of
the pups (Dawlaty et al. 2011), and viable Tet1
and Tet2 double-knockout mice can also be
generated, albeit with a low birthrate (Dawlaty
et al. 2013). Besides its functions in ESCs differ-
entiation, TET1 also plays an important role in
adult stem cell differentiation. TET1 knockdown
inhibits the odontogenic differentiation potential
of human dental pulp cells (Rao et al. 2016). The
overexpression of TET1 promotes myogenic dif-
ferentiation and reduces the methylation of the
myogenic differentiation-associated genes (Gao
et al. 2020).

A series of studies have demonstrated how
dynamic DNA methylation mediated by TETs
and DNMT3A/3B might contribute to the cell
lineage specification, particularly in the stage of
cells exiting pluripotency and priming to differ-
entiate. Compared to the abovementioned viable
Tet1 single- or Tet1/2 double-knockout mice
embryos, Tet triple-knockout mice embryos
exhibit severe gastrulation defects with
dysregulated Lefty-Nodal signaling pathway
(Dai et al. 2016). Disruption of the Dnmt3a and
Dnmt3b genes in Tet-null embryos restores the
Lefty-Nodal signaling pathway and normal mor-
phogenesis, suggesting that TET-mediated DNA
demethylation modulates Lefty-Nodal signaling
pathway through counteracting the de novo
DNA methylation by DNMT3A/3B (Dai et al.
2016). This study implies that the dynamic
DNA methylation regulated by TETs and
DNMT3A/3B plays crucial roles in stem cells
exiting pluripotency toward differentiation and
cell developmental progression. Using metabolic
labeling with stable isotopes and mass spectrom-
etry, Spada et al. reported high rates of
5mC/5hmC/5fC turnover in cultured mouse plu-
ripotent stem cells kept between naive and primed
pluripotency (Spada et al. 2020). Acute knockout
of DNMT3a/3b or/and TETs in human pluripotent
stem cells or mouse ESCs combined with DNA



methylation analysis showed that DNA
undergoes cyclic transitions between methylation
states, and this methylation turnover is enriched at
somatic enhancers (Charlton et al. 2020; Ginno
et al. 2020). Allelic DNA methylation levels of
two pluripotency super-enhancers, Sox2 and
Mir290, in ESCs, were tracked with allele-
specific reporters and found dynamically
switching (Song et al. 2019). Consistent with
this active turnover of DNA methylation in
ESCs, the methylation states were heteroge-
neously distributed from cell to cell (Bell et al.
2020; Rulands et al. 2018; Song et al. 2019).
Analysis at genome scale by single-cell sequenc-
ing and biophysical modeling revealed genome-
wide methylation oscillations with a periodicity
of 2–3 h (Rulands et al. 2018). The DNA methyl-
ation oscillations occurred when both TETs and
DNMT3A/3B were expressed and the oscillation
amplitude was the greatest at a CpG density char-
acteristic of enhancers (Rulands et al. 2018). By
affecting the methylation states of the enhancers,
the active turnover of DNA methylation may
facilitate the cell lineage specification, through
presenting a diversified epigenome for generating
various cell lineages when a certain external stim-
ulus emerges (Parry et al. 2021).
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10.3.3 TETs Mediate Epigenetic
Reprogramming in Early
Embryogenesis and PGC
Development

Extensive studies in mouse embryogenesis
demonstrated two waves of epigenetic
reprogramming occurring in pre-implantation
and PGC development. Active demethylation of
the paternal pronucleus occurs rapidly after fertil-
ization (Mayer et al. 2000; Oswald et al. 2000).
Several studies have provided evidence that
TET-mediated 5mC oxidation participates in this
demethylation process (Gu et al. 2011; Iqbal et al.
2011; Wossidlo et al. 2011). Immunofluorescence
staining has indicated that 5mC of the maternal
pronucleus remains constant through different
pronucleus stages, whereas 5mC in paternal
pronuclei is progressively lost and 5hmC shows

up. Coincident with the appearance of 5hmC,
Tet3 is enriched in oocytes and paternal pronuclei
of zygotes (Gu et al. 2011; Iqbal et al. 2011;
Wossidlo et al. 2011), suggesting its key role in
DNA demethylation. Tet3-deficient zygotes show
impaired conversion of 5mC to 5hmC in paternal
genome and retardation of demethylation of
paternal Oct4 and Nanog genes, indicating that
Tet3 plays an important role in epigenetic
reprogramming (Gu et al. 2011). Tet3 also
generates 5fC and 5caC in paternal pronuclei
(Inoue et al. 2011), which may also contribute to
DNA demethylation (Fig. 10.1).

It is generally believed that 5mC in maternal
pronuclei does not undergo active demethylation
(Gu et al. 2011; Inoue et al. 2011; Inoue and
Zhang 2011; Iqbal et al. 2011; Xie et al. 2012).
The 5mCs were considered to be protected by
PGC7 (also known as Dppa3 or Stella) against
oxidation by Tet (Iqbal et al. 2011; Nakamura
et al. 2007; Wossidlo et al. 2011). However,
advanced single-base resolution sequencing
analyses of mouse oocytes and early embryos
have indicated that both maternal and paternal
pronuclei undergo active demethylation and
replication-dependent dilution of methylation
(Guo et al. 2014a; Shen et al. 2014a; Wang
et al. 2014). Wang et al. have demonstrated the
existence of 5hmC and 5fC in both male and
female pronuclei and showed that a significant
proportion of maternal genomes are subjected to
active demethylation (Wang et al. 2014). Studies
from another group have indicated that
replication-dependent dilution contributes ~87%
and ~75% to genome-wide demethylation in
maternal and paternal pronuclei, respectively
(Guo et al. 2014a). Nevertheless, active DNA
demethylation does occur in a manner dependent
on TET3, although the mechanism remains elu-
sive (Fig. 10.1).

During the development of PGCs, massive
genome-wide demethylation occurs which is
required for the establishment of totipotency of
the germ cells (Saitou et al. 2012). Tet1 (but not
Tet2 or Tet3) is substantially expressed in mouse
PGCs and is enriched between E10.5 and E11.5,
suggesting its key role in regulating methylation
states of imprinting genes during PGCs



development (Hackett et al. 2013; Yamaguchi
et al. 2012, 2013). Tet1 paternal knockout mice
have been obtained by mating Tet1�/� male and
wild-type female mice, but the mice exhibited
partial fetal or postnatal defects as well as early
embryo lethality (Yamaguchi et al. 2013).
Intriguingly, a follow-up study indicated that dur-
ing epigenetic reprogramming in gonadal PGCs
Tet1 tends to protect the demethylated genome
from new round of de novo methylation rather
than directly demethylating the whole genome
(Hill et al. 2018), which is reminiscent of the
Tet3-driven hydroxylation in guarding against
de novo DNA methylation during zygotic
reprogramming (Amouroux et al. 2016).
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Interestingly, 5mC and 5hmC diminish at dif-
ferent rates during PGCs development (Hackett
et al. 2013), suggesting the occurrence of two
waves of genomic demethylation. During the
first wave, 5mC drops to approximately 30%
until E9.5 during PGC migration (Seisenberger
et al. 2012) owing to passive dilution (Kurimoto
et al. 2008). During the second wave, active
demethylation occurs in a manner dependent on
TET1 and possibly TET2, leading to a rapid
decrease in 5mC and a slight increase in 5hmC,
followed by a decline resembling a dilution pat-
tern (Hackett et al. 2013; Yamaguchi et al. 2013).

10.3.4 TET Enzymes in Somatic Cell
Reprogramming

In induced pluripotent stem cells (iPSCs) induced
from mouse embryonic fibroblasts (MEFs) by
OSKM factors (Oct4, Sox2, Klf4, and c-Myc),
Tet1 has a high expression level, whereas Tet2
expression is relatively moderate and Tet3 is
undetectable (Gao et al. 2013). MEFs lacking all
three Tet enzymes no longer produce
reprogrammed colonies; this result is in contrast
to MEFs deficient in only one or two of the Tet
enzymes, indicating that Tet enzymes are redun-
dant but essential for iPSCs generation (Hu et al.
2014). Furthermore, Tet1 overexpression can
facilitate OSKM (Oct4, Sox2, Klf4, and c-Myc)-
induced iPSC formation (Gao et al. 2013). The
underlying mechanisms for Tet functions in iPSC

generation have been studied from various
aspects, as indicated below. Of note, reintroduc-
tion of biochemically engineered TET enzymes
into Tet2-deficient mouse embryonic fibroblast
revealed that TET-mediated oxidation to
5fC/5caC, but not 5hmC, promotes iPSC
reprogramming efficiency. These data showed
that 5fC/5caC is the major driver of DNA
demethylation during iPSC reprogramming and
DNA demethylation through 5fC/5caC has roles
distinct from 5hmC in somatic reprogramming to
pluripotency (Caldwell et al. 2021).

Nanog and Esrrb-included pluripotency loci
require reactivation during somatic cell
reprogramming. Tet2 is recruited to these
pluripotency loci and may contribute to transcrip-
tional induction in the early stage of
reprogramming (Doege et al. 2012). Another
study has shown the physical association and
synergetic effect of Nanog and TET1 or TET2
in the enhancement of iPSCs generation. Nanog
deficiency leads to a reduced recruitment of TET1
toward a subset of genomic loci shared by Nanog
and TET1, suggesting that Nanog recruits TET1
to target genes for establishment of pluripotency
and cell lineage specification (Costa et al. 2013).
Intriguingly, somatic cell reprogramming can also
be induced by TSKM factors (Tet1, Sox2, Klf4,
and c-Myc) (Gao et al. 2013). In this system, Oct4
in OSKM factors (Oct4, Sox2, Klf4, and c-Myc)
is replaced by Tet1, which facilitates iPSC gener-
ation by promoting the demethylation and reacti-
vation of Oct4.

Another study has shown that the depletion of
all three Tet enzymes prevents iPSC generation,
because the mesenchymal-to-epithelial transition
(MET) step is blocked. This barrier could be
ascribed to the inactivation of a cluster of
miRNAs (Hu et al. 2014). These miRNAs belong
to the miR-200 family and are known to modulate
the expression of transcription factors that inhibit
the expression of epithelial markers. Tet and TDG
are required for the demethylation and reactiva-
tion of miR-200, for the restoration of MET, and
for the initiation of reprogramming process.
Reintroducing only this cluster of miRNAs
overcomes the barrier and completes the
reprogramming, suggesting the nonessential



function of Tet enzymes in the subsequent
processes.
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10.3.5 TET Enzymes and Cancer

The TET2 gene is more frequently mutated in
hematopoietic malignancies than TET1 or TET3.
TET2 mutations are frequently observed in
chronic myelomonocytic leukemia (CMML),
AML, and other myeloid malignancy patients
(Abdel-Wahab et al. 2009; Langemeijer et al.
2009; Tefferi et al. 2009). Some of the patient-
derived mutations, such as those involved in iron
chelation (H1881, H1382, and D1384), α-KG
interaction (R1896, R1261, and S1898), and
DNA recognition (N1387, H1904, and Y1902),
largely decrease or abolish TET2 activity
(Hu et al. 2013; Ko et al. 2010). The prevalence
of two catalytic inactive mutants (H1802 and
R1817, corresponding to H1881 and R1896 in
human TET2) strongly correlates with low geno-
mic 5hmC levels in the bone marrow and blood of
affected patients. Further evidence has shown that
TET2 is critical for normal myelopoiesis
(Ko et al. 2010). Tet2 deficiency results in
enhanced self-renewal and the abnormal prolifer-
ation of hematopoietic stem cells, resulting in
splenomegaly, monocytosis, and extramedullary
hematopoiesis in an animal model (Moran-Crusio
et al. 2011). Tet2+/� mice are also predisposed to
myeloid transformation (Moran-Crusio et al.
2011). TET2 mutations have been identified in
human lymphomas, and these loss-of-function
mutants may perturb the early developmental
state of hematopoietic stem cells, leading to mye-
loid and/or lymphoid malignancies (Quivoron
et al. 2011). The host immune response plays a
critical role in attenuating cancer progression.
TET2 was reported to promote anti-tumor immu-
nity by mediating IL-6/G-MDSCs/CD8+ T-cell
immune response cascade and inhibiting PD-L1
gene expression in breast cancer (Li et al. 2020b;
Shen et al. 2021b; Zhang et al. 2015b).

Melanoma is a highly malignant and aggres-
sive type of cancer and displays global DNA
hypomethylation and gene-specific
hypermethylation at certain tumor suppressors

(Hoon et al. 2004; Liu et al. 2008; Shen et al.
2007). 5hmC is considerably decreased in mela-
noma, compared with melanocytes and nevus
cells, suggesting that the modification may be a
unique feature of melanoma (Lian et al. 2012;
Rodic et al. 2015). Moreover, all three TET
proteins are downregulated in melanoma, which
is consistent with the decreased 5hmC level (Lian
et al. 2012). Low levels of 5hmC and
downregulation of TET enzymes have also been
found in other human cancer cells, including
breast, liver, lung, pancreatic, colon, and prostate
cancers (Haffner et al. 2011; Yang et al. 2013). As
a stable epigenetic marker, the 5hmC modifica-
tion in circulating cfDNA has been shown to
function as biomarker for cancer diagnosis,
including colorectal, gastric (Guler et al. 2020),
and pancreatic cancers (Guler et al. 2020) and
hepatocellular carcinoma (Cai et al. 2019).

10.3.6 TET Enzymes in Neural System

The presence of 5hmC in mammalian genomes
was first discovered in Purkinje neurons and the
brain (Kriaucionis and Heintz 2009). Later, rela-
tively high levels of 5hmC have been observed in
various adult brain regions (Munzel et al. 2010;
Ruzov et al. 2011; Szwagierczak et al. 2010), and
5hmC was shown to mark postmitotic neural cells
in the adult and developing vertebrate central
nervous system (Diotel et al. 2017), suggesting
important roles for TET enzymes and 5mC oxi-
dation derivatives in neural systems. All TET
proteins exhibit strong co-localization with the
neuronal marker NeuN throughout the hippocam-
pus, implicating a primary expression and distri-
bution in neurons (Kaas et al. 2013; Li et al. 2014;
Mi et al. 2015). Several lines of evidence suggest
that TET1 is responsible for the basal level of
neuronal 5hmC, and is related to crucial neuronal
regulatory genes (Antunes et al. 2019).
Overexpression of TET1 leads to increased con-
version of 5mC to 5hmC in the central nervous
system and TET1 is essential for the demethyla-
tion of fibroblast growth factor 1 (Fgf1) and
brain-derived neurotrophic factor (Bdnf)
promoters (Guo et al. 2011). Tet1 knockout
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Fig. 10.3 Structures of TET enzymes in complex with
DNA substrates (a) Color-coded domain architecture of
human TET enzymes. All three TET family members
share conserved Cys-rich and DSBH domains, which con-
stitute the catalytic domain and are both essential for
enzymatic activities of TET enzymes. TET1 and TET3
contain a CXXC domain, which recognizes CpGs and is
essential for the function of TET enzymes in vivo. The

TET2 construct used for structural study is indicated
below. (b) Crystal structure of human TET2 in complex
with methylated DNA. The color scheme is used as in a.
The DNA is shown in ribbon representation and colored in
yellow. NOG, the α-KG analog, is shown in stick repre-
sentation. Fe(II) and zinc cations are shown as red and
gray balls, respectively. (c) Ribbon representation of the
crystal structure of NgTet1-DNA complex. The structure



mice display normal overall health and brain
development (Gao et al. 2013; Rudenko et al.
2013). However, depletion of Tet1 in mice leads
to a hypermethylation and downregulation of
genes involved in progenitor cells proliferation
and therefore impairs hippocampal neurogenesis,
resulting in poor learning and memory (Gao et al.
2013). Another group reported that Tet1 ablation
gives rise to the downregulation of genes
involved in neuronal activity and results in
impairment of memory extinction, synaptic plas-
ticity, and hippocampal long-term depression
(Rudenko et al. 2013). Like Tet1, Tet3 was
found to regulate synaptic transmission and
homeostatic plasticity via DNA demethylation
(Yu et al. 2015). TET3 is necessary to maintain
silencing of pluripotency genes and consequently
neural stem cell identity, possibly through regula-
tion of DNA methylation levels in neural precur-
sor cells (Santiago et al. 2020). In addition, some
reports showed that TETs-mediated DNA
hydroxymethylation is involved in the axon
regeneration, remyelination, and repair of spinal
cord injury (Moyon et al. 2021; Weng et al. 2017;
Yu et al. 2015).

��

Fig. 10.3 (continued) is shown in a similar orientation to
that of TET2 in b for comparison. (d) Structural compari-
son of TET2-5mC-DNA (PDB: 4NM6, 2.02Å resolution),
TET2-5hmC-DNA (PDB: 5DEU, 1.80 Å resolution), and
TET2-5fC-DNA (PDB: 5D9Y, 1.97 Å resolution)
complexes (Hu et al. 2013, 2015). The three complexes
adopt similar overall structures (not shown). The close-up
views of the TET2–DNA interactions show the different

conformation of 5mC/5hmC/5fC within the catalytic cav-
ity of TET2. Critical bases or residues are shown in stick
representation. Hydrogen bonds are indicated as dashed
lines. The nitrogen, oxygen, and phosphorous atoms are
shown in blue, red, and orange, respectively. All the
structural figures were modified from published literatures
(Hashimoto et al. 2014; Hu et al. 2013, 2015)
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10.4 Structure of TET Enzymes

10.4.1 Domain Structure of Human
TET Enzymes

The three TET family members (TET1, TET2,
and TET3) share a less conserved N-terminal
region and highly conserved C-terminal catalytic
domain with a fold characteristic for α-KG and Fe
(II)-dependent dioxygenases (Fig. 10.3a). TET1

(also known as CXXC6) and TET3 (also known
as CXXC10) contain an N-terminal zinc finger
cysteine-X-X-cysteine (CXXC) domain, which
was previously thought to recognize
unmethylated CpGs (Long et al. 2013). Intrigu-
ingly, TET2 does not encode a CXXC domain,
but in the genome, it is located close to the IDAX
gene, which encodes a CXXC domain similar to
that of TET1 and TET3. IDAX directly interacts
with TET2 and is enriched at unmethylated CpGs
(Ko et al. 2013). Genome-wide analysis in
mESCs indicates that Tet1 preferentially localizes
to the TSS of unmethylated CpG-rich promoters
and within genes (Williams et al. 2011b; Wu et al.
2011). Biochemical analysis indicates that the
CXXC domain of Tet1 binds unmethylated CpG
and methylated-CpG DNA (Xu et al. 2011b). A
further structural study has indicated that the Tet3
CXXC domain prefers unmethylated cytosines
within CpG or non-CpG DNA, and the CXXC
domain is critical for Tet3 targeting (Xu et al.
2012). Thus, the CXXC domain of TET enzymes
may recognize CpG-containing DNA and accom-
modate cytosine methylation, thereby providing
flexibility for their genomic targeting. Therefore,
it is of interest to investigate how the TET CXXC
domains recognize CpG DNA when the cytosine
is replaced by 5hmC, 5fC, and 5caC.

A previous study has predicted that TET
enzymes contain a double-stranded β-helix
(DSBH) fold, which is a characteristic domain
of α-KG/Fe(II)-dependent dioxygenases and a
cysteine-rich (Cys-rich) domain at the
N-terminus of the DSBH (Iyer et al. 2009). Both
the DSBH and Cys-rich domains are highly
conserved among TET enzymes and across spe-
cies. There is a much less conserved



low-complexity insert within the core DSBH
domain. The deletion of the insert does not obvi-
ously affect the in vitro enzymatic activity of
TET2 (Hu et al. 2013). However, the insert is
present across the entire TET family enzymes,
suggesting that it might be important for TET
functions in vivo.
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10.4.2 Crystal Structure
of the TET2-5mC-DNA Complex

The function of TET enzymes has been exten-
sively studied since the discovery of the
TET-mediated 5mC oxidation in 2009 (Branco
et al. 2011; Cimmino et al. 2011; Pastor et al.
2013; Tan and Shi 2012; Williams et al. 2011a;
Wu and Zhang 2011, 2014; Xu and Walsh 2014).
However, a few fundamental questions remain to
be addressed. For example, how do TET enzymes
specifically recognize their DNA substrate? How
do TET enzymes successively oxidize 5mC to
5hmC, 5fC, and 5caC? Finally, how do patient-
derived mutations of TET2 affect its enzymatic
activity and contribute to oncogenesis? The three-
dimensional structure of TET enzymes in com-
plex with DNA substrate will provide valuable
information to address these questions.

The main challenge for structural studies of
TET enzymes is the difficulty in obtaining well-
behaved proteins for crystallization. Hu et al.
have mapped the minimal regions required for
the enzymatic activity of TET2 (Hu et al. 2013).
As shown in Fig. 10.3a, a human TET2 construct
corresponding to residues 1129–1936 with an
internal deletion (residues 1481–1843) maintains
enzymatic activity and largely improves the solu-
bility and yield of protein expression and purifi-
cation. The TET2-5mC-DNA complex structure
has been determined with this fragment at 2.02 Å
resolution (Hu et al. 2013) (Fig. 10.3b). The
α-KG analog N-oxalylglycine (NOG) was used
to avoid the oxidation of 5mC in the crystals.
Notably, the TET2 regions visible in the crystal
structure are highly conserved in most TET
enzymes, indicating that the structural features
described below apply to other TET enzymes as
well. The TET2 structure shows a compact fold of

the catalytic domain in complex with the
5mC-DNA duplex. The central DSBH core is
formed by two β-sheets and stabilized by other
regions from both sides and on the bottom. The
Cys-rich domain wraps around the DSBH core
and is separated into Cys-rich N-terminal (Cys-N)
and C-terminal (Cys-C) subdomains. Two
β-strands (β12 and β13) should be connected by
the large low-complexity insert, which has been
removed for crystallization (Fig. 10.3b). This
organization is consistent with the observation
that the insert is not required for TET activity
and suggests that in the full structure, the insert
is pointing away from the central catalytic domain
of TET2.

The overall structure of TET2 is further
stabilized by three zinc cations. Notably, Zn2
and Zn3 are coordinated by residues from both
Cys-rich and DSBH domains and thus bring flex-
ible regions from the two domains together to
facilitate the overall structure formation.
Sequence analysis has indicated that all of the
residues involved in zinc coordination are highly
conserved, suggesting that this architecture is
critical for TET enzymes. The Fe(II) ion and
NOG cofactor are localized in the center of the
DSBH core domain and are bound and stabilized
by highly conserved residues. Mutation of these
residues significantly decreases or abolishes the
enzymatic activity of TET2 (Hu et al. 2013; Ko
et al. 2010). As described above, most of the
patient-derived somatic cancer mutations in
TET2 occur at the residues for zinc and iron
coordination or the α-KG interaction. However,
there are quite several mutations occurring at
residues that may not directly impair TET2 activ-
ity. For example, some of the mutations are at
residues within the insert region or the
N-terminus. Whether and how these mutations
contribute to oncogenesis requires further
investigation.

The methylated dsDNA is located above the
DSBH core and is stabilized by two loops (L1 and
L2) from the Cys-C subdomain (Fig. 10.3b). One
methylcytosine (5mC) is flipped out of the DNA
duplex and inserted into the catalytic cavity. As a
replacement, a hydrophobic loop fills in this gap
within the double-stranded DNA. A highly



conserved residue (Y1294) stabilizes the G:C
base pair of the CpG dinucleotide through a
base-stacking interaction. Therefore, TET2 may
use a tipping mechanism to search for the
modified CpG when sliding along the DNA
(Tsai and Tainer 2013) in a mechanism similar
to that observed for AlkB homolog 2 (ABH2)
(Yang et al. 2009; Yang et al. 2008). The com-
parison between TET2-DNA and ABH2-DNA
structures has been described previously
(Hu et al. 2013; Tsai and Tainer 2013) and will
not be discussed here.
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Within the catalytic cavity, the 5mC base is
specifically recognized by TET2 through a net-
work of interactions, which allow the 5mC to
adopt a specific orientation so that the methyl
group faces toward the catalytic center for reac-
tion (Hu et al. 2013). The catalytic cavity is large
enough to accommodate 5mC and its derivatives
for further oxidation. With the exception of the
methyl-CpG dinucleotide, only the DNA phos-
phate groups are involved in the TET2-DNA
contacts. Further biochemical analysis supports
that TET2 has strong sequence preference toward
the CpG dinucleotide (Hu et al. 2013).

10.4.3 Crystal Structure
of the NgTet1-5mC-DNA
Complex

TET enzymes are widely distributed across spe-
cies, including the heterolobosean
amoeboflagellate Naegleria gruberi. The genome
of Naegleria encodes eight Tet-like dioxygenases
(NgTet1-8). Sequence analysis has indicated that
the NgTet enzymes have a DSBH core region and
Fe(II)-chelating residues (HxD. . .H motif) but
lack the Cys-rich region. Biochemical analyses
have demonstrated that NgTet1 can successively
oxidize 5mC to 5hmC, 5fC, and 5caC using DNA
substrates in the XpG (X ¼ 5mC, 5hmC, or 5fC)
dinucleotide context (Hashimoto et al. 2014).
Hashimoto et al. have determined the crystal
structure of NgTet1 in complex with a 14-bp
methylated DNA at 2.9 Å resolution (Hashimoto
et al. 2014).

NgTet1 has a DSBH core formed by two
β-sheets, with the eight-stranded β-sheet
stabilized by five α-helices (Fig. 10.3c). The
DNA binds to NgTet1 on the basic surface and
the flipped 5mC inserts into the catalytic cavity.
The overall structure and the pattern of DNA
recognition are similar to that observed in the
structure of TET2-DNA complex. The hairpin
loop L1 of NgTet1 is equivalent to loop L2 of
human TET2, which is important for DNA recog-
nition. NgTet1 lacks the Cys-rich region. As a
result, the enzyme lacks the equivalents of loop
L1 and the regions involved in the coordination of
the three zinc cations in human TET2. Moreover,
no insert within the DSBH is present in any of the
eight NgTet enzymes. TET enzymes may have
gained these additional regions (loop L1 and the
insert) for potential regulatory functions during
evolution.

10.4.4 Structural Basis for Substrate
Preference in TET-Mediated
Oxidation

Previous studies showed that 5hmC is much
(~10–100-fold) more abundant than 5fC/5caC
(Globisch et al. 2010; Ito et al. 2011; Mellen
et al. 2012; Pfaffeneder et al. 2011; Song et al.
2011; Tahiliani et al. 2009). The presence of TDG
seems not to be predominately responsible for
such different abundance of 5hmC and
5fC/5caC, because the depletion of TDG leads
to an accumulation of 5fC and 5caC by 2–10-
fold, but no apparent changes of the 5hmC and
5mC level in mouse ESCs (Shen et al. 2013). In
vitro enzymatic analyses also show that TET
enzymes, including human TET1/2, mouse Tet2,
and Naegleria Tet-like protein, possess higher
activity for DNA substrate containing 5mC than
5hmC/5fC-DNA (Hashimoto et al. 2014; Hu et al.
2015; Ito et al. 2011). These studies suggest that
TET enzymes might play a major role in
controlling the cellular level of 5mC oxidized
derivatives.

We have previously determined the crystal
structures of human TET2 in complex with
5hmC-DNA and 5fC-DNA (Hu et al. 2015)



(Fig. 10.3d). The structural analyses indicate that
5hmC or 5fC is specifically recognized by TET2
in a manner similar to that of 5mC in TET2-5mC-
DNA structure (Hu et al. 2013). The cytosine
portion of 5mC/5hmC/5fC adopts an almost iden-
tical conformation within the catalytic cavity in
the three structures (Hu et al. 2013; Hu et al.
2015). The major difference between 5hmC and
5fC is that the hydroxyl group of 5hmC and
carbonyl group of 5fC face toward opposite
directions, because the hydroxymethyl group of
5hmC and the formyl group of 5fC form hydro-
gen bonds with 1-carboxylate of NOG and N4
exocyclic nitrogen of cytosine, respectively. The
hydrogen bonds prevent the C-C bond between
carbon 5 of cytosine and the methyl group (5hmC
or 5fC) from free rotation. Therefore, the
hydroxymethyl group of 5hmC and the formyl
group of 5fC adopt restrained conformations
within the catalytic cavity, whereas the methyl
group of 5mC is not restrained, because no hydro-
gen bond is formed. Further biochemical analyses
and molecular dynamic simulations suggest that
such a restrained conformation may prevent the
hydrogen(s) of 5hmC/5fC from adopting an ori-
entation favorable for hydrogen abstraction dur-
ing catalysis leading to low catalytic efficiency.
The residues for catalytic cavity formation are
highly conserved, which suggests that this pro-
cess described a general mechanism for TET
enzymes.
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10.4.5 Crystal Structure of Algal TET
Homologue CMD1 in Complex
with VC and 5mC-DNA

C5-glyceryl-methylcytosine (5gmC) is a novel
DNA modification catalyzed by algal TET homo-
log CMD1 using vitamin C (VC) as co-substrate
(Hu et al. 2013). CMD1 adds a glyceryl moiety to
the C5-methyl group of 5mC, generating a new
DNA base modification named C5-glyceryl-
methylcytosine (5gmC). Li et al. report the
structures of CMD1 in apo form and in
complexes with VC or/and dsDNA (Li et al.
2021b). CMD1 contains the canonical DSBH
fold of Fe(II)/2-OG-dependent dioxygenases.

VC in the lactone form binds to the active site.
Despite the low overall sequence identity, struc-
tural comparison reveals that the active site of
CMD1 is similar to that of HsTET2 and
NgTet1. However, the co-substrate binding
pocket of CMD1 is significantly different from
that of the TET proteins. The lack of a basic
residue in stabilizing the carboxyl moiety of
2-OG and the potential steric hindrance might
prevent the binding of 2-OG within the active
site of CMD1, preventing the enzyme from
“canonical” Tet activity.

10.5 Regulation of TET Enzymes

10.5.1 Inhibitors

As a co-substrate, α-KG directly binds to TET
enzymes and is converted into succinate and car-
bon dioxide during each catalytic cycle. Succinate
and α-KG bind to the catalytic cavity of TET
enzymes in a similar manner. In various tumors,
the pathological accumulation of natural
metabolites (succinate and fumarate) and
oncometabolites (2-hydroxyglutarate, 2HG) has
been observed, which are structurally similar to
α-KG and therefore lead to competitive inhibition
of TET enzymes (Fig. 10.2a).

Isocitrate dehydrogenases (IDH) are important
metabolic enzymes involved in the tricarboxylic
acid (TCA) cycle through converting isocitrate to
α-KG. The IDH1/2 genes are frequently mutated
in AML (Mardis et al. 2009), melanoma (Shibata
et al. 2011), glioma (Parsons et al. 2008), and
thyroid carcinomas (Hemerly et al. 2010). The
IDH1/2 mutations result in a gain of enzymatic
activity for the production and accumulation of
the oncometabolite R-2-hydroxyglutarate
(R-2HG) (Figueroa et al. 2010). The resultant
R-2HG functions as α-KG analog and competi-
tive inhibitor of various α-KG/Fe(II)-dependent
dioxygenases, including JmjC-containing histone
demethylases and TET enzymes (Xu et al. 2011a;
Ye et al. 2013). Loss-of-function mutations of
two other key enzymes in the TCA cycle [fuma-
rate hydratase (FH) and succinate dehydrogenase
(SDH)] have also been observed in various



tumors. These mutations lead to the accumulation
of their substrates (fumarate and succinate),
which results in similar effects to IDH1/
2 mutations (Xiao et al. 2012).

10 Structure and Function of TET Enzymes 257

NOG (N-oxalylglycine) is an inactive analog
of α-KG and binds to α-KG/Fe(II)-dependent
dioxygenases in a manner similar to that of
α-KG (Cloos et al. 2006; Hamada et al. 2009).
However, it is unable to undergo decarboxylation
and thus is commonly used as an inhibitor to
block the enzymatic activity of these enzymes
for in vitro biochemical and structural studies.
However, NOG inhibits TET enzymes and all
other α-KG/Fe(II)-dependent dioxygenases and
is not an ideal inhibitor for in vivo studies.
Inhibitors with high selectivity (only targeting
TET enzymes) would advance the functional
studies of TET enzymes under biological and
pathological conditions, such as the early stage
of embryo development.

TET proteins are direct substrates of calpains
which are non-lysosomal cysteine proteases, and
TETs are subject to calpain-mediated degrada-
tion. Calpain members have distinct functions.
Specifically, calpain1 modulates TET1 and
TET2 levels in mESCs, while calpain2 promotes
TET3 turnover during neural differentiation
(Wang and Zhang 2014).

10.5.2 Activators

Vitamin C (also known as L-ascorbic acid) is a
dietary nutrient that is critical for mammals. It
functions as an antioxidant and plays an impor-
tant role in biosynthesis of collagen, catechol-
amine, and carnitine (Englard and Seifter 1986)
and facilitates the generation of iPSCs (Esteban
et al. 2010). Vitamin C has been reported to
enhance the enzymatic activities of a number of
α-KG/Fe(II)-dependent dioxygenases, including
prolyl 4-hydroxylase (P4H) (Myllyla et al. 1978)
and JmjC-containing histone demethylases
(Wang et al. 2011). The vitamin C-induced
enhancement of TET activity has been observed
in vitro and under various physiological
conditions, including mouse ESCs and MEFs,
and shown to participate in cellular differentiation

and lineage specification (Agathocleous et al.
2017; Blaschke et al. 2013; Chen et al. 2013a;
Minor et al. 2013; Yin et al. 2013; Yue et al.
2016, 2021) (Fig. 10.2a). Therefore, vitamin C
may contribute to epigenetic remodeling through
regulating JmjC-containing histone demethylases
and TET enzymes (Young et al. 2015). Depriva-
tion of vitamin C is closely associated with
decreased TET activity and oncogenesis, and
has been considered as an epigenetic therapeutic
(Agathocleous et al. 2017; Cimmino et al. 2017;
Das et al. 2019, 2021). Vitamin C is generally
believed to function as an antioxidant to prevent
the oxidation of Fe(II). However, the activity
enhancement of α-KG/Fe(II)-dependent
dioxygenases does not occur when vitamin C is
replaced by other reducing agents and
antioxidants, such as DTT, glutathione, and L-
cysteine (Blaschke et al. 2013; Yin et al. 2013),
indicating a more specific effect. Some results
show that vitamin C serves as a co-substrate of
HIF PHD (hypoxia inducible factor prolyl
hydroxylases, another member of non-heme iron
α-ketoglutarate dioxygenases) that may compete
for the binding site of αKG in the enzyme active
center (Osipyants et al. 2018). Vitamin C appears
to bind to the C-terminal catalytic domain of TET
enzymes (Yin et al. 2013), but the underlying
mechanism for the activity enhancement needs
further investigation.

Adenosine triphosphate (ATP) has been found
to enhance the in vitro activity of TET enzymes
(He et al. 2011) (Fig. 10.2a). Although the cellu-
lar concentration of ATP is high enough for the
enhancement, the physiological relevance of this
finding remains unknown. Because the expres-
sion and activity of TET enzymes are impaired
in various tumors, it is of interest to test whether
vitamin C, ATP, or other TET activators yet to be
discovered could be used for cancer treatment
through enhancing the activity of TET enzymes.

The activity of TET proteins is also regulated
by poly (ADP-ribosyl)ation (PARylation).
Noncovalent binding of ADP-ribose polymers to
TET1 catalytic domain decreases TET1 hydroxy-
lase activity, while the covalent PARylation
stimulates the TET1 enzyme (Ciccarone et al.
2015).
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10.5.3 Interacting Proteins

O-linked β-N-acetylglucosamine transferase
(OGT) is an enzyme that transfers the O-GlcNac
moiety to the hydroxyl groups of threonine, ser-
ine, and cysteine residues of various protein
substrates for specific regulations (Hanover et al.
2012; Maynard et al. 2016). The nutrient-
responsive enzyme OGT directly interacts with
the DSBH domain of TET enzymes, suggesting a
direct link between metabolism and epigenomes
(Chen et al. 2013b; Deplus et al. 2013; Vella et al.
2013). A following study further mapped this
interaction to a short C-terminal region of TET1
and reported in vitro stimulation of TET activity
after O-GlcNAcylation by OGT (Hrit et al. 2018).
Genome-wide analyses have indicated that TET
enzymes recruit OGT to CpG-rich promoters. The
depletion of TET enzymes impairs the chromatin
association of OGT and OGT-mediated
O-GlcNAcylation of histone H2B (Chen et al.
2013b) and HCF1 (host cell factor 1) (Deplus
et al. 2013). The OGT–TET interaction is neces-
sary for TET1 function in embryonic develop-
ment (Hrit et al. 2018) and is involved in cancer
progression (Ciesielski et al. 2021; Li et al.
2021a).

Tet1 binds to and co-localizes with the SIN3A
co-repressor complex. Tet1 contributes to the
genomic targeting of SIN3A, while SIN3A does
not affect Tet1 binding to the target genes
(Williams et al. 2011b). Studies have indicated
that WT1, encoded by Wilms’ tumor gene WT1,
interacts with and recruits TET2 to its target genes
and regulates their gene expression (Rampal et al.
2014; Wang et al. 2015b). Interestingly, WT1,
TET2, and IDH1/2 are mutated in a mutually
exclusive manner in AML, suggesting that these
genes act in the same pathway for the suppression
of oncogenesis. Moreover, Tet2 can recruit
Hdac2 to interleukin-6 (IL-6) promoter and by
this selectively mediate active repression of
interleukin-6 (IL-6) transcription during inflam-
mation resolution in innate myeloid cells via his-
tone deacetylation (Zhang et al. 2015b). EBF1
interacts with TET2 at hypermethylated loci
(Guilhamon et al. 2013), probably providing an

explanation for the association of EBF1 and
induction of CD79α promoter demethylation. As
described above, IDAX (also known as CXXC4)
interacts directly with the catalytic domain of
TET2. IDAX recruits TET2 to DNA and
promotes TET2 degradation by activating caspase
(Ko et al. 2013). TET2 could be phosphorylated
by JAK2 and phosphorylated TET2 interacts with
KLF1 and is recruited to KLF1 binding motif,
thus promoting the erythroid differentiation pro-
gram (Jeong et al. 2019).

10.6 Concluding Remarks

It has now been well established that TET
enzymes mediate 5mC oxidation in the genome
and play important roles in DNA demethylation,
gene transcription, embryonic development, and
oncogenesis. What remains to be addressed is
how the activity and genomic localization of
TET enzymes are precisely determined and
dynamically regulated, especially during devel-
opmental and pathological processes. What are
the key factors that allow TET enzymes to exhibit
basal activity to generate 5hmC or higher activity
to generate 5fC/5caC in specific genomic
regions? What are the specific signaling roles of
5hmC, 5fC, and 5caC? Are there specific readers
to interpret these modifications? Moreover, spe-
cific TET inhibitors would provide valuable tools
to study whether TET enzymes could be potential
drug targets for therapeutic applications.
Innovations of next-generation sequencing
technologies for specific 5mC/5hmC sequencing
from a small amount of genomic DNA could
facilitate studies of the 5mC/5hmC dynamics dur-
ing mammalian early embryogenesis.
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Abstract

Covalent modification of DNA via deposition
of a methyl group at the 50 position on cytosine
residues alters the chemical groups available
for interaction in the major groove of DNA.
This modification, thereby, alters the affinity
and specificity of DNA-binding proteins; some
of them favor interaction with methylated
DNA, and others disfavor it. Molecular recog-
nition of cytosine methylation by proteins
often initiates sequential regulatory events
that impact gene expression and chromatin
structure. The known methyl-DNA-binding
proteins have unique domains responsible for
DNA methylation recognition: (1) the methyl-
CpG-binding domain (MBD), (2) the SET-
and RING finger-associated domain (SRA),
and (3) some of TF families, such as the
C2H2 zinc finger domain, basic helix-loop-
helix (bHLH), basic leucine-zipper (bZIP),
and homeodomain proteins. Structural
analyses have revealed that each domain has

a characteristic methylated DNA-binding pat-
tern, and the difference in the recognition
mechanisms renders the DNA methylation
mark able to transmit complicated biological
information. Recent genetic and genomic stud-
ies have revealed novel functions of methyl-
DNA-binding proteins. These emerging data
have also provided glimpses into how methyl-
DNA-binding proteins possess unique features
and, presumably, functions. In this chapter, we
summarize structural and biochemical
analyses elucidating the mechanisms for rec-
ognition of DNA methylation and correlate
this information with emerging genomic and
functional data.
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GD Glycosylase domain
MARs/
SARs

Matrix/scaffold attachment regions

MBD Methyl-CpG-binding domain
NSC Neural stem cell
NuRD Nucleosome remodeling

deacetylase
PHD Plant homeodomain
RING Really interesting new gene

domain
SRA SET- and RING finger-associated

domain
TF Transcriptional factor
TRD Transcriptional repression domain
TTD Tandem Tudor domain
UBL Ubiquitin-like domain
ZF Zinc finger

11.1 Introduction

DNA methylation serves as a fundamental com-
ponent of epigenetic regulation; dysregulation of
DNA methylation impacts multiple biological
processes, including tumorigenesis (Schubeler
2015). In mammals, most DNA methylation
occurs in the context of the CpG dinucleotide.
In general, 70–80% of the CpGs in mammalian
genomes are methylated (Bird 2002). Neverthe-
less, cytosine methylation is also present at CpH
(non-CpG methylation, H¼A, T, or C) sites
(Ramsahoye et al. 2000; Woodcock et al. 1987),
which accounts for about 25% of the total cyto-
sine methylation in both neurons and embryonic
stem cells (ESCs). Similar to mCpG, mCpH
mainly contributes to transcriptional repression
and imprinting (Guo et al. 2014; Sanchez-Mut
et al. 2016). mCpH is mainly located in a region
with low CpG density, and is established and
maintained by DNMT3A (Guo et al. 2014;
Ramsahoye et al. 2000). Non-CpG methylation,
although less abundant than CpG methylation,
occurs in virtually all human tissues and is
involved in the repression of development-related
genes during stem cell differentiation (Schultz
et al. 2015).

Although DNA methylation has historically
been depicted as a relatively static modification,
recent studies have revealed that the methyl group
on cytosine can be further modified by oxidation;
Fe (II)- and α-ketoglutarate-dependent oxidation
mediated by ten-eleven translocation (TET)
dioxygenases converts 5-methylcytosine (5mC)
into 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine
(5caC) (Kohli and Zhang 2013; Kriaucionis and
Tahiliani 2014; Tahiliani et al. 2009).

The “reader proteins,” referred to as
methylcytosine-binding proteins (MBPs), specifi-
cally recognize DNA methylation marks and ini-
tiate signaling pathways. MBPs often interact
with other proteins and serve as hubs to recruit
effector proteins to particular loci. It is the partic-
ular collection of effector proteins associated with
each MBP and not the act of binding methylated
CpG per se that typically elicits downstream tran-
scriptional effects. The MBPs can be classified
using structural information into three major
families, each characterized by the presence of a
critical recognition domain: the methyl-CpG-
binding domain (MBD), the SET- and RING
finger-associated domain (SRA), and some of
TF families (Fig. 11.1). Although DNA methyla-
tion precludes the interaction of many TFs, such
as MYC, CREB, NRF1, and members of the E2F
family, with their specific DNA recognition
sequences (Domcke et al. 2015; Tate and Bird
1993), some TFs, such as the extended
homeodomain family, prefer methylated CpG
sequences (Kribelbauer et al. 2017; Yin et al.
2017). Each MBP has unique features, including
DNA-binding preferences, expression patterns, or
protein–protein interaction partners, and has criti-
cal roles in various biological contexts. The
domain architecture of each protein family is
unique, and comparisons between these structures
enable insights into the similarities and
differences in recognition of methylcytosine,
presenting opportunities for a single modification,
CpG methylation, to nucleate different effectors
(Fig. 11.1).
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Fig. 11.1 Domain structures of methylated DNA-binding
proteins. MeCP2 (NG_007107.2), MBD1
(NP_001191065.1), MBD2 (NP_003918.1), MBD3
(NP_001268382.1), MBD4 (NP_001263199.1), MBD5
(NP_060798.2), MBD6 (NP_060798.2), UHRF1
(NP_001041666.1), UHRF2 (NP_690856.1), Kaiso
(NP_001171671.1), ZFP57 (Q9NU63-2), KLF4
(NP_001300981.1), EGR1 (NP_001955.1), WT1
(P19544.2), CTCF (XP_016878357.1), JUN
(NP_002219.1), C/EBPβ (NP_005185.2), HOXB13

(NP_006352.2), CDX1 (NP_001795.2), CDX2
(NP_001256.3). TRD transcriptional repression domain,
CXXC CXXC type zinc finger domain, UBL ubiquitin-like
domain, PHD plant homeodomain, SRA SET- and RING
finger-associated domain, PWWP Pro-Trp-Trp-Pro domain,
RING really interesting new gene finger domain, TTD tandem
tudor domain, BTB BR-C, ttk, and bab domain, C2H2 C2H2
type zinc finger domain, KRAB Kruppel-associated box
domain, bZIP basic leucine zipper domain, WT1 Wilms’
tumor 1
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11.2 The Methyl-CpG-Binding
Domain Family

11.2.1 MeCP2

MeCP2 was the first MBP to be purified biochem-
ically and its cDNA cloned and sequenced (Lewis
et al. 1992; Meehan et al. 1992; Meehan et al.
1989). The cDNA initially cloned by Bird and
colleagues codes for a protein of 492 amino acids
that contains an N-terminal MBD domain and a
transcriptional repression domain in the
C-terminal region. Surprisingly, MeCP2 was sub-
sequently found to be homologous to a matrix
attachment binding protein from chicken known
as ARBP (attachment region binding protein), a
protein identified by biochemical assays based on
its binding to a sequence motif (50-GGTGT-30)
found in matrix/scaffold attachment regions
(MARs/SARs) (von Kries et al. 1991; Weitzel
et al. 1997). The functional domain responsible
for the binding of methylated CpG sites in
MeCP2 was subsequently identified and termed
the methyl-CpG-binding domain (MBD) that
became the archetypal methyl-CpG-binding
domain. Subsequent homology searches using
the MBD from MeCP2 led to the identification
of the remaining MBD family proteins (Hendrich
and Bird 1998; Nan et al. 1993). MeCP2 thus
represents the founding member of the MBD
protein family.

Structure analysis revealed that MeCP2
recognizes the fully methylated CpG dinucleotide
using a 5mC-Arg-Gua triad (Fig. 11.2a). Two
arginine residues within the MBD (R111 and
R133) each bind to a guanine with bidentate
hydrogen bonds and to the 5mC with cation–π
interactions, where cytosine methylation expands
the aromatic ring structure and strengthens the
cation–π interactions between the methylcytosine
and the guanidinium group of the arginine
residues (Ho et al. 2008; Lei et al. 2019; Liu
et al. 2013, 2018; Zou et al. 2012). In addition, a
tyrosine residue forms water-mediated hydrogen
bonds with one of the two cytosine methyl
groups. Although the SELEX experiments refined
the model, stipulating that high-affinity

interaction with methylated DNA was facilitated
if the methylated CpG dinucleotide was flanked
by A/T base pairs on each side (Ghosh et al. 2010;
Klose et al. 2005), structural studies by different
laboratories showed that the specific DNA recog-
nition is largely confined to the mCpG dinucleo-
tide, and no base-specific interaction was
observed outside the mCpG dinucleotide
(Fig. 11.2a) (Ho et al. 2008; Liu et al. 2018;
Ohki et al. 2001; Otani et al. 2013). In addition,
structural analysis and binding studies also con-
firmed that MeCP2 recognizes TpG DNA with a
preference for GTG DNA (Fig. 11.2b) (Lei et al.
2019; Liu et al. 2018). The MeCP2MBD binds to
mCAC or CAC DNA by recognizing their com-
plementary GTG trinucleotide, which explains
why MeCP2 has a comparable binding affinity
to both mCAC and hmCAC (hydroxymethylated
CAC) DNAs (Fig. 11.2b) (Kinde et al. 2015; Lei
et al. 2019). The above findings are also consis-
tent with the original finding that chicken ARBP
(or cMeCP2) binds to a conserved GGTGT DNA
motif found in the MARs/SARs DNA regions
that lacks any methylated CpG dinucleotides
(Buhrmester et al. 1995; von Kries et al. 1991;
Weitzel et al. 1997). The central GTG trinucleo-
tide of the MARs DNA elements is crucial for its
binding to cMeCP2, and mutating either of the
guanine bases in this trinucleotide significantly
reduced this binding (Buhrmester et al. 1995;
Weitzel et al. 1997).

MeCP2 displays relatively high expression in
neurons, where this level is approximate to that of
histone octamers (Skene et al. 2010). MeCP2
plays important role in the normal chromatin
architecture in neurons, and its mutations result
in the neurodevelopmental disorder Rett syn-
drome (RTT) in humans (Amir et al. 1999;
Chen et al. 2001; Guy et al. 2001). However,
despite the important roles of MeCP2 mutations
in development and disease, MeCP2 deletion in
mice has only minimal impact on global gene
regulation. Thus, detailed mechanistic insights
into how disruption of MeCP2 causes develop-
mental failure or Rett syndrome are currently
lacking. MeCP2 has been found to bind to
methylated DNA at CpG and CpA dinucleotides
broadly throughout the genome (Gabel et al.
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Fig. 11.2 Structures of human MBDs and SRA domains
bound to methylated DNA. (a) and (b) Structures of
MeCP2-MBD bound to mCpG (PDB: 6C1Y) and mCAC
DNA (PDB: 6OGK), respectively. (c–f) Structures of
MBDs from MBD1-4 in complex, respectively, with
mCpG DNA (PDB: 6D1T, 6CNQ, 6CC8, and 4LG7).
The protein residues are shown as green sticks, while

nucleotides involved in base interactions are shown in
sticks and colored in gray (G5-C50), red (mC6-G60 or
T6-A60), and yellow (G7-mC70 or G7-C70). The hydrogen
bonds formed between residues and DNA bases are
marked as black dashed lines; the DNA base pair
interactions are shown as gray dashed lines. (g) Structure
of UHRF1 SRA domain bound to the flipping-out 5mC of



Fig. 11.2 (continued) the hemi-methylated DNA (PDB:
3CLZ). The two DNA binding loops are colored in pink
and orange, respectively. The interaction details of 5mC
recognized by the unique binding pocket of UHRF1 are
shown in the left illustration. (h) Structure of UHRF2 SRA
domain in complex with flipping-out 5-hydroxymethyl-
cytosine of DNA (PDB: 4PW6). The interaction details

of 5hmC recognized by the unique binding pocket of
UHRF2 are shown in the left illustration. The protein
residues and modified cytosines are shown as sticks and
colored in blue and green, respectively. The black dashed
lines represent the hydrogen bonds between protein
residues and base pairs

2015; Kinde et al. 2016; Skene et al. 2010), which
also complicates the connection between the
MeCP2 binding and specific genes repression.
In addition, studies in human neuronal
SH-SY5Y cells (Yasui et al. 2007) or mouse
hypothalamus (Chahrour et al. 2008) revealed
that most genes bound byMeCP2 at their sparsely
methylated promoters are actively expressed. In
addition to the N-terminal MBD, the transcrip-
tional repression domain of MeCP2 interacts with
DNMT3A and inhibits its activity in vitro
(Rajavelu et al. 2018). Moreover, recent structural
revelation of the MeCP2 MBD bound to
methylated and unmethylated CAC-containing
DNA in a similar binding pattern might imply
that MeCP2 also functions as a transcription acti-
vator and its binding to GTG DNA could provide
disease implications in RTT syndrome (Lei et al.
2019; Liu et al. 2018).
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11.2.2 MBD1

MBD1, like other MBD proteins, was initially
discovered in homology screens using the
MeCP2 MBD as a template. MBD1 is distinctive
among the MBD proteins in that, in addition to
the MBD, the protein has either two or three
CXXC zinc finger domains resulting from alter-
native splicing (Fujita et al. 1999). Like MeCP2,
MBD1 also contains a transcriptional repression
domain (TRD) near its C-terminus (Fig. 11.1).
The structures of MBD1 MBD in complex with
methylated DNA revealed a conserved mCpG
binding mode with that of MeCP2 (Fig. 11.2c)
(Liu et al. 2018; Ohki et al. 2001). Although
biochemical analysis previously indicated that
nucleotides flanking the methylated CpG

dinucleotide exert an influence on binding affinity
of the MBD1 MBD (Clouaire et al. 2010), the
complex structure of the MBD1 MBD with
mCpG DNA does not support DNA base selec-
tivity outside the mCpG dinucleotide (Liu et al.
2018).

In addition to the MBD, the CXXC domains of
MBD1 add an additional DNA-binding interface.
The CXXC domain selectively recognizes
unmethylated DNA sites (Lee and Skalnik 2005;
Liu and Min 2019; Xu et al. 2011, 2018). MBD1
isoform with all three CXXC domains can repress
genes regardless of their promoter methylation
status, while the MBD1 lacking the third CXXC
domain (CXXC3) can only suppress gene expres-
sion when the promoter is methylated, suggesting
that CXXC3 is essential for binding to
unmethylated templates (Fujita et al. 2000;
Jorgensen et al. 2004). Consistently, structure
analysis and binding assays revealed that the
CXXC3 domain of MBD1 specifically recognizes
unmethylated CpG sites and cytosine methylation
abrogates this binding; however, the first two
CXXC domains of MBD1 (CXXC1 and
CXXC2) do not bind CpG DNA (Jorgensen
et al. 2004; Xu et al. 2018). This finding also
explains why the increase of heterochromatin
localization of TET1 and oxidation of 5mC
require the CXXC3 domain-containing MBD1
(Zhang et al. 2017). In ESCs, biotin-tagged
MBD1 is enriched at highly methylated regions,
and this enrichment was lost after the depletion of
DNA methylation. In addition, targeting of
MBD1 to unmethylated DNA was observed
only when the MBD was deleted, suggesting
that the recruiting mechanism of MBD1 is
dominated by the MBD–methyl-CpG interaction
(Baubec et al. 2013).
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MBD1 is involved in neurodevelopment.
MBD1 maintains the multipotency of neural
stem cells (NSCs) by repressing neural cell
differentiation-related genes (Jobe et al. 2017).
Mutations or polymorphisms of MBD1 are
associated with autism spectrum disorder
(ASD), and also result in the accumulation of
undifferentiated NSCs, impaired neurogenesis,
and learning deficits in mice (Cukier et al. 2010;
Jobe et al. 2017; Li et al. 2005).

11.2.3 MBD2

MBD2 is a member of the chromatin remodeling
complex, nucleosome remodeling deacetylase
(NuRD), which functions as a repressor
connecting DNA methylation with histone
deacetylation (Feng and Zhang 2001). Like
MeCP2 and MBD1, MBD2 contains a TRD in
addition to an MBD. MBD2 also has a glycine-
arginine repeat and a coiled-coil domain
(Fig. 11.1), which is essential for binding to the
Mi-2/NuRD complex (Gnanapragasam et al.
2011). MBD2 was also reported to be an integral
component of the MeCP1 complex, which was
subsequently shown to have biochemical
similarities to NuRD (Ng et al. 1999; Zhang
et al. 1999). Single-molecule fluorescence
techniques revealed that MBD2 spreads more
quickly in the regions of CpG-rich sequences
than that of CpG-free DNA, while MBD2 binding
is static or with a slow exchange when interacting
with DNA regions enriched for mCpG. It was
thought that MBD2 facilitates the rapid move-
ment and nucleosome remodeling of the NuRD
complex in the CpG-rich regions, and this move-
ment is limited when those loci are methylated,
which further contributes to gene silencing (Pan
et al. 2017).

The interaction of the MBD2 MBD with
mCpG DNA was first defined for chicken
MBD2 (which is >95% identical to human
MBD2) by Williams and colleagues (Scarsdale
et al. 2011). Subsequently, two human MBD2–
mCpG complex structures were determined (Liu
et al. 2018). Similar to MeCP2 and MBD1, base-
specific contacts with the methylated CpG

palindrome are mediated by a pair of arginine
residues (R166 and R188), as well as a tyrosine
residue (Y176) in MBD2 (Fig. 11.2d). Although
MeCP2 and MBD2 MBDs exhibit a conserved
binding mode, knock-in mice expressing a chi-
meric protein (MM2) by swapping the MBDs of
MeCP2 and MBD2 exhibit severe phenotypic
features that are largely similar to those seen in
mouse models of RTT, suggesting that the
conserved MBD of MBD2 could not functionally
replace that of MeCP2 (Tillotson et al. 2021).

MBD2 is expressed in most somatic cells and
is particularly abundant in ESCs in mice
(Hendrich and Bird 1998). Despite this intriguing
expression pattern, MBD2 knockout mice are
viable and fertile (Hendrich et al. 2001). MBD2
has two predominant isoforms, MBD2a and
MBD2c; MBD2c lacks the carboxyl-terminal
region including the coiled-coil domain integral
to the interaction with the NuRD complex
(Hendrich and Bird 1998). Differential expres-
sion of MBD2a and MBD2c was shown in
human pluripotent stem cells (hPSCs); MBD2c
is dominant in hPSCs, while MBD2a is dominant
in fibroblasts (Lu et al. 2014). Interestingly,
MBD2a, but not MBD2c, can interact with the
NuRD complex and promote differentiation,
while MBD2c enhances reprogramming effi-
ciency when overexpressed in fibroblasts.

11.2.4 MBD3

As predicted from its high sequence similarity
with MBD2 (Fig. 11.1), MBD3 is also a member
of the NuRD complex (Le Guezennec et al.
2006). MBD3 from mammals has been reported
to lack the capacity for high-affinity interaction
with methylated DNA in conventional biochemi-
cal assays (Fraga et al. 2003; Hendrich and Bird
1998). In contrast, the amphibian protein displays
a strong preference for methylated substrates
(Wade et al. 1999). Close inspection of the
amino acid sequence of MBD3 MBDs from mul-
tiple species reveals that mammals differ from
Amphibia, fish, reptiles, and birds at a critical
position encoding the conserved tyrosine residue
involved in specific contacts with the methylated



cytosine (changed to phenylalanine in mammals).
Recently, crystal structures of human MBD3
MBD bound to mCpG DNA were determined
(Liu et al. 2019). Similar to MBD2, the MBD3
MBD binds to mCpG via two conserved arginine
fingers (Fig. 11.2e). By structural comparison to
that of MBD2, the replacement of tyrosine by
phenylalanine at F34 of MBD3 results in weaker
mCpG DNA binding compared to MBD2, due to
the loss of a solvent-mediated interaction of the
hydroxyl group in tyrosine with the N4-amino
group of the methylcytosine (Liu et al. 2019).
The complex structure of the MBD3 MBD
bound to a non-palindromic DNA also revealed
that the MBDs recognize the mCpG DNA with-
out orientation preference (Liu et al. 2019), con-
sistent with the observations that the sequences
flanking the mCpG dinucleotide do not influence
the mCpG DNA binding significantly. Therefore,
MBD3 is able to bind to methylated CpG DNA,
albeit with a reduced binding affinity (Gunther
et al. 2013; Liu et al. 2019).
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MBD2 and MBD3 form mutually exclusive
complexes (Le Guezennec et al. 2006). In con-
trast to the mild phenotypes of the MBD2 knock-
out mice, MBD3 deletion causes early embryonic
lethality. Furthermore, MBD3-null ES cells can
maintain stemness, even in the absence of leuke-
mia inhibitory factor (LIF) (Hendrich et al. 2001;
Kaji et al. 2006). These striking phenotypes sug-
gest that MBD2 and MBD3 have nonredundant
roles. Importantly, deletion of MBD3 can signifi-
cantly enhance reprogramming efficiency,
suggesting that MBD3 functions as a barrier to
reprogramming (Luo et al. 2013; Rais et al.
2013). However, the field is not in complete
agreement with the role of MBD3 in
reprogramming, suggesting a possibility that the
role of MBD3 is highly context-dependent (Dos
Santos et al. 2014). Moreover, in uterine serous
carcinoma patients, a small segment of chromo-
some 19 containing MBD3 is frequently deleted,
suggesting a critical role of MBD3 in
tumorigenesis or tumor progression (Zhao et al.
2013). Despite the accumulation of evidence on
the critical function of MBD3 in biology, the
detailed molecular mechanism of how MBD3,
or MBD3/NuRD, regulates gene expression and

chromatin structure is still unclear. Most cells
express a splice variant of MBD3 that disrupts
the canonical MBD sequence (Hendrich and
Tweedie 2003). Genomic localization analyses
revealed that MBD3 preferentially localizes at
unmethylated CpG-rich regions, including CpG
islands, while MBD2 distributes across the
genome in a methylation-dependent manner
(Baubec et al. 2013).

11.2.5 MBD4

MBD4 contains two functional domains, an
N-terminal MBD and a C-terminal glycosylase
domain (GD), separated by a long link of
unknown function (Fig. 11.1). The presence of a
glycosylase domain makes MBD4 a unique mem-
ber of the MBD family. The MBD4 MBD has
high affinity for methylated CpG-containing
substrates. It has a similar affinity for the deami-
nation product of that substrate, i.e., methylated
CpG base-paired (mismatch) with TpG (Hendrich
et al. 1999; Otani et al. 2013). Not surprisingly,
MBD4 possesses enzymatic activity that can
repair mCpG/TpG or mCpG/hmUpG double-
stranded mismatches generated by spontaneous
deamination of 5mC (Hendrich and Bird 1998;
Hendrich et al. 1999). MBD4 knockout mice are
viable and fertile with minor phenotypes, includ-
ing a slight increase in C to T mutations at CpG
sites (Millar et al. 2002; Wong et al. 2002).
Although the deletion of MBD4 itself does not
impact tumorigenesis, it increases tumor inci-
dence in a susceptible genetic background (muta-
tion in the adenomatous polyposis coli (APC)
gene). In addition, mutations in MBD4 have
been observed in human colorectal tumors with
microsatellite instability (Riccio et al. 1999).
Taken together, these observations suggest that
MBD4 plays an important role in tumor progres-
sion by regulating DNA mismatch repair.

Similar to MeCP2 and other MBD family
members, the crystal structures of the MBD4
MBD with different DNA sequences revealed
that MBD4 recognizes mCpG or mismatched
DNA by the 5mC (or T)-Arg-Gua triad
interactions (Fig. 11.2f) (Liu et al. 2018; Otani



et al. 2013; Wu et al. 2021). While there are some
minor alterations, the overall structure of the
MBD4 MBD bound to a mismatched DNA is
highly similar to that of the MBD4 MBD bound
to symmetric methylated CpG DNA. In contrast
to the MBD, the glycosylase domain of MBD4
binds to DNA containing a G:X mismatch in a
very different manner (Hashimoto et al. 2012).
The target nucleotide is flipped out from the DNA
strand and an arginine residue from the MBD fills
that space. The flipped base is associated with the
active-site cleft. Importantly, the crystal structure
of the full-length MBD4 containing both the
MBD and GD is yet to be solved, so it is unclear
to what level the two domains communicate. This
question has been partially approached via analy-
sis of solution structures; although MBD4 shows
a slow exchange rate between different DNA
molecules (intermolecular exchange), it has
rapid exchange rate between the two binding
sites on the same dsDNA molecule (intramolecu-
lar exchange) (Walavalkar et al. 2014). These
data support a local hopping model in which the
MBD of MBD4 rapidly scans multiple
methylated CpG sites and supports the mismatch
repair conducted by the GD (Walavalkar et al.
2014).
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11.2.6 MBD5 and MBD6

MBD5 and MBD6 are characterized to be
associated with neurodevelopmental disorders
(Cukier et al. 2012; Talkowski et al. 2012).
MBD5-null mice develop growth defects and
preweaning lethality, exhibiting several pheno-
typic features seen in patients with 2q23.1
microdeletion (Du et al. 2012). Like other MBD
proteins, MBD5 and MBD6 contain an MBD that
is required for their heterochromatin localization
(Laget et al. 2010). However, electrophoretic
mobility shift assay (EMSA) experiments using
purified MBDs from MBD5 and MBD6 indicated
that these domains display no methylcytosine-
binding capacity. This property may be explained
by the loss of a characteristic loop structure and
the conserved arginine fingers that contribute to
DNA base-specific binding, which is critical for

methylated mCpG DNA contacts in the MBDs
(Hendrich and Tweedie 2003; Liu et al. 2018).
Interestingly, although the incomplete MBDs of
these proteins have lost the methylcytosine-
binding affinity, they can interact with mamma-
lian PR-DUB polycomb protein complex, which
is known as a histone H2A deubiquitinase
(Baymaz et al. 2014). These distinct differences
from other MBD proteins may assign a
specialized function to MBD5 and MBD6.

11.3 SET- and RING-Associated
(SRA) Domain

11.3.1 UHRF1

UHRF1 (ubiquitin-like, containing PHD and
RING finger domains 1, also known as ICBP90
or Np95) contains a ubiquitin-like domain (UBL),
tandem Tudor domain (TTD), plant
homeodomain (PHD), SET- and RING-
associated (SRA) domain, and really interesting
new gene (RING) domain, which interdepen-
dently coordinate epigenetic functions of
UHRF1 (Fig. 11.1). UHRF1 was originally
identified as a potential regulator of topoisomer-
ase IIα (Hopfner et al. 2000). UHRF1 is essential
for the maintenance of proper DNA methylation
levels by recruiting DNA methyltransferase
1 (DNMT1) to replication foci (Fang et al. 2016;
Li et al. 2018). Deletion of UHRF1 in mice causes
genome-wide DNA hypomethylation and results
in embryonic lethality, presumably due to the
dysfunction of DNMT1. UHRF1 was also
observed to contribute to DNA damage repair
by binding directly to interstrand crosslink
(ICL)-containing DNA and facilitating the
recruitment of other DNA repair factors (Liang
et al. 2015; Mancini et al. 2021; Tian et al. 2015).

UHRF1 recognizes hemi-methylated DNA
with its SRA domain employing the same base-
flipping mechanism, which is commonly found in
DNA methyltransferases (Arita et al. 2008;
Avvakumov et al. 2008; Hashimoto et al. 2008;
Song et al. 2012). The SRA domain uses the CpG
recognition loop and the base-flipping loop
approach the major groove and minor groove of



DNA, respectively. The flipped-out
methylcytosine of the duplex DNA is stabilized
in a binding pocket with van der Waals
interactions, planar stacking contacts, and
Watson–Crick polar hydrogen bonds
(Fig. 11.2g). The UHRF1 SRA-DNA complex
structure showed that cytosine methylation from
the complementary strand interferes with the con-
formation of a conserved asparagine, e.g., human
N489, which explains why UHRF1 SRA prefers
binding to hemi-methylated DNA rather than
symmetric mCpG DNA (Arita et al. 2008;
Avvakumov et al. 2008; Hashimoto et al. 2008).
The use of this base-flipping mechanism uniquely
positions UHRF proteins in the MBP family; the
SRA domain was the first domain that conducts
base flipping without enzymatic activity (Song
et al. 2012).
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In addition to hemi-methylated DNA, UHRF1
also recognizes histone modifications, such as
H3K9me3, unmodified H3K9, and H3R2 through
its histone reader domains (Hu et al. 2011; Nady
et al. 2011; Rajakumara et al. 2011). This interac-
tion is allosterically regulated by phosphatidy-
linositol 5-phospate (PI5P), which alters the
local structure around the Tudor and PHD
domains (Gelato et al. 2014). Interestingly, it
has been demonstrated that the interaction
between UHRF1 and H3K9me3 is essential for
the maintenance of DNA methylation (Rothbart
et al. 2012). Furthermore, UHRF1 binding to
hemi-methylated CpGs activates the
ubiquitylation activity of the UHRF1 RING
domain toward H3K18 and/or K23 adjacent to
the H3 binding site of UHRF1, suggesting a role
for UHRF1 as a molecular hub connecting DNA
methylation and histone modifications (Harrison
et al. 2016).

11.3.2 UHRF2

UHRF2 (also known as NIRF) has the same
domain structure and high sequence similarity as
its paralog UHRF1 (Fig. 11.1). They are the only
two proteins with an SRA domain in humans
(Mori et al. 2002). Based on their sequence simi-
larity, UHRF2 and UHRF1 appear to share the

same functions; UHRF2 also recognizes hemi-
methylated DNA and interacts with DNMT1
(Zhang et al. 2011). However, there are critical
differences between UHRF1 and UHRF2. Most
importantly, unlike UHRF1, the SRA domain of
UHRF2 creates a larger pocket to specifically
bind to 5hmC by base flipping (Fig. 11.2h)
(Zhou et al. 2014). In addition, UHRF2 and
UHRF1 are differentially expressed; UHRF2 is
downregulated in ESCs and gradually
upregulated upon differentiation, whereas
UHRF1 shows an opposite pattern (Pichler et al.
2011). Moreover, the introduction of UHRF2 into
UHRF1-null ESCs cannot rescue the
hypomethylation phenotype, suggesting a differ-
ential functionality of UHRF2, at least in ESCs
(Zhang et al. 2011). The 5hmC binding can stim-
ulate the E3 ligase activity of the UHRF2 RING
domain to regulate the K33-linked polyubiqui-
tination of the BER component XRCC1 (Liu
et al. 2021). However, unlike UHRF1, UHRF2
could not ubiquitinate histones in the context of
nucleosomes, implying that fragments outside the
chromatin binding region also contribute to
UHRF1 location in a productive conformation
for nucleosomal histone ubiquitination (Vaughan
et al. 2018). With these similarities and
differences, it is yet unclear how UHRF1 and
UHRF2 cooperatively (or distinctively) function
in cells; analysis with UHRF2 knockout mice
would provide more information. UHRF2 knock-
out mice exhibit frequent spontaneous seizures
and abnormal electrical activities during adult-
hood. In addition, UHRF2 knockout mice only
display a decreased 5mC level at certain genomic
loci in brains. Therefore, UHRF2 might play a
unique role differing from that of its paralog
UHRF1 in the maintenance of 5mC levels (Liu
et al. 2017).

11.4 Transcription Factors

In addition to the canonical MBD and SRA
domains, an increasing number of transcriptional
regulators have been identified to instruct down-
stream events depending on the recognition of
different cytosine modification states, including



the members of C2H2 zinc finger (ZF) proteins,
basic helix-loop-helix (bHLH), basic leucine-
zipper (bZIP), and homeodomain transcriptional
factor families.
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11.4.1 Kaiso and ZBTB38

The C2H2 zinc finger is one of the most abundant
DNA binding motifs. Each C2H2 zinc finger
contains a ββα-fold core comprised of two
β-strands packing against an α-helix, and this
core is stabilized by a tetrahedrally coordinated
Zn2+ with two cysteines and two histidine
residues (Klug 2010). Being a member of the
BTB/POZ (broad complex, Tramtrack, and bric-
a-brac/poxvirus and zinc finger) family, Kaiso
(also known as ZBTB33) contains three C2H2
zinc fingers and was originally identified as a
binding partner of p120 catenin (Daniel and
Reynolds 1999). In addition to p120 catenin,
Kaiso also interacts with a repression complex,
N-CoR (nuclear receptor corepressor), and
suppresses the expression of MTA2, a member
of the NuRD complex, in a methylation-
dependent manner (Yoon et al. 2003). As the
N-CoR complex contains histone deacetylases,
the recruitment of the N-CoR complex mediated
by Kaiso is proposed as a potential mechanism of
DNA methylation-dependent gene repression.
However, Kaiso is also known to associate with
p53 and upregulate apoptosis-related genes,
suggesting pleiotropic roles of Kaiso in different
biological contexts (Koh et al. 2015; Koh et al.
2014). Moreover, Kasio showed both pro- and
antitumorigenic activities, which also implies
that Kaiso is a context-dependent regulator (Koh
et al. 2014; Prokhortchouk et al. 2006; Soubry
et al. 2010).

Kaiso preferentially binds to two consecu-
tively methylated CpG dinucleotides or to a
chemically similar, albeit unmethylated,
TpG-containing sites, TCCTGCCA (also called
the Kaiso binding sequence, KBS) (Daniel et al.
2002; Prokhortchouk et al. 2001). The crystal
structures of Kaiso have been solved in complex
with two different DNA templates: a methylated
template, MeECad (promoter region of

E-cadherin) containing two methylated CpG
dinucleotides, and an unmethylated sequence
TCCTGCCA (Buck-Koehntop et al. 2012; Daniel
et al. 2002). The two structures are almost identi-
cal; Kaiso recognizes the methyl group, either of
mCpG or TpG dinucleotides, using the 5mC-Arg-
Gua triad structure (Fig. 11.3a) (Daniel et al.
2002). The first two zinc fingers hold the major
groove of DNA, and the third zinc finger
(together with the C-terminal extension) enables
high-affinity binding (Fig. 11.3a) (Buck-
Koehntop et al. 2012). A recent study suggests
that E535 of Kaiso adopts different
conformations to determine the distinct recogni-
tion of methylated and KBS motifs by Kaiso
(Fig. 11.3a) (Nikolova et al. 2020). Recently,
Kaiso was found to immunoprecipitate with the
de novo DNA methyltransferases DNMT3A/3B,
suggesting that Kaiso may recruit the DNA
methyltransferases to modulate genome methyla-
tion apart from being a methyl-DNA-binding pro-
tein (Kaplun et al. 2021).

In addition to Kasio, ZBTB4 and ZBTB38
were also found to bind methylated DNA
in vitro and in vivo. ZBTB4 and ZBTB38 specifi-
cally bind to the methylated allele of imprinting
gene H19/Igf2 and become delocalized with loss
of DNAmethylation (Filion et al. 2006). ZBTB38
is involved in cellular proliferation, apoptosis,
and genomic stability through modulating tran-
scriptional activity (Miotto et al. 2014; Nishii
et al. 2012; Oikawa et al. 2008; Pozner et al.
2018). ZBTB38 specifically binds to a DNA
sequence ((A/G)TmCG(G/A)(mC/T)(G/A))
through its C-terminal ZF6-10 (Pozner et al.
2018). The crystal structure of ZBTB38 in com-
plex with a DNA sequence of ATmCGGmCG
revealed that ZF7 and ZF8 contribute to base-
specific DNA interactions using a 5mC-Arg-Gua
triad, while ZF6 and ZF9 mainly stabilize ZF7
and ZF8 to form base-specific interactions
(Hudson et al. 2018).

11.4.2 CTCF

The multidomain CCCTC-binding factor (CTCF)
is crucial for chromatin architecture organization
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Fig. 11.3 Structural basis of C2H2 ZFs binding to
methylated CpG DNA. (a) Structure of Kaiso ZF1-3 in
complex with DNA containing two consecutively
methylated CpG sites (PDB: 4F6N). (b) Structure of
CTCF ZF3-7 in complex with methylated CpG DNA
(PDB: 5T00). (c) Structure of ZFP57 ZF2-3 in complex
with methylated CpG DNA (PDB: 4GZN). (d) Structure
of KLF4 ZF1-3 in complex with methylated CpG DNA

(PDB: 4M9E). (e) Structure of EGR1 ZF1-3 in complex
with methylated CpG DNA (PDB: 4X9J). (f) Structure of
WT1 ZF2-4 in complex with methylated CpGDNA (PDB:
4R2E). The zinc ions are shown as gray balls. The hydro-
gen bonds formed between protein residues and DNA
bases are marked as black dashed lines, while the DNA
base pair interactions are shown as gray dashed lines



and gene expression regulation. CTCF contains
11 tandem C2H2 zinc fingers and binds to a
15-base pair consensus sequence NCANNAG
(G/A)NGGC(G/A)(C/G)(T/C) (N¼A, C, G or T)
that can be methylated on cytosines at positions
2 and 12 (C2 and C12) (Nakahashi et al. 2013;
Rhee and Pugh 2011; Wang et al. 2012). The
crystal structures of CTCF bound to
unmethylated and methylated CpG DNA have
been determined (Hashimoto et al. 2017), which
showed that ZF3-7 recognize the major groove of
DNA, and each ZF interacts with three adjacent
DNA base pairs (also called the “triplet” element)
(Fig. 11.3b) (Choo and Klug 1997). ZF8 and ZF9
span along the DNA phosphate backbone of the
15-base pair core sequence, and no contact is
found for ZF1 and ZF10-11. In the complex
structure with the methylated CpG DNA, ZF3
and ZF4 contribute to mCpG binding at position
12 using a 5mC-Arg-G triad (Fig. 11.3b). In con-
trast, methylation at position 2 cytosine forms a
steric clash with D451 of CTCF (Hashimoto et al.
2017), explaining why methylation at C2 signifi-
cantly abolishes DNA binding, whereas methyla-
tion at C12 increases DNA binding of CTCF.
Thus, CTCF binds to methylated DNA and
recognizes 5mC in a position-dependent manner
(Hashimoto et al. 2017).
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11.4.3 ZFP57

ZFP57, as a member of the KRAB-ZFP (Kruppel-
associated box zinc finger) family, is a maternal-
zygotic effect gene for maintaining DNA methyl-
ation memory in early mouse embryos and
embryonic stem cells. ZFP57, together with its
binding cofactor KAP1, binds to methylated
hexanucleotides within CpG-rich sequences
located in imprinting control regions (ICRs) and
regulates imprinted genes (Li et al. 2008;
Quenneville et al. 2011). In addition, ZFP57 and
KAP1 coimmunoprecipitate with UHRF1 and
DNA methyltransferases DNMT1, DNMT 3A,
and DNMT 3B to maintain the DNA methylation
at ICRs (Quenneville et al. 2011; Zuo et al. 2012).
Loss-of-function mutations in human ZFP57 are
associated with a global imprinting disorder

(ID) and transient neonatal diabetes (TND)
(Mackay et al. 2008).

ZFP57 preferentially binds to a methylated
hexanucleotide sequence (TGCmCGC) using
two classical C2H2 domains (Liu et al. 2012;
Quenneville et al. 2011). Like MBD proteins
and Kaiso, ZFP57 uses a 5mC-Arg-Gua triad to
recognize the methylated cytosine (Fig. 11.3c). In
addition to TGCmCGC, the ZFP57 DNA binding
domain interacts with the oligonucleotide
containing the sequence GGCmCGC in vivo
and in vitro, albeit weaker than that of
TGCmCGC sequence (Anvar et al. 2016).

11.4.4 KLF4

KLF4 is a member of the Kruppel-like protein
family and contains three standard Kruppel-like
zinc fingers. KLF4 is well known as one of the
Yamanaka factors for reprogramming somatic
cells to induce pluripotency (Takahashi and
Yamanaka 2006). KLF4 recruits the histone
H3K27me3 demethylase JMJD3 to reduce
H3K27me3 levels at both enhancers and
promoters of epithelial and pluripotency genes,
facilitating reprogramming somatic cells to
pluripotency (Huang et al. 2020). In addition,
KLF4 also promotes somatic cell reprogramming
by cooperating with transcription factors OCT4
and SOX2 (Chronis et al. 2017; Takahashi and
Yamanaka 2006). OCT4 acts as a pioneer factor
that opens heterochromatin and facilitates the
binding of KLF4 (Chen et al. 2020). In addition
to reprogramming, KLF4 is required for normal
skin and colon development, and KLF4 knockout
mice die soon after birth (Katz et al. 2002; Segre
et al. 1999). The transcriptional activities of
KLF4 have also been implicated in regulating
genomic stability (El-Karim et al. 2013), cellular
proliferation (Chen et al. 2003), DNA damage
response, and apoptosis (Yoon et al. 2005).

KLF4 exhibits comparable binding activity to
CpG, mCpG, or TpG containing DNA in vitro
(Hashimoto et al. 2016; Liu et al. 2014). Interest-
ingly, genome-wide studies showed that about
half of the KLF4-binding sites in vivo are highly
methylated (Hu et al. 2013). KLF4 binds to a



consensus sequence of GG(T/C)G with a prefer-
ence for the methylated status (Sharma et al.
2021; Wan et al. 2017). Structural analysis
revealed that the tandem C2H2 zinc fingers of
KLF4 recognize the major groove of the DNA
using a 5mC-Arg-Gua triad (Fig. 11.3d) (Liu
et al. 2014; Schuetz et al. 2011). KLF4 progres-
sively loses binding affinity as 5mC is oxidized
into 5hmC, 5fC, and 5caC (Liu et al. 2014).
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11.4.5 EGR1 and WT1

EGR1 (early growth response protein 1), also
called ZIF-268, NGFI-A, KROX 24, or ZENK,
is a member of the EGR protein family. EGR1 is
involved in several biological processes, includ-
ing cell proliferation, differentiation, inflamma-
tion, and apoptosis (Beckmann and Wilce 1997;
Bozon et al. 2003; Duclot and Kabbaj 2017; Lee
et al. 2004; Sanchez-Guerrero et al. 2013; Veyrac
et al. 2014). EGR1 specifically recognizes and
binds target genes using three C2H2 zinc fingers,
which either promotes or inhibits the expression
of target genes (Kim et al. 2011). The WT1
(Wilms’ tumor 1) is a predisposition gene for
Wilms’ tumor, a pediatric kidney cancer (Call
et al. 1990; Charlton and Pritchard-Jones 2016;
Gessler et al. 1990). WT1 is involved in the
regulation of BMP/pSMAD and FGF pathways
in the early kidney anlagen (Motamedi et al.
2014), and also plays critical roles in tissue
homeostasis, development, and disease (Hastie
2017). Although there are more than 35 potential
mammalian WT1 isoforms generated by splicing
or alternative translation start sites, all isoforms
contain four C2H2 zinc fingers (Hastie 2017).
Like EGR1, WT1 can either repress or activate
specific target genes depending on its binding
partners (Hastie 2017). EGR1 and WT1 have
highly divergent cellular functions, but both TFs
recognize the same consensus sequence, GCG
(T/G)GGGCG (Hartwig et al. 2010; Pavletich
and Pabo 1991; Rauscher et al. 1990; Stoll et al.
2007; Zandarashvili et al. 2015). Consistent with
other MBPs, these two proteins interact with a
methylated DNA template using a 5mC-Arg-Gua
triad (Fig. 11.3e, f) (Hashimoto et al. 2014).

11.4.6 bZIP

Activator protein 1 (AP-1) is a transcription factor
family with basic leucine zipper (bZIP), including
c-Fos, c-Jun, CREB, C/EBP, and ATF (activating
transcription factor), and is involved in multiple
biological processes, such as development,
metabolism, cell proliferation, and apoptosis
(Angel and Karin 1991; Eferl and Wagner 2003;
Hess et al. 2004; Karin et al. 1997). The AP-1
transcription factors usually form either
heterodimers or homodimers depending on the
sequences of their leucine zipper motifs (Miller
2009), and dimerization is considered a prerequi-
site for DNA binding (Landschulz et al. 1989).
c-Fos and c-Jun form homo- or heterodimers to
recognize three types of 7-bp 12-O-tetradeca-
noylphorbol-13-acetate (TPA)-response
elements: TGAGTCA, mCGAGTCA, and
TGAGmCCA (Bhende et al. 2004; Eferl and
Wagner 2003; Gustems et al. 2014; Tulchinsky
et al. 1996). C-Jun forms a clamp-like structure
through its C-terminal leucine zipper, while its
N-terminal basic region interacts with the major
groove of the target DNA sequence (Fig. 11.4a).
In contrast to the other MBPs, which use a
5mC-Arg-G triad to recognize mC or T, AP-1
binds to mCpG and TpG through van der Waals
contacts between a conserved di-alanine (Ala265
and Ala266) and the methyl groups of 5mC or
thymine (Fig. 11.4b) (Hong et al. 2017).

Another bZIP TF member, CCAAT/enhancer
binding protein β (C/EBPβ), is associated with
cytokine-mediated macrophage activation and
rapid granulopoiesis (Hirai et al. 2006), and
regulates gene expression at different develop-
mental stages (Sun et al. 2017; Tsukada et al.
2011). C/EBPβ recognizes a DNA sequence
TTGmCGCAA. Instead of the di-alanine,
C/EBPβ bZIP has a unique Ala-Val dipeptide
(A284-V285) that contributes to van der Waals
interactions with the 5-position methyl group of
methylated CpG and thymine, and the methylated
CpG dinucleotide forms a classic 5mC-Arg-Gua
triad with R289 (Yang et al. 2019). Oxidation of
5mC to 5hmC introduces a hydroxyl group and
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Fig. 11.4 Structures of other TFs binding to methylated
DNA. (a) AP-1 bZIP domain forms dimer for binding to
methylated cytosine DNA (PDB: 5T01). (b) AP-1 bZIP
protein recognizes the DNA by the van der Waals contacts
with the methyl groups of methylated cytosine and thy-
mine. The protein residues are shown as green and pink
sticks, respectively, while nucleotides are shown as sticks
and colored orange. (c) Overall structure of HOXB13
homeodomain in complex with mCpG DNA (PDB:
5EF6). (d) HOXB13 homeodomain recognizes the DNA
by the van der Waals contacts with the methyl groups of

methylated cytosine. The protein residues are shown as
blue sticks, while nucleotides are shown in sticks and
colored in red and yellow, respectively. (e, f) CDX1
(PDB: 5LUX) and CDX2 (PDB: 5LTY) homeodomains
recognize the DNA by the van der Waals contacts with the
methyl groups of methylated cytosine, respectively. The
protein residues and nucleotides are shown in the same
way as in d. The hydrogen bonds formed between protein
residues and DNA are marked as black dashed lines, while
the DNA base pair interactions are shown as gray dashed
lines



reduces its interaction with C/EBPβ (Yang et al.
2019).
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11.4.7 Homeodomain Proteins

Homeodomain transcription factors bind to DNA
and regulate the expression of morphogenesis-
related target genes in eukaryotes (Burglin and
Affolter 2016). Some homeodomain transcription
factors have been reported to preferentially bind
to methylated DNA (Yin et al. 2017). To illustrate
the molecular basis for the methylated DNA bind-
ing preference, the structures of several
homeodomain proteins, such as HOXB13,
CDX1, and CDX2, bound to their cognate DNA
sequences have been reported (Fig. 11.4c–f) (Yin
et al. 2017). It was found that the homeodomain
recognizes mCpG by direct hydrophobic
interactions with the methyl groups of both
5mCs from the CpG dinucleotide. For example,
the complex structure of HOXB13 bound to the
DNA sequence CTmCGTAAA showed that its
DNA binding domain consists of three
α-helices, and the C-terminal α-helix (α3) lies in
the major groove of the DNA and the N-terminal
tail interacts with the minor groove (Fig. 11.4c)
(Yin et al. 2017). Specifically, I262 has a direct
hydrophobic interaction with the methyl group of
the methylcytosine, while V269 forms another
hydrophobic contact with the methyl group of
methylcytosine from the complementary strand.
Besides, the aliphatic chain of R258 interacts with
I262 to enhance the hydrophobic environment
(Fig. 11.4d) (Yin et al. 2017). This interaction is
also conserved in the binding of CDX1 or CDX2
to GTmCGTAAAA (Fig. 11.4e, f) (Yin et al.
2017). In contrast to CDX1 and CDX2,
homeodomain protein LHX4 displays a slightly
weaker binding to TmCGTTA site and no signifi-
cant binding to the unmethylated TCGTTA (Yin
et al. 2017). The complex structure of LHX4
bound to the TAATA site showed that R127,
V131, and A138 adopt a similar conformation to
the corresponding residues in HOXB13, CDX1,
and CDX2, which also engage in hydrophobic
interaction with TmCGTTA (Yin et al. 2017).

11.5 Conclusion

In this chapter, we reviewed the research on
proteins that recognize methylated DNA. Several
themes have emerged from recent biochemical,
structural, and genomic studies of MBPs. Among
them, MBD and C2H2 ZFs DNA binding
proteins use the same classic 5mC-Arg-Gua
triad to recognize the methylated CpG and
unmethylated TpG, while the bZIP proteins
AP-1 and homeodomain proteins characterized
in this chapter use van der Waals contacts to
recognize the methyl groups of 5mC and thymine
(Hong et al. 2017; Yin et al. 2017). The SRA
proteins utilize specialized pockets to recognize
5mC or 5hmC. Although the POU and PAX
proteins, NFAT proteins, SMAD proteins, and
FOX proteins have also been reported to interact
with mCpG sites (Yin et al. 2017), their
methylcytosine recognition mechanism remains
to be characterized. Thymine can replace mC for
DNA binding due to their similar chemical struc-
ture; thus, the TpG recognition by POU and
NFAT can also provide insights into their mC
binding (Remenyi et al. 2001; Stroud et al. 2002).

Detailed analyses of structural and biochemi-
cal data have also indicated that the MBDs recog-
nize DNA without sequence selectivity outside
the methylated CpG sequence. However, it
seems that individual MBD family members dis-
play some level of functional specificity as
revealed by genomic mapping experiments in
living cells, so how does a methylated CpG
motif specify recruitment of a unique MBD has
been puzzling, as a dinucleotide sequence like
mCpG lacks the chemical information inherent
in the longer binding sites typical for most tran-
scription factors. The structural and biochemical
work of some other MBPs reviewed here places
this issue in an even wider context: MBD and
most C2H2 ZF proteins utilize a common protein
feature (arginine) to recognize chemical features
of the methylated CpG dinucleotide. One possible
explanation would be that additional functional
domains of these MBPs recognize flanking
sequence information, and the true consensus
recognition sequence for these proteins is not a



simple methylated CpG, but the methylated CpG
with its flanking sequence context that differs for
each MBP. This feature endows the MBP
proteins with considerable flexibility to respond
to DNA methylation with different outputs at
unique loci within the genome. Unraveling how
cells utilize this surprising flexibility to resolve
epigenetic regulation remains a principal chal-
lenge of current genetic and genomic
experiments.
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Abstract

The modification of DNA bases is a classic
hallmark of epigenetics. Four forms of
modified cytosine—5-methylcytosine,
5-hydroxymethylcytosine, 5-formylcytosine,
and 5-carboxylcytosine—have been discov-
ered in eukaryotic DNA. In addition to cyto-
sine carbon-5 modifications, cytosine and
adenine methylated in the exocyclic amine—
N4-methylcytosine and N6-methyladenine—
are other modified DNA bases discovered
even earlier. Each modified base can be con-
sidered a distinct epigenetic signal with
broader biological implications beyond simple
chemical changes. Since 1994, several crystal
structures of proteins and enzymes involved in
writing, reading, and erasing modified bases
have become available. Here, we present a
structural synopsis of writers, readers, and
erasers of the modified bases from prokaryotes
and eukaryotes. Despite significant differences

in structures and functions, they are remark-
ably similar regarding their engagement in
flipping a target base/nucleotide within DNA
for specific recognitions and/or reactions. We
thus highlight base flipping as a common
structural framework broadly applied by dis-
tinct classes of proteins and enzymes across
phyla for epigenetic regulations of DNA.

Ren Ren and John R. Horton contributed equally with all
other contributors.

R. Ren · J. R. Horton · X. Cheng (*)
Department of Epigenetics and Molecular Carcinogenesis,
University of Texas MD Anderson Cancer Center,
Houston, TX, USA
e-mail: RRen1@mdanderson.org;
JRHorton@mdanderson.org; xcheng5@mdanderson.org

S. Hong
McGovern Medical School, The University of Texas
Health Science Center at Houston, Houston, TX, USA
e-mail: samuel.hong@uth.tmc.edu

# The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
A. Jeltsch, R. Z. Jurkowska (eds.), DNA Methyltransferases - Role and Function, Advances in
Experimental Medicine and Biology 1389, https://doi.org/10.1007/978-3-031-11454-0_12

295

Keywords

Epigenetic methylation · DNA base flipping ·
Reader, writer and eraser of DNA methyl
marks · Methyltransferases · Demethylases

Abbreviations

5caC 5-carboxylcytosine
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CMT3 Chromomethylase 3 (plant specific)
DME Demeter (plant)
DML3 Demeter-like protein 3 (plant)
DNMT1 Mammalian DNA

methyltransferase 1
DNMT3A Mammalian DNA

methyltransferase 3A
DNMT3L Mammalian DNA

methyltransferase 3-like
DRM2 Domain rearranged

methyltransferase 2 (plant)
FTO Fat mass and obesity-associated

protein
HhH Helix-hairpin-helix
JBP J-binding protein
MBD Methyl-CpG binding domain
McrB Modified cytosine restriction B
Met1 DNA methyltransferase 1 (plant)
MTase Methyltransferase
N4mC N4-methylcytosine
N6mA N6-methyladenine
NOG N-oxalylglycine
ROS1 Repressor of silencing 1 (plant

specific)
SRA SET- and RING-associated
TDG Thymine DNA glycosylase
TET Ten-eleven translocation
TRD Target recognition domain
Uhrf1 Ubiquitin-like-containing PHD and

RING finger domains protein 1
WH Winged helix

12.1 Introduction

Chemical modifications of DNA bases have fun-
damental biological roles in virtually every living
organism. In both prokaryotes and many
eukaryotes, cytosine can be methylated at
carbon-5 (C5) position by cytosine C5
methyltransferases (MTases) to generate
5-methylcytosine (5mC) (Kumar et al. 1994;
Bestor 2000) (Fig. 12.1a). In higher eukaryotes,
ten-eleven translocation (TET) 5mC dioxygenase
enzymes utilize α-ketoglutarate (αKG) and Fe
(II) to oxidize the methyl group of 5mC to
generate 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine

(5caC) via discrete reactions (Kriaucionis and
Heintz 2009; Tahiliani et al. 2009; Ito et al.
2011; He et al. 2011). In prokaryotes, 5mC and
5hmC can be introduced de novo into the genome
during phage invasions, as both modified bases
can be synthesized prior to incorporation into the
phage genome during DNA synthesis (Warren
1980). After DNA synthesis, phage glucosyl-
transferases can modify 5hmC within the genome
to generate glucosylated 5hmC (5ghmC)
(Lehman and Pratt 1960; Kornberg et al. 1961;
Lunt et al. 1964). Beyond cytosine C5
modifications, exocyclic amine groups of adenine
and cytosine can be methylated in prokaryotes to
generate N6-methyladenine (N6mA) and
N4-methylcytosine (N4mC), respectively
(Malone et al. 1995) (Fig. 12.1b, c). Crystal
structures of DNA modification enzymes to date
have consistently shown that the target nucleotide
is flipped out of the double helix for reactions in a
process called base flipping.

In addition to the modification writers,
modified base readers have also been shown to
flip the target base for recognition. Mammalian
SET- and RING-associated (SRA) domains rec-
ognize 5mC within genome by base flipping
(Arita et al. 2008; Avvakumov et al. 2008;
Hashimoto et al. 2008), and have been
characterized as non-enzymatic base flippers.
Since the first discovery in eukaryotes, SRA has
been rediscovered in prokaryotes, recognizing
5mC, 5hmC, and/or 5ghmC to coordinate restric-
tion activity in a modification-dependent manner
(Horton et al. 2014a–c). In addition to SRA, the
bacterial modified cytosine restriction B enzyme
(McrB) also flips 5mC for recognition but is
structurally distinct from other known base
flippers (Sukackaite et al. 2012). Structural
homologs of McrB across different phyla may
recognize modified bases in a similar way.

A brief survey of DNA base modifications in
both prokaryotes and eukaryotes reveals that two
major families of enzymes, methyltransferases,
and dioxygenases are involved in writing DNA
modifications in the four forms of modified cyto-
sine: 5mC, 5hmC, 5fC, and 5caC. In plants, 5mC
DNA glycosylase repressor of silencing 1 (ROS1)
can excise 5mC and 5hmC (in vitro) (Gong et al.



2002; Jang et al. 2014; Hong et al. 2014), and
mammalian thymine DNA glycosylase (TDG)
can excise 5fC and 5caC (He et al. 2011; Maiti
and Drohat 2011; Zhang et al. 2012; Hashimoto
et al. 2012a). These discoveries effectively link
the base excision repair pathway, including AlkB
homologs (see below), to DNA demethylation/
demodification, by which epigenetic signals
encoded in the modified cytosines can be
reversed. DNA glycosylases represent the most
structurally diverse family of enzymes that are
involved in base flipping (also known as

nucleotide flipping) (Brooks et al. 2013). Thus,
base flipping is not restricted to writers and
readers, but has been adopted by DNA
glycosylases for erasing DNA modifications as
well. Together, structural characterizations of
writers, readers, and erasers of DNA base
modifications in prokaryotes and eukaryotes
effectively showcase base flipping as a general
mechanism for regulating and translating funda-
mental epigenetic signals as well as for
maintaining genome integrity (i.e., DNA damage
repair).
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Fig. 12.1 Chemical modifications of nucleic acids. (a)
DNA cytosine C5 modifications: enzymes and proteins
involved in writing, reading, and erasing the modifications
via base-flipping mechanisms. (b) Adenine N6

methylation in DNA or RNA: enzymes and proteins
involved in writing, reading, and erasing adenine N6
methylation. (c) Cytosine N4 methylation
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12.2 Base Flipping for Methylation
of DNA Bases

12.2.1 Bacterial DNMTs (HhaI, TaqI,
Dam, CcrM, and CamA)

Biological methylation is widely engaged in vari-
ous regulations, and it uses S-adenosyl-L-methio-
nine (AdoMet or SAM) as a primary methyl
donor. The methyl group of AdoMet is bound to
a positively charged sulfur atom predisposed to a
nucleophilic attack. During the methylation reac-
tion, AdoMet loses the methyl group and
becomes S-adenosyl-L-homocysteine (AdoHcy
or SAH). A number of different families of
MTases use AdoMet as cofactor, targeting
diverse substrates ranging from small molecules
to large macromolecules such as DNA, RNA,
proteins, lipid, and polysaccharides. The atoms
subjected to methylation also vary, including car-
bon (C), nitrogen (N), oxygen (O), sulfur (S), and
several metals. AdoMet-dependent DNA MTases
were first discovered in bacterial restriction-
modification systems (Roberts et al. 2015). The
known structures of AdoMet-dependent DNA
MTases share a common “MTase fold”
characterized by mixed seven-stranded β sheets
(6# 7" 5# 4# 1# 2# 3#) in which strand 7 is
inserted between strands 5 and 6 antiparallel to
the others (Cheng 1995; Schubert et al. 2003).

M.HhaI was the first DNA MTase to be struc-
turally characterized (Cheng et al. 1993)
(Fig. 12.2a). It contains an N-terminal MTase
domain and a C-terminal target recognition
domain (TRD). M.HhaI is a cytosine C5 MTase
that methylates the first cytosine within
50-GCGC-30 recognition sequences and prevents
R.HhaI restriction activity at this site (Roberts
et al. 1976; Horton et al. 2020). Before the struc-
ture was available, the proposed mechanism
predicted that catalytic Cys81 would make a
nucleophilic attack on C6 of cytosine to form a
covalent complex, followed by transferring the
methyl group from AdoMet to cytosine C5 and
releasing the covalent intermediate (Wu and Santi
1985, 1987). In 1994, the crystal structure of M.
HhaI-DNA with AdoMet was solved as a trapped

covalent enzyme-DNA intermediate using
5-fluorocytosine and directly supported the pro-
posed mechanism, presenting the catalytic cyste-
ine covalently linked to C6 and showing
methylated C5 adjacent to AdoHcy
(Klimasauskas et al. 1994). Yet, the most striking
aspect of the structure was that both the MTase
and the TRD of the enzyme work simultaneously
to bind DNA and flip the target base into the
active-site pocket. The mechanism of DNA base
access by base flipping has since been described
as the framework for other DNA MTases (Cheng
and Roberts 2001).

After the first structure of M.HhaI-DNA was
solved, many crystal structures of DNA
MTase-DNA complexes have been solved.
Besides cytosine C5 methylation, adenine exocy-
clic N6 methylation is also a critical modification
in prokaryotic DNA (Fig. 12.2b–d) and in eukary-
otic RNA (Anton and Roberts 2021; Wei and He
2021). The structure of the adenine N6 MTase M.
TaqI in complex with DNA and a non-reactive
AdoMet analog was solved in 2001 (Goedecke
et al. 2001) (Fig. 12.2b). The enzyme methylates
adenine within 50-TCGA-30 sequence and harbors
a similar two-domain organization as M.HhaI,
with the conserved N-terminal MTase domain,
but a quite distinct C-terminal TRD. The ternary
structure is remarkably reminiscent of M.HhaI,
involving a flipped adenine in the active site,
where the methyl group from the AdoMet analog
is positioned near N6 of the flipped adenine.
Instead of the catalytic cysteine residue as in M.
HhaI, the asparagine 105 side chain and the fol-
lowing proline backbone oxygen make hydrogen
bonds with the adenine N6 amine group, poten-
tially modulating the direct transfer of the methyl
group from AdoMet. A similar mode of interac-
tion is also seen in the active site of the T4 phage
DNA adenine MTase (T4 Dam) that flips adenine
in 50-GATC-30 sequence, and an aspartate residue
(Asp171) contacts adenine N6 (Horton et al.
2005).

Dam is an orphan MTase (Fig. 12.2c), a type
of MTase that acts alone without associated cog-
nate restriction endonuclease as part of R-M sys-
tem (Roberts et al. 2015). Besides Dam, cell



cycle-regulated DNA MTase (CcrM) in
Caulobacter crescentus (Zweiger et al. 1994)
(Fig. 12.2d) and newly discovered Clostridioides
difficile adenine MTase A (CamA) (Oliveira et al.
2020) are also orphan MTases, although they
belong to different subgroups depending on the
sequential order of conserved motifs (Malone
et al. 1995; Woodcock et al. 2020a). The kinetics
and structural studies revealed these orphan
MTases shared similarities while functioning
quite differently. Both Dam (α-group) and CcrM
(β-group) are responsible for the post-replication
maintenance of daughter strand adenine methyla-
tion of symmetrical GATC sequence or near-
symmetric GAnTC (n¼any base) (Messer and
Noyer-Weidner 1988; Stephens et al. 1996).
CamA (γ-group), predominantly presented in all
C. difficile genomes, methylates an asymmetric
6-bp sequence: CAAAAA (underlining indicates
the target A) (Oliveira et al. 2020; Zhou et al.
2021). Although the target adenine residue is
flipped out during the catalysis for all three
enzymes, each individual orphan MTase has its
own distinct mechanism. Dam-bound DNA con-
formation has intact intrahelical paired bases
(Horton et al. 2005), CcrM pulls the two DNA
strands apart and creates a bubble comprising four
unpaid bases for enzyme recognition (Horton
et al. 2019), and CamA squeezes out the target
adenine by base pair rearrangement (Zhou et al.
2021). In addition, Dam and CamA make base-
specific contacts to both DNA strands, whereas
CcrM only contacts the bases in the target strand.
These unique features allow CcrM to methylate
not only double-stranded but also single-stranded

DNA (Reich et al. 2018; Konttinen et al. 2020),
while both Dam and CamA are inactive on single-
stranded DNA.
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Fig. 12.2 Examples of bacterial DNA MTases. (a) M.
HhaI, a 5mC MTase, (b) M.TaqI, a class γ MTase, (c)
EcoDam, a class αMTase, and (d) CcrM, a class βMTase.
The MTase domain (green) binds cofactor (in ball model),

and the target recognition domain (TRD) is colored in dark
blue. The DNA recognition strand containing the flipped
target base is in magenta, and the complementary strand in
yellow

12.2.2 Mammalian DNMTs (DNMT1,
DNMT3A/3L)

Structural features of classic prokaryotic cytosine
C5 MTases are extensively shared by mammalian
DNA MTases: DNMT1, DNMT3A, and
DNMT3B. They are all cytosine C5 MTases
containing the MTase domain with the catalytic
cysteine and the TRD. DNMT1 is primarily
implicated in methylation of the daughter strand
during DNA replication to maintain the methyla-
tion pattern encoded in the mother strand by
preferentially recognizing hemi-methylated
DNA in CpG dinucleotide context (Li et al.
1992). On the other hand, DNMT3A and
DNMT3B are considered de novo MTases that
can methylate CpG sites as well as non-CpG sites
(Okano et al. 1999; Ramsahoye et al. 2000;
Gowher and Jeltsch 2001). Such differences in
substrate specificities are partly due to the
involvement of other domains outside the cata-
lytic fragment. For example, the CXXC and
BAH1 domains within DNMT1 hinder methyla-
tion of unmethylated CpG sites (Song et al.
2011), whereas DNMT3A and DNMT3B do not
contain such domains and can readily
methylate them.

Moreover, it appears there exist strong
influences of flanking sequences on the CpG
and non-CpG methylation activity of mammalian



DNA MTases and resulting patterns of methyla-
tion. Deep enzymology experiments, which uti-
lize substrates with partly randomized sequences
and then analyze the methylation levels by bisul-
fite conversion coupled with deep next-
generation sequencing (NGS) readout, along
with structural information, delineate an intricate
interplay between flanking sequence, the enzyme-
mediated base flipping, and the dynamic land-
scape of DNA methylation (Jeltsch et al. 2021).
Flanking sequences of CpG directly influence
catalysis by affecting base-flipping mechanisms
which are accompanied by conformational
changes in the MTase.
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For DNMT1 (Fig. 12.3a), there are strong
effects of the � 2 flanking sequences of a CpG
on its activity, with an about 100-fold difference
in methylation rates of N–2N–1CpGN+1N+2 sites
with the best and worst flanking sequences
(Adam et al. 2020). Three crystal structures aug-
ment this study as a DNMT1 complex with DNA
with a highly favorable flanking C–1 only showed
flipping of the target base, while another complex
with a less favorable A–1 showed the target base
flipping together with rotation of the orphaned
G. Finally, a structure with the least favorable
G–1 displayed a rotation of the target base and
invasion of the orphaned G into the�1 flank base
pair followed by the formation of a GG
non-canonical base pair and flipping of the C
normally in the base pair with the G–1 residue
(Song et al. 2011; Adam et al. 2020). Differences
in positioning of the helix that follows the cata-
lytic loop of DNMT1 could be observed with the
different nucleotides at the N–1 position as well:
with A and C at that position, the helix of
DNMT1 predominantly adopted a kinked confor-
mation, and with G, the helix mainly adopted a
straight conformation moving the active-site loop
away from the DNA. Differences of residues at
the plus-side flank of the CpG appear to affect the
minor groove width which may also influence the
equilibrium between the two alternative
conformations. Structural transition between
these two states of active-site loop-helix is
required for DNMT1 activity, suggesting that
targeting this transition with small compounds
could reduce DNA methylation in cancer cells

(Ye et al. 2018). Excitingly, this has been shown
to be the case with a new class of reversible
DNMT1-selective inhibitors containing a
dicyanopyridine moiety (Pappalardi et al. 2021)
(Fig. 12.3c).

The flanking sequence preferences of
DNMT3A and DNMT3B have also been
investigated using the deep enzymology approach
(Gao et al. 2020). Methylation levels were aver-
aged for 4096 CpG sites with randomized �
3 flanks, i.e., N–3N–2N–1CpGN+1N+2N+3 sites.
The highly methylated sites of DNMT3A showed
a preference for C at the +1 site, while DNMT3B
preferred G/A at the +1 site and a G at the +2 site
DNMT3B while both enzymes prefer T at the
�2 site. In addition, the ratio of flanking sequence
preferences of DNMT3A and DNMT3B for sites
extended a more than 100-fold range, illustrating
the noticeable divergence in flanking sequence
preferences between the two enzymes.

12.2.3 Implications of DNA
Methyltransferase Oligomers
(DNMT3A/3L, DNMT3A/3B3,
EcoP15I, CcrM, and MettL3-14)

The genomic targeting of DNMT3A and
DNMT3B is further regulated by additional
factors, including their N-terminal domains and
DNMT3L. Besides being a catalytic domain, the
MTase domain can participate in protein–protein
interactions as exemplified by the DNMT3A
MTase domain interacting with a naturally inac-
tive MTase-like domain of DNMT3L, a scaffold
protein that binds histone tail H3 to guide
DNMT3A activities by forming a tetramer of
3L-3A-3A-3L (Jia et al. 2007; Ooi et al. 2007)
(Fig. 12.4a). Moreover, DNMT3L can also form a
similar linear assembly with DNMT3B (Lin et al.
2020) (Fig. 12.4b), and 3B-3B and 3B-3L
interfaces share some conserved residues with
those of the DNMT3A-3L complex.

As a key accessory protein of de novo DNA
methylation, Dnmt3L predominantly exists in
early embryos and embryonic stem cells and is
silenced upon differentiation. Dnmt3b3, a catalyt-
ically inactive Dnmt3b isoform, which is



ubiquitously expressed in differentiated cells and
contains the exact 63-residue deletion
corresponding to that of Dnmt3L, carries out the
regulatory role during late embryonic develop-
ment and in somatic cells. Dnmt3b3 can posi-
tively regulate the catalytic activities of both
Dnmt3a2 and Dnmt3b2 either in vitro or in vivo
(Duymich et al. 2016; Zeng et al. 2020). The
stimulatory effect of Dnmt3b3 is highly depen-
dent on the direct interaction with active form of
Dnmt3a or Dnmt3b proteins, and the optimal
stimulation is reached at equal molar stoichiome-
try. The newly reported cryo-electron microscopy
structure defined the architecture of a ternary
complex of Dnmt3a2-Dnmt3b3 heterotetramer
with a nucleosome core particle flanked by linker
DNA (Xu et al. 2020) (Fig. 12.4c). This complex
contains two monomers each of Dnmt3a2 and

Dnmt3b3, forming a tetramer with 3b3-3a2-3a2-
3b3, similar to the arrangement of 3L-3a-3a-3L
complex. The 3b3-3a2-3a2-3b3 tetramer interacts
asymmetrically with the nucleosome with one of
the Dnmt3b3 molecules bound to the acidic patch
of the nucleosome. The contact point orients both
Dnmt3a2 catalytic domains and the second
Dnmt3b3 to follow the path of the linker DNA
and constrain the arrangement of Dnmt3a target
recognition domain with linker DNA. This model
suggested a crucial role of Dnmt3b3 in targeting
the nucleosome core and driving the de novo
methylation on a genome-wide scale.
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Fig. 12.3 Human DNMT1. (a) In the absence of DNA. (b) In the presence of DNA. (c) In the presence of DNA- and
DNMT1-specicifc inhibitor

Fig. 12.4 Human DNMT3 family. (a) DNMT3A-3L tetramer in complex with DNA. (b) DNMT3B-3L tetramer in
complex with DNA. (c) DNMT3A-3B3 tetramer in complex with nucleosome

Interestingly, a multi-subunit prokaryotic
DNA N6mA methyltransferase, EcoP15I,
contains a DNA MTase dimer in which one
monomer is involved in target base flipping and
the other in the recognition of DNA base context



(Gupta et al. 2015) (Fig. 12.5a). The “division of
labor” might be a conserved feature among class-
beta MTases, including M.EcoGII (Murray et al.
2018) and M.EcoP15I (Gupta et al. 2015) from
Escherichia coli, Caulobacter crescentus cell
cycle-regulated DNA methyltransferase (CcrM)
(Horton et al. 2019) (Fig. 12.5b), the MTA1-
MTA9 complex from the ciliate Oxytricha (Beh
et al. 2019) (Fig. 12.5c), and the mammalian
MettL3-MettL14 complex (Fig. 12.5d) (reviewed
in Woodcock et al. 2020a). These MTases all
generate N6-methyladenine in DNA, with some
members having activity on single-stranded DNA
as well as RNA. The beta class of MTases has a
unique multimeric feature, forming either homo-
or hetero-dimers, allowing the enzyme to use
division of labor between two subunits in terms
of substrate recognition and methylation. Thus,
dimerization of two structurally comparable
proteins for divergent functionalities may be a
mechanism for fine-controlling DNA/RNA
modifications.
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12.2.4 Plant DNMTs

Plant DNA MTases show similar functionalities
to their mammalian counterparts. Met1 is homol-
ogous to mammalian DNMT1 and is responsible
for the maintenance CpG methylation, whereas
domains rearranged methyltransferase 2 (DRM2)
is involved in de novo DNA methylation (Law
and Jacobsen 2010). DRM2 contains a rearranged
MTase domain, such that its N-terminal half is
equivalent to the C-terminal half of the conven-
tional MTase fold and vice versa. A structural
study of DRM2 family MTase domain has
revealed that the rearranged domain still forms a
classic MTase structure and functions as a
homodimer (Zhong et al. 2014) analogous to the
DNMT3A-3L heterodimer. In addition to Met1
and DRM2, plants also have plant-specific DNA
MTases, such as CMT2 and CMT3 that are spe-
cifically involved in CNG methylation (Stroud
et al. 2014; Lindroth et al. 2001; Zemach et al.
2013). The higher diversity of the MTase family
within plants compared to the mammalian family
suggests that DNA methylation may be more
dynamically regulated in plants than in mammals.

12.3 Base Flipping in Oxidative
Modifications
of Methylated Bases

12.3.1 Eukaryotic TET Enzymes

The 5mC is by far the most widely studied
modified base. Yet, if 5mC has been considered
“the fifth” base of the genetic alphabet, 5hmC is
increasingly being labeled as “the sixth” base
and has garnered much attention. The existence
of 5hmC in bacteriophage, modified from
20-deoxycytidine before integration into the viral
genome (Warren 1980), was first reported in the
early 1950s (Wyatt and Cohen 1952, 1953).
In 1993, a novel J base (β-D-glucosyl
hydroxymethyluracil) was discovered in trypano-
some, in which J-binding proteins (JBP1 and
JBP2) are involved in oxidizing the C5 methyl
group of thymine during J base synthesis by using
αKG and Fe(II) as cofactors to generate
5-hydroxymethyluracil (Gommers-Ampt et al.
1993; Borst and Sabatini 2008). In 2009, mam-
malian JBP homolog TET enzymes were discov-
ered to oxidize the methyl group of 5mC to
generate 5hmC (Tahiliani et al. 2009). Further
analysis revealed that TET enzymes could further
oxidize 5hmC to 5fC and then to 5caC (Ito et al.
2011; He et al. 2011). Also, TET enzymes have
been shown to convert thymine (5-methyluracil)
to 5-hydroxymethyluracil by oxidizing the C5
methyl group of thymine (Pfaffeneder et al.
2011; Pais et al. 2015).

Eukaryotic JBP/TET homologs are present
across many eukaryotic organisms including
amoeboflagellate Naegleria gruberi (Iyer et al.
2013; Hashimoto et al. 2014a, 2015a). Crystal
structures of Naegleria gruberi TET-like
(NgTET) (Fig. 12.6a) and human TET2
(hTET2) (Fig. 12.6b) in complex with 5mC-,
5hmC, and 5fC-containing DNA have been
characterized (Hashimoto et al. 2014a, 2015a;
Hu et al. 2013, 2015). All TET structures show
a flipped base positioned in the active-site pocket
close to N-oxalylglycine (NOG)—an inactive
αKG analog—and a divalent metal such as
Fe(II) or Mn(II) for stalling the enzyme in
the pre-reaction state. Some of the features
of the flipped base recognition observed in



DNMT-DNA complex structures (Cheng and
Roberts 2001) can also be seen in the structures
of TET-DNA complexes. The flipped base in the
active site of a TET enzyme in complex with
DNA is stabilized by π stacking interactions
involving an aromatic residue such as Phe295 in
NgTET (Hashimoto et al. 2014a) and Tyr1902 in
hTET2 (Hu et al. 2013). Also, polar residues such
as Asn147, His297, and Asp234 in NgTET con-
tact O2, N3, and N4, respectively, to guide sub-
strate specificities (Hashimoto et al. 2014a), and
the methyl or the hydroxymethyl group is ori-
ented toward NOG and Fe(II)/Mn(II) (Hashimoto

et al. 2015a; Hu et al. 2015). Often, active-site
pockets for flipped bases not only contain
residues for base recognition, but also specifically
orient the base for distinct reactions depending on
the type of enzymes. Base flipping is therefore a
common mechanism applied by different classes
of enzymes, such as AdoMet-dependent
methyltransferases and αKG- and Fe(II)-
dependent dioxygenases to recognize and stabi-
lize the target base for specific reactions.
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Fig. 12.5 Examples of dimeric class β MTases. (a) M.EcoP15I-DNA complex. (b) CcrM-DNA complex. (c) A model
of Oxytricha MTA1-MTA9. (d) Human MettL3-MettL14 in the absence of substrate RNA or DNA

Fig. 12.6 Examples of Fe(II)- and αKG-dependent
dioxygenases. (a) Naegleria gruberi Tet in complex with
DNA. (b) Human Tet2 in complex with DNA. (c) E. coli

AlkB in complex with DNA. The metal ion is shown as an
orange ball in the active site, αKG is colored in blue, and
the flipped nucleotide is in green

Like the mammalian DNMTs, flanking
sequence preferences of TET1 and TET2 have
been analyzed by a deep enzymology approach



�

(Adam et al. 2022) and revealed that TET
enzymes show up to 70-fold differences in oxida-
tion rates of either 5mC or 5hmC in CpG target
sites embedded in different N–2N–1CpGN+1N+2

flanking contexts. For TET1 and TET2 and both
substrates, an A is strongly preferred at the �1
site and G is strongly disfavored. At the +1 site, C
is generally disfavored, and at the +2 site, TET2
prefers T. TET1 prefers a TA dinucleotide at the
�2/�1 site, particularly with 5mC substrates.
Yet, a TG at the same place is disfavored espe-
cially by TET2. Moreover, a TT dinucleotide is
preferred at the +1/+2 site, more so by TET2 and
with 5hmC substrates. It was also found that sites
with a high genomic 5hmC/5mC ratio are prefer-
entially observed within an A�1 and T+1 context,
while sites with a low genomic 5hmC/5mC ratio
are associated with G 1 and C+1 flanks.
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Inspection of structures of TET can help jus-
tify these findings. For instance, while only a
water-mediated contact is formed with a TA
base pair at the +1 site in a TET2 structure
(Hu et al. 2015), in another complex with a CG
base pair at the +1 site (Hu et al. 2013), a
conserved arginine residue makes a direct hydro-
gen bond to G(+10) in the minor groove. In turn,
the CG(+1) base pair is shifted by 1.5 Å in the
direction of the helix axis which may increase the
stacking of the target C base in the helix, making
base flipping of the target residue more difficult,
and explaining the disfavor for C at the +1 flank
position. Interestingly, CACGTG appears to be
the best sequence which also is the canonical
E-box motif, a well-known recognition site for
many helix-loop-helix (bHLH) and basic zipper
leucine domain (bZIP) transcription factors
(Ravichandran et al. 2021). In the case of MAX,
a binding partner of the oncogenic transcription
factor MYC, MAX exhibits the greatest affinity
for a 5caCpG containing E-box, and much
reduced affinities for the corresponding 5mC,
5hmC, or 5fC forms (Wang et al. 2017). In the
case of TCF4, which binds the E-box element in
the context of CG0-CA1-CG2-TG3 (where the
numbers indicate successive dinucleotides), mod-
ification of the central CG2 has very little effect
on TCF4 binding, the CA1 modification has a
negative influence on binding, while modification

of the flanking CG0, particularly carboxylation,
has a strong positive impact on TCF4 binding to
DNA (Yang et al. 2019).

12.3.2 AlkB and Homologs

Similar to TET enzymes, eukaryotic homologs of
E. coli AlkB (Fig. 12.6c) such as FTO and
ALKBH5 are also αKG- and Fe(II)-dependent
dioxygenases that can oxidize the methyl group
of N6mA within mRNA to yield demethylated
adenine (Jia et al. 2011; Zheng et al. 2013; Zhu
and Yi 2014). Another ALKBH family member,
ALKBH1, appears to be a DNA N6mA
demethylase in mammals with preference of
N6mA nucleotide within a bubbled or bulged
DNA with flanking duplex stems (Zhang et al.
2020). Interestingly, the human METTL3–
METTL14 heterocomplex N6mA MTase (Liu
et al. 2014a) has been shown by in vitro methyla-
tion assays to methylate ssDNA and unpaired
DNA regions with flanking duplex DNA, as
well as having activity on dsDNA containing
cyclopyrimidine dimers, which are the major
UV radiation-induced photoproducts (Woodcock
et al. 2019; Yu et al. 2021; Qi et al. 2022).

TET-DNA complex structures are remarkably
comparable to that of the AlkB-DNA complex,
and both TET and AlkB enzymes are Fe(II)- and
aKG-dependent dioxygenases using base flipping
for reactions (Hashimoto et al. 2014a; Hu et al.
2013; McDonough et al. 2010). Common struc-
tural folds include two twisted β-sheets in the core
where the active site is formed (Fig. 12.6). How-
ever, the two enzymes differ in an important
mechanistic aspect. TET enzymes oxidize CH3

attached to an inert carbon atom (cytosine or
thymine C5). The resulting product (5hmC or
5hmU) is very stable and can undergo further
oxidations in subsequent rounds of reactions to
generate further oxidized products. On the other
hand, FTO and ALKBH1/5 likely generate
N6-hydroxymethyladenine intermediate in
which the oxidized carbon is attached to a reac-
tive nitrogen atom (adenine N6). This intermedi-
ate spontaneously releases the hydroxymethyl
group as formaldehyde and decomposes to



adenine—the final “demethylated” product
(Hashimoto et al. 2015b) (Fig. 12.1b). Therefore,
AlkB and its homologs are demethylases, while
TET enzymes should not be characterized as
demethylases, but would rather be appropriately
understood as “writers” that generate additional
modifications on 5mC within genomes to alter
epigenetic signals.
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Several biochemical observations suggest that
modified cytosines beyond 5mC may form dis-
tinct epigenetic signals. Many 5mCpG readers
such as methyl-CpG binding domain (MBD)
proteins have shown significantly reduced bind-
ing affinity toward 5hmC when compared to 5mC
within CpG context (Hashimoto et al. 2012b,
2015b), whereas some proteins may preferen-
tially bind 5hmC (Zhou et al. 2014). DNMT1
has a significantly reduced activity toward hemi-
hydroxymethylated DNA substrate compared to
hemi-methylated DNA (Hashimoto et al. 2012b),
suggesting that methylation marks altered by TET
enzymes can be lost in subsequent DNA
replications. In addition, the RNA polymerase II
transcription rate can be specifically reduced by
5fC and 5caC (Kellinger et al. 2012; Wang et al.
2015). These findings strongly point to the possi-
bility that modifications beyond 5mC are distinct
signals, and future work is needed to elucidate
how the modified bases are differently implicated
in larger biological contexts. Several 5caC reader
proteins have been structurally characterized in
the context of specific sequences (Wang et al.
2017; Yang et al. 2019; Hashimoto et al. 2014b).

12.4 Base Flipping
in the Recognition
of Modified Bases

12.4.1 Eukaryotic SRA Domains

The function of 5mC and N6mA in prokaryotes
was classically understood in the context of
restriction-modification systems, in which
methylated bacterial DNA is protected from
restriction digestion (Wilson and Murray 1991).
Effects of DNA methylation are fundamentally
determined by the way the methyl groups alter

various protein–DNA interactions. In eukaryotes,
genomic 5mC bases are considered widely
involved in various regulatory processes to con-
trol gene expression, chromatin states, and geno-
mic stability that are highly relevant in the human
disease context (Robertson 2005). Such
penetrating biological implications can be partly
attributed to the large number of protein–DNA
interactions that are potentially affected by DNA
methylation in a direct manner. Evidence shows
that several transcription factors are prevented
from DNA binding when their binding site is
methylated (Tate and Bird 1993), whereas several
MBD family proteins are specific 5mCpG
readers, as previously mentioned (Klose and
Bird 2006). Furthermore, a few 5caC readers
have been recently characterized (Yang et al.
2020). The interface between modified DNA
and its biological effects can be further compli-
cated by the involvement of histone modifications
which DNA methylation is profoundly associated
with (Cedar and Bergman 2009; Hashimoto et al.
2010).

The initial discovery of 5mC-binding proteins
has raised the possibility of other readers involved
in modified base recognitions. In 2007, another
family of 5mC readers was discovered in plants
and was termed SET- and RING-associated
(SRA) domain as a part of VIM1 (Woo et al.
2007). A mammalian homolog to VIM1 is
UHRF1, which can associate with DNMT1 dur-
ing post-replicative maintenance of DNA methyl-
ation (Bostick et al. 2007; Sharif et al. 2007). In
the following year, three crystal structures of the
mammalian UHRF1 SRA domain in complex
with 5mC-containing DNA were reported (Arita
et al. 2008; Avvakumov et al. 2008; Hashimoto
et al. 2008). The structures have revealed that
SRA recognizes 5mC by base flipping, although
it is not a DNA-modifying enzyme such as
MTases or dioxygenases. SRA is also structurally
distinct from other base flippers and is
characterized by a twisted β-sheet fold resembling
a half-moon shape (Fig. 12.7a). Remarkably, the
5mC-binding pocket of SRA features familiar
modes of base recognitions exemplified by π
stacking interactions, recognitions of the N3 and
N4 by Asp474 side chain, and a van der Waals’



contact of the C5-methyl group of flipped 5mC by
Ser486 Cβ.
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Interestingly, the SRA of UHRF2 binds 5hmC
with a slightly higher preference compared to
5mC, and the crystal structure of UHRF2 SRA
in complex with 5hmC-containing DNA is avail-
able (Zhou et al. 2014). In the structure, 5hmC is
flipped and stabilized, and the OH moiety of the
hydroxymethyl group is contacted by the back-
bone carbonyl groups of Thr508 and Gly509 in
the active-site pocket which is slightly larger in
size compared to that of UHRF1 SRA. Therefore,
eukaryotic SRA has been characterized as a base-
flipping domain that recognizes both 5mC
and 5hmC.

In addition, SRA domains have been
rediscovered in prokaryotes in families of
modification-dependent restriction enzymes that
recognize modified bases and introduce a double-
stranded break in some distances away. MspJI
was among the first such enzymes to be reported,
which recognizes hemi-modified 5mC or 5hmC
by the N-terminal SRA-like domain and restricts
the DNA by the C-terminal endonuclease domain
(Cohen-Karni et al. 2011). The crystal structure of
MspJI has been solved with substrate DNA,
revealing an SRA-like structure in the
N-terminal modification recognition domain that
flips the target 5mC (Fig. 12.7b) (Horton et al.
2014b). Despite the lack of amino acid sequence
conservation between eukaryotic UHRF1/2 SRA
and MspJI SRA, all SRA domains feature a
twisted β-sheet fold with a half-moon shape.

As more modification-dependent restriction
enzymes have been identified, some of them are
found with different specificities toward 5mC,
5hmC, and 5ghmC. AbaSI, unlike MspJI, has an
N-terminal Vsr-like endonuclease domain and a
C-terminal SRA-like domain (Horton et al.
2014a; Borgaro and Zhu 2013). Its SRA domain
seems to preferentially recognize 5ghmC and
5hmC compared to 5mC, as the relative rate of
cleavage of DNA containing the corresponding
modification is 5ghmC:5hmC:5mC¼8000:500:1
(Wang et al. 2011). Structural features within
SRA domains that fine-tune such specificities
await future characterizations.

12.4.2 EcMcrB-N Homologs as 5mC
and N6mA Readers

Modification-dependent restriction enzymes also
utilize yet another 5mC recognition domain.
The N-terminus of Escherichia coli McrB
(EcMcrB-N) recognizes 5mC next to adenine
within 50-ACCGGT-30 sequences, and McrC
associates with McrB to provide endonuclease
activity (Stewart et al. 2000). The crystal structure
of EcMcrB-N in complex with 5mC-containing
DNA shows a flipped 5mC in the active site
(Fig. 12.7c), revealing a novel fold distinct from
all other known base flippers (Sukackaite et al.
2012). The active site displays familiar π stacking
of the flipped 5mC via aromatic residues and van
der Waals’ contact of the C5-methyl group via the
side chain of Leu68.

The history of the discovery of base flippers
suggests a strong possibility of its structural
homologs present in a wide spectrum of phyla.
EcMcrB-N is poorly conserved among the wide
array of McrBC homologs and other domains
exist in other homologs for binding modified
bases. Indeed, T. gammatolerans N-McrB is
structurally distinct from the EcMcrB
DNA-binding domain, adopting a YTH domain
fold commonly found in eukaryotic proteins
(Wu et al. 2017). It binds and flips methylated
base out of the DNA (Hosford et al. 2020)
(Fig. 12.7d). Similarly, it has been observed
that, in addition to N6mA in RNA, the N6mA
reader domain of human YTHDC1 binds N6mA
in either a single-stranded DNA or a single-base
gap between two canonical DNA helices
(Yu et al. 2021; Woodcock et al. 2020b)
(Fig. 12.7e).

12.4.3 5mC and N6mA Readers Use
Non-Base-Flipping Recognition

While base flipping seems to be a major mecha-
nism by which a modified DNA base can be
recognized, it should be noted that many
DNA-binding proteins recognize modified bases
in a sequence-dependent manner without



involving base flipping. Along with previously
mentioned MBD family proteins that recognize
5mC within the simple dinucleotide CpG
sequence, mammalian DNA-binding proteins
such as Kaiso (Buck-Koehntop et al. 2012),
Zfp57 (Liu et al. 2012), Klf4 (Liu et al. 2014b),
Egr1 (Hashimoto et al. 2014b; Zandarashvili et al.
2015), and AP-1 (Hong et al. 2017) bind 5mC
within specific sequences via a common struc-
tural motif (Liu et al. 2013). In addition,

transcription factors WT1 (Hashimoto et al.
2014b), MAX (Wang et al. 2017), Tcf3-Ascl1
heterodimer (Golla et al. 2014), and TCF4
(Yang et al. 2019) can specifically bind 5caC
within their consensus sequences. In prokaryotes,
DpnI harbors a C-terminal WH domain that
recognizes the methyl group of N6mA within
50-GATC-30 sequence via Trp138 involving van
der Waals’ interactions (Mierzejewska et al.
2014). Therefore, DNA modifications may
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Fig. 12.7 Examples of reader domain proteins using base
flipping. (a) Mouse UHRF1 SRA with 5mC, (b) MspJI
SRA with 5mC, (c) E. coli McrB-N with N4mC, (d)
Thermococcus McrB-N, and (e) human YTHDC1 YTH
with N6mA. The conserved strands are in green and one

conserved helix (colored in red) is behind the arch. The
other helices are in gray. DNA strands are in ribbon with
the flipped base in stick presentation. The modified bases
are bound in a cage formed by 2–3 aromatic residues



regulate transcription-binding sites in much more
dynamic and selective manners than previously
understood.
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12.5 Base Flipping in Removing
Modified
and Unmodified Bases

12.5.1 Mammalian Thymine DNA
Glycosylase (TDG)

The discovery of TET-mediated modified cyto-
sine bases has provided a fresh insight into a long-
sought-after pathway of 5mC demethylation/
demodification within mammalian genomes
(Zhu 2009). In the base excision repair pathway,
DNA glycosylases cleave the glycosidic bond
between the ribose and the target base and repre-
sent the most structurally diverse family of base-
flipping enzymes (Brooks et al. 2013). Initially, it
was hypothesized that 5mC (and 5hmC) is
removed by mammalian 5mC/5hmC DNA
glycosylase activities (Vairapandi and Duker
1993; Cannon et al. 1988; Vairapandi et al.
2000; Vairapandi 2004). However, the
glycosylase(s) involved was never identified.
After the discovery of TET enzymes, mammalian
TDG that generally removes uracil or thymine
mismatched to guanine was surprisingly revealed
to excise 5fC and 5caC to establish genome-wide
DNA demethylation (He et al. 2011; Maiti and
Drohat 2011; Hashimoto et al. 2012a). The crys-
tal structure of the human TDG catalytic domain
in complex with 5caC-containing DNA was
solved (Fig. 12.8a), presenting the flipped base
in the active site with an Asn140Ala mutation
where the C5-carboxyl moiety of 5caC is specifi-
cally recognized by the side chain of Asn157 and
the Tyr152 amide backbone (Zhang et al. 2012).
In another crystal structure of TDG bound to
DNA with a non-cleavable (20-fluoroarabino)
analog of 5-formyldeoxycytidine flipped into its
active site (Pidugu et al. 2019), TDG provides a
hydrogen bond (2.8 Å) from the Tyr152 back-
bone N�H to the 5fC formyl oxygen. A nucleo-
philic water molecule is bound by Asn140 and the
backbone oxygen of Thr197, supporting an

essential catalytic role for Asn140. The 1.6 Å
high-resolution structures of TDG and its
N140A mutant bound to DNA with 5caC flipped
into the active site suggest that acid-catalyzed
5caC excision is facilitated by two water
molecules and contact with Asn191, resulting in
a protonated form of 5caC that would be ineffec-
tive for C, 5mC, or 5hmC (Pidugu et al. 2019).
The discovery of TDG excising 5fC and 5caC has
effectively linked the base excision repair path-
way to DNA demethylation in mammalian
systems.

12.5.2 Plant ROS1

In plants, paradoxically, bone fide 5mC DNA
glycosylases were clearly demonstrated and
identified in 2002 (Gong et al. 2002), approxi-
mately a decade before TET and TDG were
implicated in DNA demethylation. In
Arabidopsis, four closely related 5mC DNA
glycosylases exist: ROS1, DME, DML2, and
DML3 (Gehring et al. 2006; Morales-Ruiz et al.
2006; Ortega-Galisteo et al. 2008). They have a
catalytic glycosylase domain homologous to
E. coli endonuclease III (Fig. 12.8b), a helix-
hairpin-helix (HhH) fold DNA glycosylase that
harbors an iron-sulfur cluster-binding site
(Ponferrada-Marin et al. 2009, 2010, 2011,
2012). Thus, plant ROS1 and mammalian TDG
have mutually exclusive substrate specificities for
5mC, 5hmC, 5fC, and 5caC: the first two specific
for ROS1 and the latter two for TDG (Hong et al.
2014; Hashimoto et al. 2012a) (as shown in
Fig. 12.1a). One of the most surprising aspects
of plant 5mC DNA glycosylases is that they
excise the target base only when both the catalytic
glycosylase domain and the C-terminal domain
are present (Hong et al. 2014; Mok et al. 2010).
The C-terminal domain of ROS1 is conserved
only among plant 5mC DNA glycosylases and
has been shown to strongly associate with the
catalytic domain, suggesting that domain–domain
interactions are important for target base recogni-
tion and excision (Hong et al. 2014).

While TDG and ROS1 have been clearly
implicated in DNA demethylation pathways,



jury is still out on the possibility of other
pathways to DNA demethylation. In addition to
the previously mentioned mammalian 5mC DNA
glycosylase activities, 5hmC DNA glycosylase
activity was observed in a calf thymus extract
(Cannon et al. 1988). A proteomic study has
revealed that several mammalian DNA
glycosylases such as NTH1, OGG1, NEIL1, and
NEIL2 bind 5mC- and 5hmC-containing DNA in
a modification-specific manner (Spruijt et al.
2013), though they by themselves do not have
the glycosylase activity against 5mC or 5hmC
(Hong et al. 2014).
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Fig. 12.8 Examples of DNA glycosylases. (a) Human
TDG flipping 5caC opposite guanine. (b) Geobacillus
stearothermophilus Endonuclease III in complex with

DNA. Iron-sulfur cluster is colored in orange and yellow.
(c) Pyrococcus abyssi PabI uses double base flipping. (d)
Bacillus cereus AlkD uses no-base flipping

The 5mC DNA glycosylase activity by ROS1
is interesting from a standpoint of historical char-
acterization of DNA glycosylases as DNA dam-
age repair enzymes. In a given genome, there can
be many types of damaged bases, and their diver-
sity is on par with many classes of DNA
glycosylases that are structurally distinct (Brooks
et al. 2013). On the other hand, 5mC in plants is
not considered a damaged base and exists in
substantial amounts in the Arabidopsis genome
(Zhang et al. 2006). Thus, ROS1 must be
regulated and specifically targeted to a certain
genomic location to initiate DNA demethylation
(Zheng et al. 2008; Qian et al. 2012). In addition
to 5mC, ROS1 is comparably active on thymine
mismatched to guanine and on some damaged
pyrimidines, suggesting that ROS1 can be
involved in both DNA demethylation and DNA
damage repair (Ponferrada-Marin et al. 2009,
2010). Such dual functionality can be applied to
TDG, which not only excises thymine or uracil

mismatched to G during the process of DNA
mismatch repair, but also excises 5fC and 5caC
base-paired with guanine for DNA
demodification in mammals.

12.5.3 Archaeon PabI Activity
as Adenine DNA Glycosylase

Interestingly, the archaeal Pyrococcus abyssi
PabI enzyme was initially thought to be a restric-
tion endonuclease but has been re-characterized
as a sequence-specific adenine DNA glycosylase
(Miyazono et al. 2014, 2020). PabI is comparable
to MutY family mismatch repair DNA
glycosylases that excise target adenine
mismatched to 8-oxoguanine (Fromme et al.
2004). However, PabI is remarkably distinct
from MutY, because PabI excises adenine
correctly base-paired to thymine in a targeted
manner (Fig. 12.8c). It is therefore possible that
DNA glycosylases have adapted to function in
more processes than DNA damage repair by
removing benign bases for various biological
regulations.

12.6 Conclusions

First observed in 1994 in the crystal structure of
M.HhaI with DNA, base flipping is now under-
stood as a common mode of protein–DNA/RNA
interactions adopted by structurally and function-
ally distinct classes of proteins across various



phyla. Base flipping is the only known mecha-
nism for establishing DNA modifications in a
targeted manner via DNA MTases and TET
dioxygenases. What used to be considered a
eukaryote-specific base-flipping SRA 5mC reader
has later been shown to be a widely prevalent
domain in prokaryotic systems for recognizing
several modified bases including 5mC, 5hmC,
and 5ghmC. In addition to SRA, more structurally
diverse classes of modified base readers have
been discovered in prokaryotes, such as the
base-flipping McrB-N 5mC reader and the
N6mA-recognizing WH domain of DpnI (using
non-base-flipping mechanism). Also, DNA
glycosylases are base flippers primarily
characterized as DNA repair enzymes, though
not all DNA glycosylases flip a base/nucleotide
for base excision, as presented in the example of
bacterial AlkD (Mullins et al. 2015) (Fig. 12.8d).
Today, DNA demodification is considered a bone
fide output of the base excision repair pathway
through DNA glycosylases, such as mammalian
TDG and plant ROS1 whose mechanism of action
again involves base flipping. In an era in which
DNA modifications are considered critical and
increasingly complex epigenetic signals, this sim-
ple but elegant structural mechanism for protein–
DNA interaction is preserved as a truly ubiqui-
tous framework.
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Abstract

The malignant transformation of normal cells
is driven by both genetic and epigenetic
changes. With the advent of next-generation
sequencing and large-scale international con-
sortia, it is now possible to profile the genomes
and epigenomes of thousands of primary
tumors from nearly every cancer type. These
studies clearly demonstrate that the dynamic
regulation of DNA methylation is a critical
epigenetic mechanism of cancer initiation,
maintenance, and progression. Proper control
of DNA methylation is not only crucial for
regulating gene transcription and tissue-
specific cellular functions, but its broader
consequences include maintaining the integ-
rity of the genome and modulating the immune

response. Here, we describe the aberrant DNA
methylation changes in human cancers and
how they contribute to the disease phenotypes.
Aside from CpG island promoter DNA
hypermethylation-based gene silencing,
human cancers also display gene body DNA
hypomethylation that is also associated with
downregulated gene expression. In addition,
the implementation of whole genome bisulfite
sequencing (WGBS) has unveiled DNA
hypomethylation of large blocks of the
genome, known as partially methylated
domains (PMDs), as well as cancer-specific
DNA methylation aberrancies at enhancers
and super-enhancers. Integrating WGBS and
DNA methylation array data with mutation,
copy number, and gene expression data has
allowed for the identification of novel tumor
suppressor genes and candidate driver genes of
the disease state. Finally, we highlight poten-
tial clinical implications of these changes in
the context of prognostic and diagnostic
biomarkers, as well as therapeutic targets.
Mounting evidence shows that DNA methyla-
tion data are effective and highly-sensitive dis-
ease classifiers, not only from analyses of the
primary tumor but also from tumor-derived,
cell free DNA (cfDNA) in blood of cancer
patients. These findings highlight the power
of DNA methylation aberrancies in providing
efficacious biomarkers for clinical utility in
improving patient diagnostics and their rever-
sal using DNA methylation inhibitors in
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cancer treatment may be key in surveillance,
treatment, and quality of life for cancer
patients.
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Abbreviations

5-Aza-CR 5-azacytidine
5-Aza-CdR 5-Aza-20deoxycytidine
5caC 5-carboxylcytosine
5fC 5-formylcytosine
5hmC 5-hydroxymethylcytosine
5mC The carbon-5 atom of cytosine
AML Acute myeloid leukemia
ccRCC Clear cell renal cell carcinoma
cfDNA Cell free DNA
CGIs CpG islands
CIMP CpG island methylator

phenotype
CMS Consensus molecular

subgroups
CpG Cytosine-guanine dinucleotide
DNMT DNA methyltransferases
DNMTi DNA methyltransferase

inhibitor
dsRNA Double-stranded RNA
ENCODE Encyclopedia of DNA

Elements
EOC Epithelial ovarian carcinoma
ERV Endogenous retrovirus
FFPE Paraffin embedded
GBM Glioblastoma multiforme
H3K27M Histone H3 lysine 27 to

methionine
H3K27me3 Histone H3 lysine

27 trimethylation
Hypermutation High global somatic

mutation rates
ICR Imprinting control region

IGF2 Insulin-like growth factor 2
LADs Laminin-associated domains
LUAD Lung adenocarcinomas
MAVS Mitochondrial antiviral

signaling
MDS Myelodysplastic syndrome
MGMT O-6-Methylguanine-DNA

methyltransferase
MSI-H High microsatellite instability
MSS Microsatellite stable
NSCLC Non-small cell lung cancer
pHGGs Pediatric high-grade gliomas
TCGA The Cancer Genome Atlas
TDG Thymine DNA glycosylase
TET Ten-eleven translocation
TMZ Temozolomide
TSGs Tumor suppressor genes
TSS Transcription Start Site

13.1 Overview of Genetic
and Epigenetic Alterations
in Human Cancers

Classic hallmarks of cancer, as described by
Hanahan and Weinberg, include maintenance of
cell proliferation, evasion of growth suppression
and cell death, promotion of angiogenesis, inva-
sion, and metastasis (Hanahan and Weinberg
2011). Genetic and epigenetic alterations underlie
these processes. Genetic changes contributing to
tumorigenesis have been well studied and include
DNA missense mutations, copy number
variations, insertions, deletions, and recombina-
tion events. Complementary to genetic
alterations, it is now generally accepted that onco-
genic traits also accumulate through epigenetic
disturbances (Baylin and Jones 2011; Sandoval
and Esteller 2012), including changes of DNA
methylation, histone tail modifications, nucleo-
some positioning, and noncoding RNAs. Gene
promoter DNA methylation may be negatively
related to gene activation status, while gene
body DNA methylation is often positively related
to gene expression, both of which are
contributing mechanisms of gene regulation
(Fig. 13.1a, b) (Liang and Weisenberger 2017;



Yang et al. 2014). Genetic and epigenetic
alterations of DNA methylation, somatic
mutations and insertions/deletions are separate
mechanisms that can independently silence or
activate one or both gene alleles, thereby coordi-
nately impacting tumor suppressor genes and
oncogenes across the human genome (Jones and
Laird 1999). Interestingly, large-scale cancer
genome DNA sequencing analyses have revealed
somatic mutations in epigenetic modifier genes,
indicating that genetic and epigenetic systems can
also reinforce each other in a mutually dependent
manner (You and Jones 2012).
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Fig. 13.1 DNA methylation equilibrium between the
promoter and gene body modulates gene expression. In
this diagram, methylated CpG sites are represented by red
circles, unmethylated CpG sites are represented by white
circles, and green arrows are indicative of active expres-
sion, while red arrow marks the absence of expression. (a)
In normal mammalian tissues, genes that are actively tran-
scribed have unmethylated promoters and some

methylation in the gene body. (b) With the onset of cancer,
however, promoter DNA hypermethylation can turn off
the expression of genes, and gene body
DNA hypermethylation can permit a more robust expres-
sion of some genes. (c) Treatment with DNA
methyltransferase inhibitors such as 5-Aza-CdR can
restore gene expression by removing aberrant methylation

13.2 DNA Methyltransferases

Mammalian DNA methylation primarily occurs
as a covalent addition of a methyl group to the
carbon-5 atom of cytosine (5mC) in a

cytosine-guanine (CpG) dinucleotide sequence
using S-adenosyl-L-methionine as a cofactor.
This enzymatic reaction is catalyzed by the
DNA methyltransferases (DNMTs) DNMT1,
DNMT3A, and DNMT3B. It should be noted
that DNMT2 has been identified as a tRNA
methyltransferase, and DNMT2 somatic
mutations have been identified in several human
cancer types (Elhardt et al. 2015; Goll et al.
2006). Finally, DNMT3L is a DNMT3-like pro-
tein that only shows expression in gametogenesis
and does not contain a full catalytic domain that is
required for enzymatic activity. DNMT3L dele-
tion experiments showed that DNMT3L is impor-
tant for maternal DNA methylation of imprinted
regions (Bourc’his et al. 2001). DNMT3L has
also been identified as an important interacting
partner and stimulatory factor for DNMT3A and
DNMT3B activity with preference for DNMT3A
(Hata et al. 2002).
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As the DNA replication fork performs leading
and lagging strand synthesis of daughter strands,
the newly synthesized strands are initially
unmethylated. DNMT1 is positioned close to the
DNA replication machinery and preferentially
catalyzes the covalent addition of the methyl
group onto the unmethylated strand of the newly
synthesized hemi-methylated DNA molecule.
While DNMT1 catalyzes most DNA methylation
in a dividing cell, DNMT3A/3B strongly associ-
ate with nucleosomes to permit efficient propaga-
tion of DNA methylation by modification of the
sites missed by DNMT1 (Liang et al. 2002;
Okano et al. 1999; Rhee et al. 2000; Sharma
et al. 2011). Rhee et al. (2002) subsequently
showed that DNMT1 and DNMT3B coopera-
tively function to maintain DNA methylation
profiles and retain cancer-specific gene silencing
in colon cancer cells.

DNMT3A and DNMT3B show equal prefer-
ence to hemi-methylated and unmethylated DNA
molecules and are essential for the de novo crea-
tion of DNA methylation marks during embry-
onic development (Gujar et al. 2019; Okano et al.
1999). DNMT3A and DNMT3B are highly
expressed in embryonic stem (ES) cells and,
though downregulated, continue to be expressed
in somatic cells (Sharma et al. 2011). Two
DNMT3A isoforms, DNMT3A1 and
DNMT3A2, have been identified (Chen et al.
2002). DNMT3A2 is expressed from an intronic
promoter downstream of the DNMT3A promoter.
It is the main form expressed in embryonic stem
cells and is responsible for de novo DNA methyl-
ation activity (Chen et al. 2002). DNMT3B is
expressed in more than 30 alternatively spliced
variants (Duymich et al. 2016; Ostler et al. 2007;
Wang et al. 2006), with DNMT3B1-3B8 and
Δ3B1-Δ3B4 as the most characterized isoforms.
These variants differ in which portions of the
catalytic, N-terminal, and PWWP domains are
removed due to alternative splicing. Although
DNMT3B3 and DNMT3B4 are catalytically
inactive, they can stimulate gene body DNA
methylation, supporting their roles as potential
scaffold proteins to signal DNA methylation by
other catalytically active DNMTs, such as
DNMT3A and DNMT3B (Duymich et al. 2016;

Xu et al. 2020; Yang et al. 2014). In addition, the
catalytically inactive murine Dnmt3b3 isoform
also stimulates de novo DNA methylation by
Dnmt3a2 and Dnmt3b2 (Zeng et al. 2020).
Taken together, these studies demonstrated that
DNMT3B3 without catalytic activity has a simi-
lar modulatory role as DNMT3L.

While DNMTs are responsible for catalyzing
methyl transfer, the more recently identified
ten-eleven translocation (TET) family of
dioxygenases initiate DNA demethylation.
These enzymes, through successive enzymatic
reactions, oxidize 5-methylcytosine (5mC) to
5-hydroxymethylcytosine (5hmC) and
5-formylcytosine (5fC) to 5-carboxylcytosine
(5caC) (Ko et al. 2010; Pastor et al. 2013; Pastor
et al. 2011). The oxidization of 5mC contributes
to the passive loss of DNA methylation over cell
replication. In addition, the 5fC and 5caC
oxidized intermediates can be restored to cytosine
by base excision repair mediated by thymine
DNA glycosylase (TDG) (Kohli and Zhang
2013). Together, DNMT and TET enzymes pro-
vide a toolkit for the dynamic regulation of DNA
methylation and shaping the epigenomes of mam-
malian cells (Gujar et al. 2019).

13.3 Interplay Between DNA
Methyltransferases
and Histone Modifiers

The epigenome is shaped by not only DNA meth-
ylation, but also histone tail modifications, nucle-
osome occupancy and positioning, as well as the
binding of transcriptional regulators. Histone
modifiers catalyze the addition or removal of
methyl, acetyl, phosphoryl, and other functional
groups to specific amino acid residues of histone
tail proteins. Subsequently, these modified
histones work in concert with transcription factors
and DNA methylation to promote or restrict gene
expression. Unique histone modification profiles
can be used to identify active or silenced
promoters, enhancers, and areas of
heterochromatin.

With these connections in mind, it is not
surprising that DNA methylation and specific



histone modifications of the histone code are
linked together to affect gene expression. For
example, promoter DNA methylation can be
associated with histone H3 lysine
27 trimethylation (H3K27me3) in gene silencing,
while gene body DNA methylation is associated
with H3K36me3 occupancy in facilitating gene
expression. Interestingly, DNMT3B associates
with H3K36me3 (Baubec et al. 2015), while
DNMT3A associates with H3K36me2 marks
and counteracts Polycomb-associated silencing
(Shirane et al. 2020; Weinberg et al. 2019).
H3K36me2 marks are placed by NSD1 and
NSD2, while H3K36me3 marks are catalyzed
by SETD2. H3K36me3 marks are focused on
gene bodies, but H3K36me2 marks are diffusely
organized in gene bodies and intergenic regions.
In transcribed genes, H3K36me2 marks are
mainly located through exon 1 downstream of
the transcription start site, after which
H3K36me3 marks are enriched. The associations
of H3K36me2 and H3K36me3 marks with
DNMT3A and DNMT3B, respectively, point to
the high levels of organization and compartmen-
talization of DNA methylation profiles within
transcribed regions in mammalian cells
(Weinberg et al. 2019; Yang et al. 2014).
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13.4 CpG Islands

Methylated cytosine residues are susceptible to
spontaneous deamination resulting in the poorly
repaired cytosine to thymine transitions. As a
result, nearly a third of all disease-causing famil-
ial mutations and single-nucleotide
polymorphisms are found in methylated CpG
sites. Similarly, in somatic cells, CpG residues
in gene body or coding regions habitually con-
tribute to mutational hot spots, such as in the case
of inactivating C to T transitions in the TP53
tumor suppressor gene (Jones and Baylin 2002;
Pfeifer 2000).

Another consequence of this phenomenon is
that due to the mutational pressure there is a
reduced representation of the CpG palindrome
globally in the human genome, except in genomic
regions designated as CpG islands (CGIs). CGIs

were first defined by Gardiner-Garden and
Frommer as �200-bp DNA regions with a C +
G content of >50% and an observed/expected
CpG content (observed/expected) >0.6
(Gardiner-Garden and Frommer 1987). However,
a large proportion of ALU repetitive elements are
included as CpG islands using these qualifiers,
since these repeats are approximately 300 bp in
length. To address this, Takai and Jones revised
these criteria to �500 bp sequence length, �55%
C + G content, and an observed/expected �0.65
(Takai and Jones 2002). These criteria exclude
most ALU repetitive elements and capture CpG
islands in promoter/50 regions of genes.

While the majority of CpGs are methylated,
CpGs located in CGIs remain overwhelmingly
unmethylated (Meissner et al. 2008) and explain
why they were refractory to evolutionary deple-
tion. These islands are often, but not exclusively,
found in the nearly half of all gene promoters
(Meissner et al. 2008; Mikkelsen et al. 2007).
Non-CGI promoters, on the other hand, are pre-
dominantly methylated and silent. The genes car-
rying non-CGI promoters are more likely to be
tissue-specifically expressed; therefore, only a
small subset of non-CGI promoters remains
unmethylated and accessible for transcription
factors in individual tissue types (Eckhardt et al.
2006).

13.5 DNA Methylation

13.5.1 Tissue-Specific DNA
Methylation

Under normal physiological conditions, DNA
methylation is vital to regulating gene expression
in a tissue-specific context. Tissue-specific DNA
methylation profiles can be used to identify cell of
origin, cellular lineage, and developmental status.
DNA methylation is also critical for facilitating
selective allelic expression through parental
genomic imprinting as well as the inactivation of
one allele of the X-chromosome in females
(Smith and Meissner 2013). X-chromosome inac-
tivation is a developmentally necessary process
by which the dosage of X-linked genes in females



is equalized to the dosage of X-linked genes in
males (Pessia et al. 2012). In mammalian somatic
cells, the choice of the X-chromosome to be
inactivated is random. During development, how-
ever, the paternal X-chromosome is imprinted in
mouse pre-implantation embryos. As the embryo
continues to develop, the genes on the imprinted
parental X-chromosome begin to reactivate at
differing rates, and the parental X-chromosome
is fully activated at the epiblast stage, after which
time random X-chromosome inactivation occurs
(Chen and Zhang 2020). Both random and
imprinted X-chromosome inactivation are
initiated and propagated by the increased expres-
sion of the noncoding RNA XIST on the
X-chromosome that will be inactivated. This
then triggers a cascade of events that ultimately
result in RNA polymerase exclusion and the
recruitment of repressive histone marks to the
inactivating X-chromosome (Pontier and Gribnau
2011). Once this X-chromosome is silenced,
DNA methylation across this allele is necessary
to maintain the silenced state (Bestor et al. 2015).
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The epigenetic phenomenon of genomic
imprinting results in the unequal contribution of
the chromosomes inherited from each parent to
embryonic development. Imprinted genes are
expressed in a parental-origin-specific manner
rather than from both chromosomes. DNA meth-
ylation is a key mechanism by which allele-
specific expression is established and maintained.
For example, if the maternal allele is imprinted by
DNA methylation, then it becomes silenced, and
only the paternal allele is expressed (Ferguson-
Smith 2011; Li et al. 1993). Allele-specific DNA
methylation of the locus containing the IGF2 and
H19 genes is a well-studied example of genomic
imprinting impacting human development. IGF2
(insulin-like growth factor 2) is expressed from
the paternal allele, while the H19 noncoding
RNA is transcribed from the maternal allele.
H19 expression results from allele-specific DNA
methylation of an imprinting control region (ICR)
located upstream of the H19 transcription start
site (Nordin et al. 2014). In turn, IGF2 silencing
of the maternal allele is mediated by CTCF bind-
ing to target sequences in the ICR (Takai et al.
2001). The binding of CTCF to unmethylated

recognition sites serves as an insulating boundary
to prevent IGF2 activation by distant enhancers
(Kurukuti et al. 2006). CTCF also protects the
maternal ICR allele from de novo DNA methyla-
tion (reviewed in Singh et al. 2012). Interestingly,
aberrant DNAmethylation of the IGF2/H19 locus
correlates with increased IGF2 expression
(Ravenel et al. 2001; Kaneda and Feinberg
2005). Sustained IGF2 overexpression
contributes to the development and progression
of cancers such as colorectal and gastric, and the
loss of imprinting at this locus is the most com-
mon alteration in Wilms’ tumors (Bjornsson et al.
2007; Cui 2007; Li et al. 1993; Taniguchi et al.
1995; Wu et al. 1997).

13.5.2 DNA Methylation as a Function
of Aging

In addition to tissue-specific DNA methylation
profiles, DNA methylation is also dynamic with
respect to aging (reviewed in Issa 1999; Jung and
Pfeifer 2015; Unnikrishnan et al. 2019). Less
pervasive than cancer-specific DNA methylation,
age-related DNA methylation alterations occur at
approximately 2% of all CpG sites (Unnikrishnan
et al. 2019), but have similar consequences as
DNA hypomethylation changes identified in
human cancers, as they may provide impetus for
gene expression alterations. Human cancers are
generally thought as diseases related to human
aging, because increased age is correlated with
cancer risk (Issa 1999). Global DNA
hypomethylation, as well as locus-specific DNA
hypomethylation and DNA hypermethylation as a
function of cellular aging has been identified.
Indeed, Issa and colleagues first identified
age-related DNA hypermethylation in the
human ESR1 CpG island (Issa et al. 1994). Fol-
lowing this discovery, additional age-related
DNA hypermethylation changes were identified
in human tissues. As technologies have advanced,
it is now possible to identify age-associated DNA
methylation profiles in mammalian cells and
tissues using high-density, genome-scale DNA
methylation microarrays. Based on the Illumina
Infinium HumanMethylation27 (HM27), HM450
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and EPIC BeadArrays, several panels of probes,
termed Epigenetic Clocks, have been developed
that accurately predict organismic age based on
the DNA methylation profiles using three to
513 CpGs in the human genome (reviewed in
Unnikrishnan et al. 2019). Epigenetic clocks are
important for understanding how factors such as
environmental exposures, chemical toxicity,
emotional stress, and other stimuli impact cellular
age and the risk of age-related diseases such as
cancer.
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13.6 Mutations of Epigenetic
Modifier Genes in Human
Cancers

Recent next-generation sequencing studies of
cancer genomes have revealed frequent and recur-
rent mutations in a wide variety of epigenetic
modulators, including mediators of DNA methyl-
ation, covalent histone modifiers, and genes
encoding subunits of chromatin remodelers
(Baylin and Jones 2011; Sandoval and Esteller
2012). Aberrant activities of these key epigenetic
players result in deregulated gene expression and
have been implicated in many malignancies,
including numerous cancers (Hanahan and
Weinberg 2011; Sharma et al. 2010).

Hematologic malignancies, most notably acute
myeloid leukemia (AML), harbor high
frequencies of DNMT3A somatic mutations and
are associated with poor patient prognosis (Ley
et al. 2010; Shah and Licht 2011; Stegelmann
et al. 2011; Venugopal et al. 2021; Walter et al.
2011). Disease-associated DNMT3A mutations
are thought to result in altered enzyme function.
Specifically, the frequent R882 mutation results
in poor DNA binding and CpG recognition that
coincides with DNA hypomethylation at genes
that contribute to tumorigenesis (reviewed in
Venugopal et al. 2021).

Somatic mutations of the isocitrate dehydroge-
nase genes IDH1 and IDH2 are present in nearly
20% of AML patients. Heterozygous IDH1 and
IDH2 mutations were first described in glioblas-
toma multiforme (GBM) (Parsons et al. 2008;
Yan et al. 2009). IDH1 heterozygous somatic

mutations occur in nearly 15% of GBMs and
IDH1 mutation frequencies increase with lower
glioma stage (Noushmehr et al. 2010). Wild-type
IDH1 (IDH1WT) functions in the citric acid cycle
by converting isocitrate to alpha-ketoglutarate
(α-KG), however, the mutant isoform (IDH1mut)
converts α-KG to 2-hydroxyglutarate (2-HG).
Interestingly, 2-HG functions as an
oncometabolite by inhibiting histone
demethylases and the TET family of enzymes
that catalyze hydroxyl-based DNA demethylation
(reviewed in Weisenberger 2014).

Approximately 70% of pediatric high-grade
gliomas (pHGGs) harbor histone H3 (H3F3A)
mutations that result in the conversion of histone
H3 lysine 27 to methionine (H3K27M)
(Korshunov et al. 2015; Schwartzentruber et al.
2012). The K27M mutation inhibits the histone
H3K27 trimethylase EZH2 and leads to reduced
global levels of H3K27 trimethylation
(H3K27me3), as well as extensive DNA
hypomethylation and gene expression alterations
(Bender et al. 2013; Chan et al. 2013; Cooper
et al. 2018; Lewis et al. 2013). These findings
highlight the interaction and coordination of his-
tone modifications and DNA methylation in gene
regulation, as well as the potential efficacy in
targeting these aberrancies using novel cancer
therapeutics.

Somatic mutations or downregulated expres-
sion of SETD2 (the only known H3K36
trimethylase) are notable in clear cell renal cell
carcinoma (ccRCC) (Pfister et al. 2015; Shoaib
and Sorensen 2015; Turajlic et al. 2018a, b).
SETD2 mutations or downregulated SETD2
expression occurs in 23% of ccRCCs and in
20% of papillary RCCs (Hsieh et al. 2017;
Ricketts et al. 2018). SETD2 mutations lead to
decreased H3K36me3 occupancy and are highly
associated with both cancer aggressiveness and
dramatically reduced patient survival (Hakimi
et al. 2013; Ho et al. 2016a, b). SETD2 has
roles in DNA double-strand break (DSB) repair
(Aymard et al. 2014; Carvalho et al. 2014; L
et al. 2013; Pai et al. 2014) and recruitment of
splicing machinery (Bhattacharya et al. 2021;
Bueno et al. 2016; de Almeida et al. 2011;
Kolasinska-Zwierz et al. 2009; Luco et al. 2010;



Wilhelm et al. 2011; Yuan et al. 2017). SETD2
mutations are especially relevant to DNA methyl-
ation as SETD2 and H3K36me3 marks recruit
DNMT3B to catalyze gene body DNA methyla-
tion and prevent spurious intragenic transcrip-
tional initiation of transposable elements
(Baubec et al. 2015; Neri et al. 2017; Yang et al.
2014).
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13.7 DNA Hypermethylation
in Human Cancers

13.7.1 Tumor Stratification and DNA
Methylation Marker Discovery
Accelerated by International
Consortia

Recent advancements in DNA sequencing and
high-density microarray technologies have made
it feasible to generate genome-wide genetic and
epigenetic profiles for thousands of primary
tumor and normal samples. Integrating molecular
datasets allows for the construction of a more
complete picture as to how tumor machinery
constituents contribute to the initiation and pro-
gression of human cancers. Moreover, large sam-
ple collections and available patient information
make it feasible to stratify tumors into subgroups
that can be analyzed for the discovery of more
personalized and efficacious treatment options.
However, numerous bioinformatics and logistic
challenges arise with such large datasets. To
address these challenges, many research groups
have assembled in multinational consortia, such
as Encyclopedia of DNA Elements (ENCODE),
the NIH Roadmap Epigenomics Mapping Con-
sortium, and The Cancer Genome Atlas (TCGA).
The ENCODE project has surveyed a large num-
ber of cell lines to extrapolate functional and
regulatory elements of the genome, the NIH
Roadmap Initiative has focused its resources on
interrogating various tissue types to identify
tissue-specific regulation of the epigenome,
while TCGA has comprehensively generated
and integrated molecular data from 11,000
tumor samples across 30 cancer types (Chadwick
2012; ENCODE Project Consortium 2004, 2012;

ENCODE Project Consortium et al. 2007; The
Cancer Genome Atlas Research Network 2013;
Tomczak et al. 2015). Each TCGA specimen used
aliquots of nucleic acid analytes from the same
tissue specimen to perform whole exome
sequencing for mutation detection, RNA
sequencing for transcriptome characterization,
single-nucleotide polymorphism (SNP) arrays to
determine somatic copy number variations, and
Illumina Infinium BeadArray analysis of DNA
methylation (Tomczak et al. 2015) in order to
integrate the molecular data profiles for each
tumor tissue (Cooper et al. 2018). Along with
the molecular information, the TCGA database
contains clinical features including tumor grade,
stage, prognosis, as well as gender, age, and race/
ethnicity. A large number of integrated molecular
analyses have been performed on tumors within
and between tumor types to identify tumors with
somatic mutations and copy number aberrancies,
effects of DNA methylation on gene regulation,
pathway analyses based on gene expression and
integrated tumor subgroups in order to gain
insights into the molecular mechanisms specific
to these subgroups and identify subgroup-specific
therapeutic targets (Weisenberger 2014).

13.7.2 Promoter DNA
Hypermethylation

Broad epigenomic changes accompany cancer
initiation and progression. It has been known for
decades that cancer cells display a global loss of
CpG methylation, including regions with low
density of CpG sites, repeat elements,
retrotransposons, and nuclear lamina-associated
domains (LADs). This phenomenon occurs
juxtaposed with concomitant locus-specific
DNA hypermethylation at CpG islands and CpG
island shores (reviewed in Weisenberger and
Liang 2015). Gene silencing via promoter DNA
hypermethylation serves as a secondary mecha-
nism for the inactivation of tumor suppressor
genes (TSGs) in addition to genetic changes
such as somatic mutations and deletions (Ehrlich
and Lacey 2013; Irizarry et al. 2009; Jones and
Baylin 2007; Jones and Laird 1999; Shen and



Laird 2013; You and Jones 2012) (Fig. 13.1b).
Silencing of cell cycle regulators and DNA repair
genes through DNA hypermethylation has been
reported in multiple cancer types and is often
mutually exclusive with the genetic inactivation
of the gene consistent with Knudsen’s two-hit
hypothesis (Alvarez-Nunez et al. 2006; Chiang
et al. 2006; Jones and Laird 1999; Sakai et al.
1991). For example, sporadic breast and ovarian
cancers harbor BRCA1 loss due to inactivating
somatic mutations as well as downregulated
expression of the WT allele by promoter DNA
hypermethylation. Similarly, the VHL tumor sup-
pressor gene is inactivated by promoter DNA
hypermethylation and somatic mutations in
human ccRCCs (Chiang et al. 2006; Esteller
et al. 2000; Herman et al. 1994; The Cancer
Genome Atlas Research Network 2013).
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O-6-Methylguanine-DNA methyltransferase
(MGMT), a DNA repair enzyme responsible for
repairing O6-Methylguanine-DNA adducts, is
frequently inactivated by promoter DNA
hypermethylation in multiple cancer types, most
notably those derived from brain (gliomas) and
colorectal tissues. Promoter DNA
hypermethylation-based MGMT silencing results
in increased susceptibility to genetic mutations in
essential genes such as TP53 and KRAS. Interest-
ingly, MGMT silencing sensitizes the cancer cell
to the chemotherapeutic agent temozolomide
(TMZ). Clinical studies in glioblastoma
multiforme (GBM) suggest that TMZ treatment
is most beneficial for patients whose tumors dis-
play MGMT promoter DNA hypermethylation
(Donson et al. 2007; Silber et al. 2012; Zarnett
et al. 2015) and is ineffective in tumors in which
MGMT is expressed, since the MGMT enzyme
repairs the DNA damage incurred by TMZ
administration.

TCGA DNA methylation data have been par-
ticularly informative with respect to identifying
promoter DNA hypermethylation mediated gene
silencing and associations with gene mutations.
Analyses of DNA methylation data from
489 TCGA high-grade serous ovarian tumors
have unveiled promoter DNA methylation events
in 168 genes, including BRCA1. BRCA1 inactiva-
tion due to promoter DNA hypermethylation and

somatic mutations are mutually exclusive. While
high-grade serous ovarian patients carrying
somatic BRCA1 mutations show improved over-
all survival than patients with the WT gene,
patients with BRCA1 epigenetic silencing do not
carry this survival advantage, suggesting that
patient outcome is dependent on the mechanism
of BRCA1 inactivation (The Cancer Genome
Atlas Research Network 2011). Similarly in
lung squamous cell carcinomas (LUSC), the
CDKN2A(INK4A/p16) tumor suppressor is
inactivated by exon 1a promoter DNA
hypermethylation in 21% of cases, by mutations
in 18% of cases and by deletion in 29% of cases
(The Cancer Genome Atlas Research Network
2012b), indicating that this tumor suppressor
gene is altered by several unique mechanisms in
lung squamous tumors. Lung adenocarcinomas
(LUAD) harboring CDKN2A(INK4A/p16) DNA
hypermethylation also display overall low copy
number alterations, and CDKN2A(INK4A/p16)

somatic mutations are enriched in a subgroup of
LUAD tumors with extensive DNA
hypermethylation and SETD2 mutations (The
Cancer Genome Atlas Research Network
2014b). Since SETD2 catalyzes the placement
of H3K36me3 marks that are intrinsically
intertwined with gene body DNA methylation,
this mutation suggests that a subset of LUAD
tumors have multiple levels of epigenetic
dysregulation.

High SETD2 mutation frequencies were also
identified in TCGA clear cell renal cell
carcinomas (ccRCCs) (The Cancer Genome
Atlas Research Network 2013) and were
associated with non-promoter DNA
hypomethylation. Interestingly, a comprehensive
examination of ccRCC DNA methylation profiles
showed that overall promoter DNA
hypermethylation frequency positively correlated
with tumor stage and grade. TCGA also identified
VHL somatic mutations in approximately 50% of
ccRCCs and VHL epigenetic silencing in 7% of
tumors in a mutually exclusive fashion. UQCRH
silencing due to promoter DNA hypermethylation
was observed in 36% of TCGA ccRCC tumors.

MIR21 overexpression due to promoter DNA
hypomethylation correlates with advanced tumor



stage and poor ccRCC patient outcome (The Can-
cer Genome Atlas Research Network 2013).
Importantly, MIR21 helps drive a glycolytic
shift similar to the Warburg Effect. The Warburg
Effect is a phenomenon in which cancer cells
generate adenosine 50-triphosphate (ATP) energy
equivalents by aerobic glycolysis rather than
through mitochondrial oxidative phosphorylation
that is common in normal somatic cells (Vander
Heiden et al. 2009). Although aerobic glycolysis
is a less efficient mechanism of ATP production
as compared to oxidative phosphorylation, cancer
cells show large increases in glycolysis and lac-
tate under normoxic conditions (reviewed in Gaal
2021). MIR21 is induced by high glucose levels
and inhibits the PTEN tumor suppressor that ulti-
mately results in PI(3)K pathway enhancement
(The Cancer Genome Atlas Research Network
2013).
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13.7.3 CpG Island Methylator
Phenotypes (CIMPs) Stratify
Tumor Subclasses

In 1999, Toyota et al. identified a subset of
colorectal cancers (CRCs) that showed cancer-
specific DNA hypermethylation of a unique sub-
set of gene regions, most notably the concordant
promoter DNA hypermethylation of
CDKN2A(INK4A/p16), THBS1, and MLH1. This
phenomenon, referred to as CpG island
methylator phenotype (CIMP), represents
approximately 15% of colon cancers. Using a
genome-wide approach, Weisenberger and
colleagues characterized CIMP in 295 primary
CRC samples, correlated CIMP to clinical
features and developed a five-gene CIMP-specific
DNA methylation marker panel (Weisenberger
et al. 2006). Interestingly, CIMP is strongly
associated with the BRAF(V600E) somatic muta-
tion, MLH1 silencing via promoter DNA
hypermethylation, high microsatellite instability
(MSI-H), high global somatic mutation rates
(hypermutation), diploid genome copy number,
TP53 somatic mutations, tumor location in the
proximal region of the colon, female gender,
advanced age, and family history of disease.

Alternatively, non-CIMP CRCs are highlighted
by KRAS somatic mutations, non-hypermutated
genotype and extensive copy number alterations
(The Cancer Genome Atlas Research Network
2012a; Hinoue et al. 2012; Weisenberger 2014;
Weisenberger et al. 2006, 2015). Ogino and
colleagues first described a CIMP-low (CIMP-L)
subgroup as having an attenuated CIMP pheno-
type and association with KRASmutations (Ogino
et al. 2006) and Shen et al. identified the CIMP2
subgroup as displaying CIMP-associated DNA
methylation with KRAS mutation enrichment
(Shen et al. 2007). The classical CIMP subgroup
was subsequently termed as CIMP-high (CIMP-
H) to reflect the extensive DNA methylation in
these tumors compared to CIMP-L tumors.
Two-dimensional unsupervised clustering of
CRC DNA methylation data from Hinoue et al.
and TCGA identified four CRC tumor subgroups:
CIMP-H, CIMP-L, and two non-CIMP subgroups
(The Cancer Genome Atlas Research Network
2012a; Hinoue et al. 2012). Currently, CRCs are
classified by four consensus molecular subgroups
(CMS), termed CMS1-4 (Guinney et al. 2015).
CMS1 tumors display CIMP-H features with
MSI-H, BRAF(V600E), DNA hypermutation,
and poor patient outcome; CMS2 tumors are
non-CIMP; CMS3 tumors are CIMP-L, KRAS-
mutated, microsatellite stable (MSS) and show
low copy number variation; CMS4 tumors are
non-CIMP and are associated with poor patient
survival (reviewed in Weisenberger et al. 2018).

Early mechanistic insights into CIMP genera-
tion in cancer came from investigating promoter-
associated DNA hypermethylation in gliomas.
Using TCGA data, Noushmehr et al. comprehen-
sively characterized DNA methylation of GBM
tumors and identified a glioma CIMP subgroup
(G-CIMP) that defines a subset of gliomas
(Noushmehr et al. 2010). With respect to clinical
features, G-CIMP patients are younger in age and
have significantly increased survival compared to
non-G-CIMP patients. Interestingly, G-CIMP
tumors are tightly associated with a high fre-
quency of IDH1 somatic mutations (Brennan
et al. 2013; Noushmehr et al. 2010). IDH1WT

converts isocitrate to alpha-ketoglutarate
(α-KG), however, IDH1mut further converts



α-KG to 2-hydroxyglutarate (2-HG), which sub-
sequently inhibits the TET family of enzymes that
catalyze hydroxyl-based DNA demethylation
(reviewed in Weisenberger 2014). Thus, produc-
tion of 2-HG results in the accumulation of DNA
methylation along with aberrant histone methyla-
tion (Dang et al. 2009). Furthermore, the IDH1
mutation alone is sufficient to establish G-CIMP
and constitutes an early event that is likely driving
the tumorigenesis (Hill et al. 2014; Turcan et al.
2012). It should also be noted that AML tumors
also harbor IDH1, IDH2, and TET somatic
mutations. IDH1 and IDH2 mutations are mutu-
ally exclusive, while TET2 mutations are mutu-
ally exclusive with all IDH mutations, suggesting
redundant activity of their gene products. TCGA
and others have shown that AML tumors with
IDH or TET mutations show substantial DNA
hypermethylation (The Cancer Genome Atlas
Research Network et al. 2013b; Figueroa et al.
2010; Shih et al. 2012).

13 The Role of DNA Methylation and DNA Methyltransferases in Cancer 327

To date, several reports have described CIMPs
in many additional cancers including gastric,
breast, bladder, melanoma, prostate, hepatocellu-
lar, and endometrial cancers. Interestingly, two
CIMP subgroups are present in gastric cancer:
one CIMP group is akin to colorectal CIMP-H
with MSI-H, DNA hypermutation and MLH1
epigenetic silencing, while the EBV-CIMP
group shows more extensive DNA
hypermethylation than seen in other CIMP
subgroups of human cancers and is highly
correlated with Epstein-Barr virus (EBV) infec-
tion (EBV-CIMP) (The Cancer Genome Atlas
Research Network 2014a). These findings sug-
gest that EBV-CIMP tumors may have unique
molecular mechanisms of tumorigenesis as com-
pared to other CIMP tumor types. Finally, Fang
et al. (2011) found that breast CIMP tumors
(B-CIMP) were associated with positive estrogen
receptor (ESR1) and progesterone receptor (PGR)
status. Moreover, B-CIMP patients had a lower
risk of metastasis and improved clinical outcome
than non-CIMP patients. Recognizing and under-
standing how CIMPs are associated with patient
clinical co-variates and their potential mechanism
for their genesis and propagation may have

important consequences for cancer patient moni-
toring and treatment.

13.7.4 DNA Hypermethylation
of Noncoding RNAs

Aside from the functions of noncoding RNAs as
epigenetic regulators (Matzke and Mosher 2014;
Wei et al. 2017), DNA methylation also plays an
important role in the regulation of noncoding
RNAs (ncRNAs) including microRNA
(miRNA), small nucleolar RNA (snoRNA),
vault RNA (vtRNA), and long noncoding RNA
(lncRNA). These elements are critical regulators
of cellular processes including proliferation, dif-
ferentiation, and development (Esteller 2011).
DNA hypermethylation of miR-127 results in its
downregulated expression and subsequent
upregulation of the BCL6 proto-oncogene to
drive tumorigenesis (Ehrlich 2009; Kulis et al.
2012; Saito et al. 2006). Similarly, miR-101 is
also downregulated in bladder cancer via DNA
hypermethylation. miR-101 functions in
repressing EZH2, the catalytic component of
PRC2 responsible for introducing H3K27me3,
highlighting its role in global epigenomic regula-
tion (Friedman et al. 2009). Moreover,
microRNA miR-124a silencing due to DNA
hypermethylation in acute lymphoid leukemia
(ALL) activates the CDK6-RB1 oncogene path-
way, contributing to poor patient survival (Agirre
et al. 2009).

It has also been observed that the CpG islands
upstream of the snoRNAs SNORD123, U70C,
and ACA59B endure cancer-specific DNA
hypermethylation resulting in their transcriptional
silencing in ALL. Gastric cancer and acute mye-
loid leukemia (AML) patients with DNA
hypermethylation of nc866, also known as
vtRNA2-1, show poor survival (Lee et al. 2014;
Treppendahl et al. 2012). In vitro knockdown of
nc866 in human gastric cell lines induces known
oncogenes, and overexpression of the ncRNA
reduces cellular proliferation (Lee et al. 2014).
In myelodysplastic syndrome (MDS), both
vtRNA1-2 and vtRNA1-3 are silenced by DNA
hypermethylation and are associated with



decreased survival in lower-risk MDS patients
(Helbo et al. 2015). Finally, epigenetic silencing
of theMORT lncRNA via DNA hypermethylation
is significant for immortalizing human mammary
epithelial cells. Deficient MORT expression is
common in most cancers and can be reactivated
by treatment of the DNA methylation inhibitor
5-aza-20-deoxycytidine (5-Aza-CdR), implicating
its role in immortalization during oncogenesis
(Vrba et al. 2015). These findings and several
others make it clear that aberrant DNA
hypermethylation of ncRNAs is associated with
tumor suppression, a fundamental feature of can-
cer, and has a vital role in the disease initiation
and progression.
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13.7.5 DNA Hypomethylation

13.7.5.1 Repetitive Element DNA
Hypomethylation

Although DNA hypomethylation was the first
DNA methylation change discovered in cancer,
the implication of this dysregulation in
tumorigenesis has often been overlooked.
Feinberg and Vogelstein, as well as Gama-Sosa
et al., identified a global decrease in 5mC content
across numerous cancer types in the 1980s
(Feinberg and Vogelstein 1983; Gama-Sosa
et al. 1983). DNA hypomethylation is an early
event in tumorigenesis, occurs frequently in
benign hyperplasia, becomes more prominent
with tumor progression, and metastatic lesions
possess greater DNA hypomethylation than pri-
mary tumors (Li et al. 2014b). Finally, non-CGI
promoter DNA hypomethylation is much less
frequent than promoter CGI DNA
hypermethylation but may result in oncogene
and proto-oncogene upregulation (Feinberg and
Vogelstein 1983; Soes et al. 2014).

Most DNA hypomethylation occurs in
intergenic and intragenic regions. These genomic
areas are replete with repetitive and transposable
elements. DNA methylation suppresses these
elements and their DNA hypomethylation, most
evident in human cancers, contributes to their
activation and ectopic expression. Repetitive
elements comprise nearly 50% of the human

genome and consist of interspersed repeats
derived from transposable elements (Deininger
et al. 2003; Jordan et al. 2003; Prak and Kazazian
2000; Weiner 2002), including short interspersed
nucleotide elements (SINEs), long interspersed
nucleotide elements (LINEs), as well as simple
and complex DNA sequence tandem repeats.
ALU repetitive elements are short (~300 bp)
DNA sequences and represent the most abundant
SINE in the human genome, with one million
copies per haploid genome (Weiner 2002).
LINEs are more abundant with over 500,000 cop-
ies and 20% of the human genome. These
elements have inserted themselves and transposed
in eukaryotic germlines in waves during evolu-
tion. They have the potential to modify gene
control in the host organism (Zhou et al. 2020),
however, only a small percentage are active in
normal somatic cells (reviewed in Deininger et al.
2003; Ehrlich 2002).

LINE-1 and ALU DNA hypomethylation is
recognized as indicators of tumor progression
and prognosis in several cancer types including
prostate, melanoma, bladder, renal, and ovarian
cancers (Andreotti et al. 2014; Ecsedi et al. 2013;
Karami et al. 2015; Saied et al. 2012; Su et al.
2014; Yegnasubramanian et al. 2008). Indeed, Li
and colleagues (Li et al. 2014b) showed in a meta-
analysis of repetitive element DNA methylation
data from 146 studies that global DNA methyla-
tion of ALU, LINE-1, and satellite repeats is
strongly associated with poor cancer patient out-
come. In addition, LINE-1DNA hypomethylation
can greatly affect gene expression, not only of the
LINE-1 repetitive element, but also the gene
region in which the LINE-1 repeat resides. In
this regard, LINE-1 DNA hypomethylation can
unveil alternative promoters to activate
oncogenes (Jang et al. 2019; Wolff et al. 2010).
For example, LINE-1 DNA hypomethylation
stimulates the adoption of a permissive chromatin
architecture of an alternative gene promoter of the
MET oncogene, thereby activating its expression
(Wolff et al. 2010).

The ALU and LINE-1 classes of repetitive
elements can cause genomic instability if they
copy and insert themselves into genic regions of
the genome (Konkel and Batzer 2010). They also



have been shown to confuse the homologous
recombination repair machinery into non-allelic
recombination and cause replication fork stalling
during DNA replication, thus leading to
insertions, deletions, and other rearrangements
(reviewed in Konkel and Batzer 2010). Repetitive
element DNA hypomethylation can potentially
further exacerbate this phenomenon by not only
creating an abundance of genetic aberrancies in
cancer cells, but also promoting the accrual of
double-stranded DNAs (dsDNAs) and double-
stranded RNAs (dsRNAs) that stimulate a host
defense response that ultimately degrades repeti-
tive element transcripts (reviewed in Ishak et al.
2018). This is the basis for the therapeutic strat-
egy to promote viral mimicry, in which activation
of endogenous retroviruses (ERVs) via drug-
induced DNA demethylation can be exploited
for cancer therapies (Jones et al. 2019). However,
repetitive element induction in cancer cells may
also result in reduced therapeutic efficacy after
treatment with DNA methylation inhibitors
(Ishak et al. 2018; Shen et al. 2021), thus creating
a conundrum of immune evasion.
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The mechanisms of repetitive element silenc-
ing in cancer cells have proven to be evasive.
Since repetitive element silencing is generally
associated with heterochromatin and the
H3K9me3 repressive mark, Shen et al. (2021)
recently screened for H3K9me3-associated
mediators of repetitive element silencing in
human cancer cells. Interestingly, they identified
FBXO44 as an essential mediator of H3K9me3-
based repetitive element silencing in which
FBXO44 recruits a multitude of chromatin
remodelers and modifiers known to be associated
with heterochromatin. In addition, FBXO44 also
interacts with the DNA replication machinery to
silence repetitive elements to reduce genome
instability immediately after DNA replication.
Hence, FBXO44 inhibition results in immune
response activation and genomic instability in
the form of DNA strand breaks. Moreover,
FBXO44 inhibition results in reduced tumor
growth, cellular proliferation, and cell survival,
as well as a heightened immune response and
increased sensitivity to PD-L1 targeted immune
therapy. These results highlight not only the

critical role of repetitive element silencing, but
also the approach for characterizing mediators of
repetitive element silencing that can be therapeu-
tically targeted for cancer treatments.

13.7.5.2 Partially Methylated Domains
(PMDs)

The development of whole genome bisulfite
sequencing (WBGS) technologies to interrogate
DNA methylation profiles at single-base resolu-
tion has unveiled complexities of the methylome
and associations with other epigenetic
modifications and gene expression. Lister and
colleagues first presented WGBS-based analyses
of the human H1 embryonic stem (ES) cells and
IMR90 fetal lung fibroblast methylomes (Lister
et al. 2009). While IMR90 cells showed that
DNA methylation was almost exclusively located
in CpG dinucleotides, the H1 ES cells showed
substantial levels of non-CpG methylation,
namely at CHG or CHH contexts in which H
nucleotides are A, C, or T. While non-CpG
DNA methylation was previously shown in ES
cells (Ramsahoye et al. 2000), this WGBS analy-
sis showed it is more pervasive and widespread
than previously determined.

Pairwise comparisons between H1 and IMR90
DNA methylomes also revealed substantial DNA
hypomethylation in IMR90 cells. Indeed, large,
continuous regions of >150 kb displayed mean
DNA methylation levels below 70% and were
termed Partially Methylated Domains (PMDs).
PMDs were identified on every autosomal chro-
mosome and also correlated with gene body DNA
hypomethylation on the inactive X-chromosome
in female IMR90 cells (Lister et al. 2009).

WGBS analyses of a primary human colon
tumor and its paired adjacent normal tissue
showed that PMDs >100 kb in length occupied
a substantial portion of the colon cancer genome,
and small regions of focal DNA
hypermethylation were identified within these
hypomethylated PMDs. PMDs are associated
with heterochromatic, gene poor regions of the
genome that normally are under-expressed (Hon
et al. 2012; Hovestadt et al. 2014; Salhab et al.
2018). PMDs also strongly overlapped with
nuclear lamina-associated domains (LADs) and



late-replicating areas of the human genome
(Berman et al. 2011), as was also shown for
multiple tumor types (Du et al. 2019; Hama
et al. 2018; Hansen et al. 2011). PMDs have
subsequently been identified across multiple can-
cer and tissue types and genes contained within
large regions of DNA hypomethylation were also
shown to be enriched for matrix remodeling
(Hansen et al. 2011). A meta-analysis of over
170 WGBS datasets generated from a wide
array of human tissue types revealed that PMDs
comprise 50–75% of the human genome, but only
25% of the genome is shared by PMDs across all
surveyed tissue types (Salhab et al. 2018).
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Accumulation of PMD DNA hypomethylation
correlates with increased enrichment of hetero-
chromatin marks and cellular proliferation
(Salhab et al. 2018). Short PMDs are linked to
early-mid S phase replicating genes, as well as
H3K9me3 and H3K27me3 marked chromatin,
whereas intermediate length PMDs are associated
with mid-late S phase replication and lower
H3K27me3 occupancy than short PMDs. Finally,
late S-G2 replicating genes have extensive PMD
regions that are coupled with H3K9me3 marks
bordered by H3K27me3 chromatin (Salhab et al.
2018)

WGBS data from 39 TCGA primary tumors
and eight matched normal-adjacent tissues across
multiple cancer/cell types was integrated with
343 human and 206 mouse WGBS datasets
(Zhou et al. 2018) and revealed that PMD DNA
hypomethylation can be predicted by DNA
sequence context. Specifically, low CpG density,
CpGs that are flanked by an A or T (W) on both
sides (WCGW) and CpGs in the WCGW context
without neighboring CpGs (solo-WCGW) were
the most prone to DNA hypomethylation. Even
though solo-WCGW sites are an extreme
sequence context, these represent 13% of the
human genome. Solo-WCGW containing PMDs
range from 100 kb to 5 Mb in length, correlate
with chronological age, and are mostly shared
across cell type and developmental lineage.

PMD DNA hypomethylation is also associated
with increased somatic mutation and copy num-
ber frequencies and the extent of tumor prolifera-
tion, suggesting a link between PMD DNA

hypomethylation and cumulative mitotic cell
division, specifically its role as a mitotic clock.
Solo-WCGW DNA methylation was correlated
with replication timing and to a lesser extent,
H3K36me3 occupied chromatin. Indeed, less
than 15% of all solo-WCGWs overlapping
H3K36me3-enriched regions were methylated,
while the remaining solo-WCGWs displayed
lower overall DNA methylation with a strong
link to replication timing (Zhou et al. 2018).
However, Decato and colleagues (Decato et al.
2020) identified a panel of late-replicating genes
that retain H3K36me3 occupancy but are not
DNA hypomethylated, suggestive of a higher
level of granularity between PMD DNA
hypomethylation and replication timing.

13.7.6 Whole Genome Bisulfite
Sequencing (WGBS) of Cancer
Genomes

The discovery of PMDs in human cancers
highlights the intricate complexities of cancer-
specific DNA methylation alterations in not only
gene expression but also replication timing and
cellular proliferation. WGBS-based profiling of
primary human cancers has been reported for
multiple tumor types and integrating WGBS
data with gene expression, copy number varia-
tion, somatic mutation, and chromatin
modifications provide complete windows as to
how DNA methylation regulates gene expression
and is associated with DNA sequence alterations.
WGBS and whole genome sequencing (WGS)
data sets for esophageal squamous cell
carcinomas and adenocarcinomas (Lin et al.
2018) show that these two cancer types display
disparate driver genes, suggesting that these
tumor types follow unique tumorigenic programs.
The transcription factor ZPF36L2 was also dis-
covered as a novel significantly mutated gene in
esophageal carcinomas and, interestingly, is
associated with a super-enhancer. ZPF36L2 is
silenced by DNA hypermethylation of its super-
enhancer in esophageal carcinomas.

WGBS analysis of 100 primary metastatic cas-
tration resistant prostate tumors and 10 benign



prostate tissues showed that DNA methylation
variation between tumors was primarily found in
gene bodies, transcription factor-binding sites,
enhancers, and heterochromatic regions (Zhao
et al. 2020). In addition, integrating WGBS
DNA methylation data with WGS data showed
that differential DNA methylation as a function of
disease progression occurs at regulatory regions
and somatic mutation hotspots. 20% of tumors
displayed a CIMP-like DNA methylation signa-
ture that is associated with BRAF, DNMT3B,
IDH1, and TET2 somatic mutations (Zhao et al.
2020). Incorporating WGBS DNA methylation
data with RNA sequencing expression data
highlighted associations of DNA methylation
with expression of AR, MYC, and ERG driver
genes.
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A similar approach was performed for 33 pri-
mary liver tumors in which the integration of
DNA methylation and gene expression data
resulted in the identification of 611 gene regions
that are differentially methylated and differen-
tially expressed in liver tumors (Huang et al.
2021). These gene regions were enriched in
activated DNA repair and cell cycle pathways
and downregulated in metabolic pathways. The
majority of these genes are also more effective
prognostic biomarkers over those identified by
DNA methylation and gene expression alone.

13.7.7 Gene Body DNA Methylation

For decades, much of the research efforts in can-
cer epigenetics had been concentrated on the reg-
ulation of DNA methylation at gene promoters.
Due to advances in next-generation sequencing
and high-density microarray technologies, DNA
methylation profiling can now be performed in a
genome-wide context. It is now increasingly evi-
dent that DNAmethylation at non-promoter intra-
genic and intergenic regions is also dynamically
regulated and contributes to physiological
changes as well as to the development of disease
states. Unlike promoters, where DNA methyla-
tion contributes to a “closed” chromatin architec-
ture resulting in gene repression, DNA
methylation in transcribed regions of genes

(gene bodies) is often positively correlated with
gene expression (Liu et al. 2018; Yang et al.
2014). Indeed, transcribed regions display
H3K36me3 marks, and DNMT3B binds to
H3K36me3 marks via its PWWP domain
(Baubec et al. 2015) to facilitate gene body
DNA methylation (Baubec et al. 2015; Duymich
et al. 2016; Yang et al. 2014). Gene body regions
are generally CpG poor, and therefore, most gene
bodies are methylated in normal somatic cells and
are enriched within repetitive elements (Brocks
et al. 2017; Zhou et al. 2020).

Gene body DNA methylation can also add to
transcription efficiency by regulating the usage of
alternate transcription start sites. For example,
DNA methylation profiling of primary glioblas-
toma tumors purports a role for gene body DNA
hypomethylation in stimulating the transcription
from alternate promoters, thereby resulting in an
increased expression of alternative transcripts and
expression of oncogenic protein isoforms
(Nagarajan et al. 2014). In addition, gene body
DNA hypomethylation can reveal distal regu-
latory elements (enhancers) that are muted in a
tissue-specific manner (Yang et al. 2014). More-
over, DNA methylation profiles of normal B cell
and chronic myeloid leukemia revealed wide-
spread gene body DNA hypomethylation
targeting enhancer sites (Kulis et al. 2012).

13.7.8 Enhancer DNA Methylation

Together with promoters and gene bodies,
enhancers play a significant role in regulating
the expression and activity of their target genes.
Enhancers serve as platforms for transcription
factors (TFs) that bind DNA through sequence
recognition. Remarkably, one enhancer can regu-
late the activity of multiple promoters and vice
versa, each promoter can be regulated by several
enhances (Bulger and Groudine 2011). The pres-
ence of multiple TFs is usually necessary for
enhancer activation. Additionally, functional
enhancers are decorated with active histone
marks including H3K4 monomethylation
(H3K4me1) and H3K27 acetylation (H3K27ac).
Through long-range interactions such as



chromatin “looping,” these distal elements deliver
the accessory proteins to promoters and stimulate
robust transcription.
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Although DNA methylation is inversely
correlated with the presence of active histone
marks, such as those that delineate active
enhancers, expression-related DNA methylation
of enhancers has also been observed. Enhancer
DNA methylation inversely correlated with gene
expression in a manner similar to promoters and
is often a superior predictor of expression levels
over promoter DNA methylation (Aran and
Hellman 2013). Furthermore, enhancers can reg-
ulate gene expression in a cell-type-specific man-
ner even when the gene promoter is continually
unmethylated (Aran and Hellman 2013).

TF recognition sequences and other
DNA-binding elements are mostly situated in
unmethylated DNA regions. DNA methylation
can thwart the association of TFs to DNA, as
was shown for bHLH, bZIP, and ETS TF classes
(Yin et al. 2017). Additionally, the presence of
TFs can promote DNA hypomethylation by
preventing DNMTs from accessing DNA (Calo
and Wysocka 2013). However, some TFs also
show preference in binding to methylated recog-
nition sequences (Yin et al. 2017). TF involved in
development, most notably homeodomain,
NFAT and POU TFs and the OCT4 pluripotency
factor, bind to methylated DNA. Thus, the subtle
modulation of DNA methylation at enhancers can
greatly affect gene expression of multiple target
genes.

In cancer, DNA hypomethylation of intergenic
and intragenic enhancers can reveal TF binding
motifs and induce downstream expression
changes (Aran and Hellman 2013; Kulis et al.
2012). Alternatively, enhancer DNA
hypermethylation can result in enhancer decom-
mission, resulting in losses of both active histone
marks and TF binding. Consequently, these
alterations can modulate gene transcription inde-
pendent of promoter DNA methylation
fluctuations (Kulis et al. 2012). DNA methylation
also plays an unexpected dual role at enhancer
regions by being both anti-correlated focally at
transcription factor-binding sites and positively
correlated globally with the active H3K27ac

mark to ensure structural enhancer integrity
(Charlet et al. 2016).

Xiong et al. (2019) used WGBS to identify
differentially methylated enhancers in human
hepatocellular carcinomas (HCCs) and unveiled
global enhancer DNA hypomethylation. Interest-
ingly, DNA hypomethylation of the CCAAT/
enhancer-binding protein beta (C/EBPβ)
enhancer correlates with C/EBPβ overexpression
and poor patient outcome. C/EBPβ is a transcrip-
tion factor that is also involved in cellular growth
control and differentiation (Nerlov 2007). In addi-
tion, C/EBPβ is thought to function as a leukemic
driver in AML as it interacts with other transcrip-
tion factors to stimulate tumor proliferation
(Abdel Ghani et al. 2022). In HCC, CEPBB
overexpression due to enhancer DNA
hypomethylation stimulates C/EPPB enhancer
RNA expression by occupancy of the active
H3K27ac mark and recruitment of RNA polymer-
ase II and bromodomain proteins (Xiong et al.
2019).

Similarly, Heyn et al. (2016) identified cancer-
associated DNA methylation alterations in super-
enhancer regions of the genome. Originally
described by Whyte et al. (2013), super-
enhancers are large clusters of enhancers that are
bound by master transcription factors and drive
developmental programming and cell identity.
Super-enhancers are marked by H3K27ac occu-
pancy and are associated with oncogenic drivers
in human cancers, most notably encompassing
the MYC gene locus (Hnisz et al. 2013; Loven
et al. 2013). Cancer-specific promoter DNA
hypermethylation occurs extensively at polycomb
repressive complex 2 (PRC2) targets
(Widschwendter et al. 2007), suggestive of a
molecular cross-talk between stem cell develop-
ment and cancer genesis. In normal primary
tissues, super-enhancers generally display more
extensive DNA hypomethylation than of conven-
tional enhancers, however, comparisons between
super-enhancers show extensive differential DNA
methylation (Heyn et al. 2016). Primary tumors
show both super-enhancer DNA
hypomethylation and DNA hypermethylation
that correlated with target gene activation and
inactivation, respectively.
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13.8 Liquid Biopsy Measurements
of Cancer-Specific DNA
Methylation

Cancer-specific DNA methylation data have been
abundantly described for virtually every tumor
type. Thus, DNA methylation markers are conve-
nient prognostic and diagnostic tools (Laird 2003;
Levenson 2010). DNA methylation is a stable
chemical modification, and the methylation status
of loci of interest can be readily obtained from
primary fresh/frozen tissues as well as highly
processed tissues, including formalin-fixed, par-
affin embedded (FFPE) tissue sections. In addi-
tion to primary tumor specimens, liquid biopsies
of cell free DNA (cfDNA) derived from the tumor
can be analyzed in blood plasma/serum, urine
sediment, cerebral spinal fluid, and other
biological fluids (Taback and Hoon 2004).
Tumors are inherently unstable and shed tumor
material into the blood stream due to tumor necro-
sis and apoptosis. The presence of tumor-derived
cfDNA in blood from early and late-stage cancer
patients has been well characterized (Bettegowda
et al. 2014; Lo et al. 1999; Sun et al. 2015).
Tumor-derived cfDNA levels in the blood stream
increase with tumor stage. cfDNAs in blood or
urine represent non-invasive means of sampling
tumor material and can be used in place of pri-
mary tissues since these are derived from the
primary tumor (reviewed in Angeles et al. 2021)
and can also be exploited for determining tumor
cell type (Barefoot et al. 2021). Coupled with
technological advancements in analyzing ultra-
low sample amounts using DNA methylation
microarrays or whole genome bisulfite sequenc-
ing, epigenomic profiling of cfDNAs has promise
in cancer detection, prognosis, and diagnostics
(Angeles et al. 2021; van der Pol and Mouliere
2019).

Cancer-specific detection of SEPT9 DNA
methylation in blood plasma is an important
example of a liquid biopsy-based epigenomic
profile driving CRC patient diagnostics. SEPT9
DNA methylation occurs in nearly all colorectal
tumors and adenomas, but not in normal colonic
mucosae. Accordingly, the initial cfDNA SEPT9

DNA methylation assays showed high CRC
detection sensitivity (72%) and specificity (86%)
in plasma samples (deVos et al. 2009). Overall,
SEPT9 DNA methylation assays show pro-
nounced improved detection sensitivity and spec-
ificity as compared to carcino-embryonic antigen
(CEA) and fecal occult blood and tests
(Weisenberger et al. 2018).

Next-generation sequencing and DNAmethyl-
ation array-based data of cfDNA samples have
been successfully implemented as a means of
biomarker discovery. Cai et al. developed the
ColonAiQ assay (Cai et al. 2021), a six-gene
DNA methylation classifier that stratifies colorec-
tal tumors and adenomas as an early detection
system, after curating a large discovery dataset
(Chen et al. 2020). ColonAiQ is effective in mon-
itoring disease progression in colorectal cancer
patients after surgical resection. Similarly,
Pulverer et al. describe independent cfDNAmeth-
ylation classifiers for the early detection of colo-
rectal adenomas and to monitor response to
neo-adjuvant therapy (Pulverer et al. 2021). Jin
et al. developed a 10-gene classifier that showed
improved ability over SEPT9 to detect patients
with stage I and II disease, the presence of
pre-malignant polyps, and the ability to predict
disease recurrence earlier than conventional
radiologic imaging (Jin et al. 2021).

Liu et al. (2020) performed WGBS on
blood plasma cfDNA samples from 1493 patients
of over 50 cancer types and 1135 apparently
healthy individuals to identify correlations of
DNA methylation with tumor stage. Cancer-
specific DNA methylation profiles identified in
plasma showed exceptional specificity (99%).
Cancer detection sensitivity increased with
tumor stage with sensitivities of 18% for stage I
patients, 43% in stage II disease, 81% in stage III
cases, and 93% in stage IV patients, highlighting
the increased cfDNA concentration in blood as a
function of tumor stage. A follow-up analysis of
2129 cfDNA samples from cancer patients also
predicted patient cancer status, cell of origin,
disease mortality, tumor stage, and patient age
(Chen et al. 2021).

WGBS analysis of cfDNAs isolated from
blood plasma of women with metastatic breast



cancer, disease-free breast cancer survivors, and
apparently healthy women unveiled a panel of
differential DNA methylation markers that
determines the presence of metastatic breast can-
cer versus disease-free survivors or healthy
women (Legendre et al. 2015). In addition, a
prediction model of early-stage breast cancer
was developed based on cfDNA methylation
data from plasma of women with benign disease
(Liu et al. 2021). Combining the DNA methyla-
tion classifier with diagnostic ultrasound and
mammogram imaging improved cancer detection
sensitivity and reduced false-negative calls (Liu
et al. 2021). Finally, targeted bisulfite sequencing
of a panel of classifier candidate genes showed
significant EGFR and PPM1E DNA
hypermethylation in cfDNA samples as compared
to healthy controls (Li et al. 2016), further
implicating the utility of cfDNA methylation as
a diagnostic tool.
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13.9 DNA Methylation
as a Therapeutic Target

Epigenetic aberrations in cancers including differ-
ential DNA methylation can be used to distin-
guish tumor subtypes, indicate treatment
responsiveness, predict clinical outcomes, and
determine therapeutic strategies. With respect to
clinical outcome, epigenetic profiles can reveal
molecular pathways most vulnerable to chemo-
therapeutic agents, and DNA methylation
changes can often serve as a barometer for treat-
ment efficacy (Jones et al. 2016; Weisenberger
et al. 2018). Unlike genetic modifications, epige-
netic changes, most notably DNA methylation
and histone modifications, are both somatically
heritable and reversible. Thus, DNA methylation
changes affected through pharmacological inter-
vention can have long-lasting impact. To this end,
DNA methyltransferase inhibitors (DNMTis)
have been employed in preclinical and clinical
settings with the goal of reversing aberrant DNA
methylation to more normal-like profiles
(Fig. 13.1c) (Juo et al. 2015; Yamazaki and Issa
2013).

The first generation DNMTis are the cytidine
analogs 5-azacytidine (5-Aza-CR) and
5-Aza-20deoxycytidine (5-Aza-CdR), whose clin-
ical labels are Vidaza and Decitabine, respec-
tively. 5-Aza-CR, an RNA analog, is converted
to a nucleoside triphosphate and is incorporated
into RNA and DNA. Alternatively, since
5-Aza-CdR is a DNA analog, it is only
incorporated into genomic DNA during replica-
tion. After incorporation into genomic DNA, the
Aza-analogs are recognized as natural cytosine
nucleotide substrate by the DNMT enzymes. Nor-
mally, DNMTs initiate the methylation transfer
reaction by first forming a covalent bond at the
C-6 position of the targeted cytosine reside that
enables the complex to abstract the methyl group
from S-adenosyl-L-methionine and transfer it to
the C-5 cytosine position. Interestingly, when the
DNMT attempts to methylate the Aza-cytosine
moiety, the Aza-DNMT tertiary complex is sta-
ble, establishing a large DNA adduct structure
that triggers proteolytic degradation of the
bound DNMT, thereby contributing to the loss
of available DNMT enzyme in the cell and
DNA methylation marks over subsequent cell
divisions (Christman 2002; Stresemann and
Lyko 2008). Both 5-Aza-CR and 5-Aza-CdR are
currently FDA-approved to treat high-risk
myelodysplastic syndrome (MDS) patients and
have resulted in successful clinical outcomes
(Issa 2013; Navada et al. 2014; Plimack et al.
2007).

The second-generation Aza-cytidine analog,
guadecitabine (S110), consists of 5-Aza-CdR
linked to a deoxyguanosine residue via a
phosphodiester bond (5-Aza-CdR-dG) showing
improved stability and activity relative to 5Aza-
CdR (Chuang et al. 2010; Yoo et al. 2007). S110
treatment of hepatocellular carcinoma cells also
significantly synergized with oxaliplatin and
resulted in greater cytotoxicity (Kuang et al.
2015). Unfortunately, the Aza-derived analogs
are chemically unstable, suffer from poor phar-
macokinetics and their effectiveness is dependent
on their transport and uptake into target cells
(Stresemann and Lyko 2008) which limits their
efficacy in the clinical setting. Recently, a revers-
ible, a non-nucleoside, selective DNMT1



inhibitor, GSK3685032, was described
(Pappalardi et al. 2021). GSK3685032 treatment
of acute myeloid leukemia (AML) tumor cells
showed improved tolerability and more extensive
DNA demethylation compared to the
Aza-cytidine analogs, resulting in increased anti-
tumor activity and survival. Ultimately,
GSK3685032 may provide increased clinical effi-
cacy compared to Aza-cytidine analogs.
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Numerous tumor suppressor gene promoters
have been identified to be activated after
DNMTi treatment including CDKN2A(INK4A/p16),
MYOD1, RASSF1, and TIMP3 (Christman 2002;
Toyota et al. 2001). The chromatin remodeler
protein CHD5 considered as tumor suppressor in
many cancer types is frequently silenced through
multiple epigenetic mechanisms including pro-
moter DNA hypermethylation (Fujita et al.
2008; Gorringe et al. 2008; Wang et al. 2011).
Colorectal cancer cells treated with 5-Aza-CdR
displayed partially restored CHD5 protein expres-
sion (Fatemi et al. 2014). In AML cells, DNMTis
can initiate apoptosis in a p53-independent man-
ner. Here, 5-Aza-CdR administration
demethylates the gene promoter of TP73, a mem-
ber of the p53 family of transcription factors.
TP73 expression induces p21 protein expression,
which in turn renders the cell more sensitive to
chemotherapeutics and mediates drug cytotoxic-
ity (Schmelz et al. 2005).

Improved understanding of intergenic DNA
methylation has shown that in addition to pro-
moter DNA methylation, gene body DNA meth-
ylation also serves as a therapeutic target for
demethylating chemotherapeutic agents such as
5-AzaCdR (Fig. 13.1b, c). Genome-wide DNA
methylation levels were assayed at various time
points after 5-AzaCdR treatment of the HCT116
human colorectal cell line. Gene body DNA
demethylation correlated with loss of gene
expression and the rate of DNA re-methylation
after drug withdrawal determined the strength of
gene re-expression. Evaluating DNMTi
treatments of HCT116 derivative lines lacking
various DNA methyltransferases showed that
gene body DNA re-methylation was dependent
on DNMT3B. Moreover, clustering the genomic
regions into groups according to the rates of DNA

re-methylation indicated that rapidly
remethylating genes are enriched for oncogenes
such as c-MYC targets and metabolic pathway
genes. This unveils a potential mechanism of
action for DNMTis in mitigating the effect of
deregulated c-MYC signaling (Kasinathan and
Henikoff 2014; Yang et al. 2014). Moreover,
gene body DNA methylation is a therapeutic
DNMTi target for lowering oncogene gene
expression and reversing the cellular machinery
to a more normal-like state. Low DNMTi doses
are sufficient for long-lasting loss of tumorigenic-
ity and self-renewal with minimal cytotoxic
effect, indicating that supplementary to acute
tumor suppressor gene re-expression or oncogene
downregulation, DNMTis target aberrant DNA
methylation via unique mechanism(s) of action
(Licht 2015; Oki et al. 2007; Tsai et al. 2012).

DNA demethylating agents may also mediate
therapeutic response by rendering the cell more
visible to the immune system (Chiappinelli et al.
2015; Jones et al. 2019; Roulois et al. 2015).
There is substantial evidence of tumor antigen
DNA demethylation and activation after
5-Aza-CdR treatment of tumor cells (De Smet
et al. 1996; Shiohama et al. 2014). Indeed,
human epithelial ovarian carcinoma (EOC) cells
treated with S110 displayed increased cancer-
testis antigen expression, thereby, enhancing the
recognition of EOC cells by antigen-specific
CD8+ T-cells. This was accompanied by
restricted tumor growth and improved survival
in a xenograft setting (Srivastava et al. 2015). In
clinical trials involving patients with non-small
cell lung cancer (NSCLC), it has been observed
that a subset of patients showed a robust response
to immune checkpoint blockade therapy after
5-Aza-CdR treatment, suggesting that DNMT
inhibition sensitizes tumor cells to immune
checkpoint inhibition (Wrangle et al. 2013).

5-Aza-CdR also stimulates the immune system
by triggering antiviral immune response and per-
mitting the expression of endogenous retroviruses
(ERVs) that were originally silenced by DNA
hypermethylation (Fig. 13.2). Moreover, inter-
feron genes and genes involved in antigen presen-
tation accounted for most genes commonly
upregulated in solid tumor cell lines upon Aza



dsRNAs are recognized by RIG1 and MDA5,
cytosolic pattern recognition receptors whose pri-
mary role is to recognize viral RNAs. This recog-
nition initiates a signaling cascade dependent on
the mitochondrial antiviral signaling (MAVS)
adaptor molecule, leading to an activation of
downstream targets, such as IRF7, culminating
in an anti-tumor response. This mechanism was
also shown using human ovarian cancer cell lines,
in which 5-Aza-CdR treatment activates inter-
feron signaling mediated by IRF7. Furthermore,
the strength of interferon response to 5-Aza-CdR
was reflected in the immune checkpoint sensitiv-
ity (Chiappinelli et al. 2015). Drug-induced DNA
demethylation of repetitive elements and ERVs,
together with dsRNA activation, elicits a strong
antiviral response. This consequently results in
anti-tumor effects including interferon induction,

treatment (Li et al. 2014a). Gene expression
profiling after transient low dose 5-Aza-CdR
treatments of colorectal cell lines demonstrated
that most of the late occurring expression changes
(24 days past initial exposure) were interferon-
responsive genes. These genes showed little DNA
methylation changes at their promoters or coding
regions, and in fact, many even displayed low
pre-treatment DNA methylation levels. Thus,
gene expression changes after 5-Aza-CdR treat-
ment were independent of DNA methylation
inhibition.
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Fig. 13.2 DNMTis exert anti-tumoral effect by eliciting
immune response in cancer cells. Treatment with DNA
methyltransferase inhibitors induces transcription of
endogenous retroviral (ERV) elements. Double-stranded
RNAs (dsRNAs) are recognized by viral recognition
proteins such as RIG1 and MDA5, which in turn interact
with the mitochondrial antiviral signaling (MAVS)

proteins. MAVS-mediated IRF7 activation leads to the
translocation of IRF7 from the cytoplasm to the nucleus,
where it initiates transcription of interferons (IFNs) and
interferon-stimulated genes (ISGs), which then contribute
to reduced proliferation (modified from Chiappinelli et al.
2015; Licht 2015; Roulois et al. 2015)

The mechanistic explanation for how DNMTis
activate unmethylated gene promoters of immune
response genes is based on double-stranded RNA
(dsRNA), endogenous retrovirus (ERV), and/or
ALU activation after DNMTi treatment of cancer
cells (Mehdipour et al. 2020; Roulois et al. 2015).
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reduced cell proliferation, and loss of self-renewal
capacity upon treatment (Fig. 13.2). In addition,
DNMTis can target not only cancer cells but also
reactivate exhausted T-cells (Loo Yau et al.
2021). These mechanistic aspects provide impor-
tant evidence for not only the use of DNMTis in
cancer treatment, but their combination with
immune checkpoint inhibitors as an efficacious
treatment scheme (Jones et al. 2019).
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13.10 Concluding Remarks

DNA methylation is a complex epigenetic pro-
cess crucial to regulating gene expression in nor-
mal and tumor cells. Methylation of CpGs at the
promoters of genes attenuates their expression,
while gene body methylation levels positively
correlate with expression. By modulating gene
expression, DNA methylation alters signaling
pathways that affect cellular processes such as
cell cycle, DNA repair, cell growth, and prolifer-
ation. Dysregulation of DNA methylation can,
therefore, lead to inappropriate silencing of
tumor suppressors or expression of oncogenes,
thus contributing to the development of disease
states, most notably in human cancers. However,
unlike genetic changes, DNA methylation
alterations can be potentially reversed by DNA
methylation inhibitors with therapeutic effects of
tumor suppressor gene reactivation, oncogene
downregulation, and immune response stimula-
tion. Genome-wide screens can be efficiently
used to identify genes that are influenced by the
pathways being affected by aberrant DNA meth-
ylation. Furthermore, with improved access to
next-generation sequencing, large-scale multina-
tional consortia led research has resulted in a
wealth of genomic and epigenomic data and the
identification of actionable therapeutic targets.
Integrating molecular data profiles with patient
clinical co-variates enables putative therapeutic
epigenetic target discovery and validation, as
well as stratifying tumors into clinically relevant
subgroups according to molecular features,
thereby, facilitating more effective and
personalized therapeutic strategies.
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DNA Methyltransferases and DNA
Damage 14
Peter Sarkies

Abstract

Ever since the discovery of depletion of CG
sites in mammalian genomes it has been clear
that cytosine DNA methyltransferases
(DNMTs) are linked to the rate at which
mutations accumulate in DNA. Research in
the intervening decades has shown that
DNMTs influence mutation rates through the
indirect consequences of methylation on the
mechanism of mutation and the mechanisms
for DNA repair. Additionally, recent studies
have shown that DNAmethyltransferases have
the potential to directly introduce damage into
DNA. Here, I will discuss both aspects of the
connection between DNMTs and DNA dam-
age, evaluating the potential consequences for
evolution across species and in human
diseases such as cancer where cellular evolu-
tion plays a key role.
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14.1 Brief Summary of DNA
Methyltransferases

The mechanisms of eukaryotic DNA
methyltransferases have been reviewed exten-
sively, including elsewhere in this volume. To
summarise here, DNMTs are an ancient family
of enzymes, whose origins predate those of
eukaryotes (Jurkowski and Jeltsch 2011; Ponger
and Li 2005). The superfamily of DNA
methyltransferases can be divided into those
with specificity for position 6 on adenine residues
and those with specificity for cytosine, either at
position 5 or 4 (Cheng 1995). In addition to
methylation on cytosine 5, methylation of cyto-
sine 4 is common in bacteria (Seong et al. 2021)
and has recently been documented in a basal
plant, although this is likely to have evolved
uniquely in this lineage through horizontal gene
transfer (Walker et al. 2021). Methylation of ade-
nine at the sixth position is also widespread in
prokaryotes (Seong et al. 2021) and is present in
some eukaryotes (Beh et al. 2019; Greer et al.
2015; Mondo et al. 2017), although the extent to
which this occurs is currently under debate
(Bochtler and Fernandes 2021; O’Brown et al.
2019).

Within eukaryotes, the most phylogenetically
widely distributed cytosine methyltransferases
are homologous to the mammalian enzymes
DNMT1 and DNMT3 (Feng et al. 2010; Ponger
and Li 2005; Zemach et al. 2010). Additionally,
the DNMT5 enzyme, although not found in
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animals, can be inferred to have been present in
the last eukaryotic common ancestor (deMendoza
et al. 2020; Huff and Zilberman 2014; Ponger and
Li 2005). These enzymes predominantly act to
methylate cytosine at the fifth position (Jeltsch
2006). They preferentially act on cytosines within
CG dinucleotides, known as CpG dinucleotides to
avoid confusion with general CG content (Jeltsch
2006), though there is evidence that DNMT3
enzymes in vertebrates also methylate cytosine
in non-CpG contexts, particularly in embryonic
and neuronal tissue (de Mendoza et al. 2021; He
and Ecker 2015).
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Classically, DNMT1 possesses “maintenance”
methyltransferase function, whereby it acts on
hemimethylated DNA after the passage of the
replication fork to maintain DNA methylation in
the CG context (Holliday 2006). DNMT3
enzymes are known as “de novo”
methyltransferases as they have the ability to act
on unmethylated DNA to introduce methylation
(Edwards et al. 2017). These distinctions are not
absolute, with DNMT1 having some de novo
activity and DNMT3 contributing to faithful
maintenance of methylation patterns through
DNA replication. Indeed, the ability of DNMT1
to act on unmethylated CpG sequences is likely to
explain the fact that many animals have only
homologues of DNMT1 despite possessing
robust levels of DNA methylation genome-wide
(Bewick et al. 2017; Lewis et al. 2020). Although
characterisation of DNMT5 is less advanced, in
Cryptococcus neoformans it has been shown to
possess robust CpG maintenance activity and lit-
tle propensity for de novo methylation (Catania
et al. 2020).

In many lineages, multiple paralogues of par-
ticular DNMTs have evolved. For example,
mammals contain two DNMT3 enzymes,
DNMT3A and DNMT3B, as well as a third pro-
tein, DNMT3L, which is catalytically inactive but
has an essential role in regulating DNMT3A and
B (Greenberg and Bourc’his 2019). Mouse and
Rat also contain a third DNMT3 paralogue,
DNMT3C, which is important in germline devel-
opment (Barau et al. 2016).

Beyond CpG sequences, the sequence
preferences of DNMTs vary widely across

evolution. In mammals and plants, DNA methyl-
ation is found at both transposable elements and
within transcribed genes (Lister et al. 2008,
2009). Additionally, in mammals, promoter
methylation is important for controlling gene
expression, with methylation of promoters with
high CG content being associated with stable
silencing (Edwards et al. 2017). Whilst gene
body methylation seems to be conserved across
animals, transposable element (TE) and promoter
methylation seem to be much more labile,
indicating that these can evolve independently in
different lineages (Bewick et al. 2017; d
Mendoza et al. 2019, 2020; Feng et al. 2010;
Lewis et al. 2020; Rošić et al. 2018; Zemach
et al. 2010). As discussed below, the propensity
of DNA methylation to damage DNAmight be an
important factor in the evolution of diverse DNA
methylation patterns.

14.2 DNA Methylation
and Regulation of DNA Repair

14.2.1 Adenine Methylation and DNA
Repair in Bacteria

The best understood influence of DNA methyla-
tion on DNA repair is in the regulation of mis-
match repair in bacteria. Mismatch repair is a
mechanism whereby aberrant bases incorporated
during DNA replication can be detected and
removed. The first step involves recognition of
mispairs through direct sensing of the distorted
base by the MutS protein (Lamers et al. 2000).
MutS recruits MutL to the lesion and together
they migrate along the DNA until they reach
MutH (Acharya et al. 2003). MutH is an endonu-
clease which specifically cuts the newly
synthesised strand containing the mispair. A
helicase, UvrD, displaces the newly synthesised
strand (Dao and Modrich 1998), thus offering the
opportunity for the replication machinery to
attempt to replicate the lesion again (Pluciennik
et al. 2009), which will be highly likely to correct
the error. MutH is able to specifically cut the
newly synthesised strand due to DNA methyla-
tion (Welsh et al. 1987). The Dam DNA



methyltransferase methylates adenine residues
within GATC sequences (Adhikari and Curtis
2016). MutH binds specifically to a
hemimethylated form at GATC sequences
containing methylation in one DNA strand
(Welsh et al. 1987). Since Dam is a highly
processive enzyme but is not present at replica-
tion forks, hemimethylated GATC sequences will
only be present near replication forks. Hence, the
unmethylated strand will be the newly
synthesised DNA (Cooper et al. 1993; Lahue
et al. 1987).
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The mismatch repair pathway in E. coli is
critically dependent on the Dam-mediated dis-
crimination of the parental and daughter DNA
strands. Mutations that inactivate Dam lead to
increased mutation rate (Marinus 2010). Con-
versely, mutations that lead to increased Dam
activity also increase mutation rate, presumably
because the time that DNA remains
hemimethylated after replication is reduced, thus
reducing the time available for repair (Herman
and Modrich 1981; Pukkila et al. 1983).

Although the mechanism of methyl-guided
mismatch repair is fairly well understood, some
intriguing questions remain over its evolution. In
order for the system to work effectively, GATC
sequences must be relatively frequent through the
genome. In E. coli they are around 240 bp apart
on average (Putnam 2021). The extent to which
this places selection pressure on bacteria with the
methylation guided mismatch repair system to
retain GATC sequences is unclear. A second
question arises from the fact that many bacteria
possess mismatch repair systems that do not
involve MutH and therefore do not rely on DNA
methylation to identify the newly synthesised
strand (Putnam 2016). In these species it seems
that MutL has endonuclease activity (Lenhart
et al. 2016). Thus, the methyl-guided repair
would appear to be a more recent evolutionary
innovation that occurred in gamma-
proteobacteria. Despite the elegance of the strand
discrimination mechanism, therefore, it seems
that DNA methylation is not essential for the
DNA repair process when taking a broad view
across the phylogenetic tree. The evolutionary
factors that promote acquisition and retention of

the methyl-guided mismatch repair system are
still unclear (Putnam 2016).

The mismatch repair pathway is conserved in
eukaryotes, including homologues of MutS and
MutL. However, consistent with the idea that
methyl-guided mismatch repair is evolutionarily
more recent than mismatch repair itself, methyl-
based mismatch repair does not seem to be pres-
ent in eukaryotes (Putnam 2021). The mechanism
of strand discrimination instead is connected to
the intrinsic nature of DNA replication. In vitro,
mismatch repair is more efficient on strands with
a break in the phosphate backbone (known as a
nick) (Pluciennik et al. 2010). This has been
hypothesised to enable it to distinguish newly
synthesised DNA on the lagging strand, which
is synthesised discontinuously (Kunkel and Erie
2015). Consistent with this, mismatch repair
appears more active on the lagging strand
in vivo (Andrianova et al. 2017).

14.2.2 DNA Methylation
and Recombination

DNA recombination is vital for the repair of dou-
ble strand breaks (DSB) in DNA. DSBs can arise
due to exposure to ionising radiation and certain
carcinogenic agents known as radiomimetics
(Mehta and Haber 2014). The most frequent
source of spontaneous DSBs, however, is DNA
replication. Replication forks that encounter
lesions in the DNA, such as nicks, single strand
gaps or chemically modified bases that cannot be
accommodated by polymerases can “collapse”,
resulting in the release of the DNA from the
replication fork and a DSB (Mehta and Haber
2014). Accurate repair of DSBs can be achieved
by homologous recombination whereby the
undamaged strand of the sister chromatid is used
as a template for the repair of the lesion (Scully
et al. 2019). Additionally, programmed DSBs
arise in meiosis, triggering exchange of genetic
material between homologous pairs of
chromosomes at points along the sequence
known as crossovers (Mehta and Haber 2014).

Clear evidence for a role for DNA methylation
in meiotic recombination comes from plants. In



Arabidopsis, DNA methylation can take place at
cytosine in either CpG, CHG or CHH contexts,
where H stands for A or T (Law and Jacobsen
2010). DNAmethylation in these three contexts is
anticorrelated with crossover formation (Yelina
et al. 2012). Most strikingly, the centromeres in
Arabidopsis which carry dense methylation are
strongly depleted for crossovers (Naish et al.
2021). Direct evidence for the ability of DNA
methylation to suppress crossover formation was
provided by artificial induction of methylation at
a specific crossover hotspot using small
(18–30 nt) RNAs with complementary sequences
to the region. This resulted in strongly reduced
crossover formation at that region (Yelina et al.
2015).
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How does DNAmethylation restrain crossover
formation in Arabidopsis? The enzyme Spo-11 is
responsible for inducing meiotic DSBs across
eukaryotes (Cole et al. 2010). Spo-11 induces
several DSBs on each chromosome but only one
of these becomes a recombination region where a
crossover between homologous chromosomes
happens (Pazhayam et al. 2021). DNA methyla-
tion does not change the locations of the DSBs,
changing instead the probability that any particu-
lar DSB becomes a crossover (Choi et al. 2018).
Exactly how this happens is not clear. Mapping of
crossover hotspots in Arabidopsis has implicated
H3K4 trimethylation and nucleosome depletion
as important factors promoting crossover forma-
tion (Choi et al. 2013). DNA methylation may
block crossover formation by blocking H3K4me3
and increasing nucleosome density.

Evidence that DNA methylation may be
important in controlling recombination in
mammals comes from the observation that
mouse mutants lacking DNMT3L, which are defi-
cient in de novo methylation, show failure of
meiosis during spermatogenesis (Bourc’his and
Bestor 2004). This corresponds to a loss of meth-
ylation at transposable element sequences and
increased TE expression, leading to the idea that
loss of DNA methylation might prevent meiosis
indirectly through TE-induced DNA damage
(Bourc’his and Bestor 2004). However, no
increase in TE copy number occurs. Instead, it is
thought that failure of meiosis occurs because of

non-homologous recombination between TEs
with different sequences (Zamudio et al. 2015).
Crucially, the transcriptional activation that
occurs in the absence of DNA methylation results
in the acquisition of histone modifications, such
as H3K4me3, that promote recombination
(Zamudio et al. 2015). Thus, the failure of meio-
sis might be due to a loss of the ability of DNA
methylation to restrain recombination. If so, the
ability of DNA methylation to restrain recombi-
nation through blocking H3K4me3 seems to be
present in both mammals and plants. It is interest-
ing that this correlates, in both cases, to DNA
methylation of transposable elements, which is
not conserved in most animals (de Mendoza
et al. 2020). Recent evolution of TE methylation
has occurred in a few animal lineages
(de Mendoza et al. 2019; Lewis et al. 2020) and
it would be interesting to investigate whether this
also corresponds to the acquisition of DNA
methylation-based repression of recombination
in these species.

14.3 Direct Effects of DNA
Methylation on DNA Damage

14.3.1 Effect of DNA Methylation
of Mutation Rate via Cytosine
Deamination

The first understanding that DNA methylation
might influence the rate of mutation was the
observation that mammalian genomes were
strongly depleted of CpG sequences (Bird
1980). This depletion can be quantified as a met-
ric comparing the proportion of CpG
dinucleotides found to the expected proportion,
given the separate proportions of C and G, which
is written as the mathematical formula:

R ¼ f CpG
� �

= f C � f Gð Þ

where fCpG, fC and fG are the respective
proportions of CpG, C and G within the sequence.

The value is calculated over a fixed window,
such as 1 kb, over the genome to enable local
variation to be identified (Gardiner-Garden and



Frommer 1987). In mammals, this metric tends to
show very low values of R, at around 0.1 on
average. Crucially, however, sites that show
higher R values, typically around 0.6, correspond
to regions that are often unmethylated. These
sequences are known as “CpG islands”
(Illingworth and Bird 2009). Together this
indicates that methylation tends to increase the
probability that a cytosine will become mutated.
The first studies to identify this proposed a plau-
sible mechanism, whereby cytosine deaminates to
uracil, methylated cytosine deaminates to Thy-
mine. Uracil, which is not a normal component
of DNA, was proposed to be more easily
recognised and excised (Gardiner-Garden and
Frommer 1987). This will result, over time, in a
depletion of CpGs, except in regions that are less
frequently methylated in the germline, where
CpG content will remain high.
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In mammals, because the majority of the
genome is methylated, the CpG content as a
whole is low. Even CpG islands have lower
CpG contents than many invertebrate genomes,
and most genes have low CpG content
corresponding to high and consistent methylation
levels (Suzuki and Bird 2008). However, in some
species where methylation is more sparsely
distributed across the genomes, a bimodal distri-
bution of genic CpG content is found. High CpG
content corresponds to genes with low levels of
methylation, whereas genes with high methyla-
tion have low CpG content. Thus, methylation is
“concentrated” at a subset of genes. This has even
been used, with some accuracy, to infer
methylated genes, characterised by low CpG con-
tent, without assessing methylation directly
(Keller et al. 2016).

It is important to note that bimodal distribution
of genic CpG content is not found in all species
with low methylation levels. In some cases this is
because methylation itself is uniformly
distributed, and no subset of methylated genes is
particularly highly methylated (Lewis et al.
2020). However, in many species with high meth-
ylation in a subset of genes, bimodality in CpG
content within genes is not observed (Bewick
et al. 2017; Lewis et al. 2020). Bimodal CpG
content across genes in some insects is therefore

likely to be influenced by selective forces that are
driving overall CG content upwards across the
genome, making the depletion of CpGs in
methylated genes appear particularly marked.
Analysis of polymorphic regions in worldwide
populations has confirmed this effect in the
honey bee Apis mellifera (Wallberg et al. 2015).
Indeed, even in mammals, the maintenance of
CpG islands is a combination of relatively low
methylation and specific selective forces that
drive high CG content within those regions
(Cohen et al. 2011). Nevertheless, the clear
patterns of CpG content across species provide
strong evidence for the mutagenic properties of
methylated cytosines over evolutionary time.

Comparison of DNA methylation levels over
evolutionary time does not easily enable a quan-
titative assessment of the difference in actual
mutation rates at methylated CpG compared to
unmethylated cytosine, because selective forces
are also active so that any apparent mutational
pattern observed in comparison within or between
species is shaped by a combination of selection
and mutation. However, DNA mutation rates can
be assessed over short timescales in human
cancers, where the majority of mutations are neu-
tral (Cannataro and Townsend 2018). Here, the
most common form of mutation is C!T and the
rate of this transition is ~5 times greater at
methylated CGs than unmethylated (Alexandrov
et al. 2013). In order for mutations to translate
into evolutionary differences, they have to occur
in germline cells or in the zygote. Recent work
employing “trios” (parents and offspring) to track
de novo mutation rates have confirmed that DNA
methylation increases the rate of C!T mutations
in de novo mutations in humans by a factor of ~5
(Francioli et al. 2015; Rahbari et al. 2016).
Together, these studies provide a solid body of
evidence for the promotion of mutations by cyto-
sine-5-methylation.

What is the mechanism for the promotion of
C!T mutation by methylation of cytosine? The
key to this is the well-known mechanism of cyto-
sine deamination, which occurs spontaneously in
solution and converts cytosine to uracil. This is
the most frequent spontaneous base mutation that
occurs in DNA (Lindahl 1996). The initial rate of



deamination is around 2 times faster for 5mC than
for unmethylated cytosine (Shen et al. 1994).
However, this is probably not sufficient to explain
the 5 times greater rate of mutation. The excess
mutagenicity is likely to arise from downstream
processing of the products of deamination
(De Bont and van Larebeke 2004).
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Deamination converts cytosine to uracil,
resulting in a U-G mismatch in the DNA. 5mC
deamination results in a T-G mismatch instead.
The canonical suggestion has been that the UG
mismatch is easier to detect and repair because
uracil is “foreign” and so more easily recognised
and excised (Bird 1980). Uracil in DNA is
recognised by the enzyme UNG (uracil DNA
glycosylase). UNG excises uracil from the DNA
to leave an abasic site, which is then a substrate
for the base excision repair (BER) pathway
(Visnes et al. 2009). BER responds to an abasic
site by cutting the phosphate backbone of the
DNA and initiating new DNA synthesis. This
can be subdivided into two mechanisms. In
“short patch” BER an enzyme known as AP
lyase cuts either side of the abasic site, and only
this nucleotide is then replaced by DNA synthesis
(Robertson et al. 2009). Contrastingly, long-patch
BER initiates DNA synthesis at the abasic site but
then extends several nucleotides beyond
(Robertson et al. 2009). Factors that determine
whether short or long patch is used are unclear.
The overall effect is to replace the original uracil
with a newly synthesised cytosine.

The argument concerning “foreign” uracil rec-
ognition is not quite so simple however. The T-G
mismatch that results from 5mC deamination is a
substrate for a family of specific glycosylases,
called Thymine DNA glycosylases or TDG
(Bellacosa and Drohat 2015). Mammals possess
two such enzymes, TDG and MBD4 (Sjolund
et al. 2013). TDG enzymes coevolve with DNA
methyltransferases (Rošić et al. 2018), thus the
majority of species that possess DNAmethylation
also have the capacity to repair T-G mismatches
directly. Increased mutagenicity of 5mC therefore
predicts that UNG should recognise uracil in
DNA with greater efficiency than TDG
recognises T-G mismatches. Biochemical evi-
dence, alongside structural modelling, does

support this hypothesis, suggesting that TDG
has relatively inefficient activity (Maiti et al.
2012; Tarantino et al. 2018). Nevertheless, this
prediction remains to be tested in a cellular
context.

One alternative possible mechanism for the
mutagenicity of 5mC has recently been proposed
on the basis of data from cancer genomes
(Tomkova et al. 2018). In this model, 5mC
increases the probability that the replicative poly-
merase pol epsilon inserts an erroneous residue
(A rather than G) opposite 5mC, thus increasing
the rate of C!T mutations directly (Fig. 14.1b)
(Tomkova et al. 2018). Together with the differ-
ence in deamination rate of 5mC this may be
sufficient to explain the increased rate of 5mC
mutation in cancer (Tomkova and Schuster-
Böckler 2018). In order to test whether this mech-
anism is responsible for the mutagenic effect of
5mC over evolutionary time it will be important
to investigate whether it also occurs in germline
development.

The mutagenic properties of methylated cyto-
sine are related to the phenomenon of Repeat
Induced Point mutation (RIP) (Gladyshev 2017).
RIP occurs in Ascomycete fungi and is
characterised by an extremely high rate of C!T
mutations in transposable element sequences
(Amselem et al. 2015; van Wyk et al. 2021). A
cytosine DNA methyltransferase RID1 is essen-
tial for RIP, leading to the proposal that methyla-
tion of cytosine is required for the C!T mutation
to occur (Aramayo and Selker 2013). However,
this proposal is still under debate. The catalytic
domain of RID1 is highly divergent, so an alter-
native proposal is that RID1 catalyses deamina-
tion directly (Freitag et al. 2002; Gladyshev
2017). However, recent work showed that an
alternative DNA methyltransferase, DIM2,
which is much more similar to mammalian
DNMT1, can promote RIP as well (Gladyshev
and Kleckner 2017). Moreover, a highly related
process known as MIP (meiotic induced point
mutation) has been shown to use a
methyltransferase MASC1 that is a fully compe-
tent cytosine methyltransferase in vitro. The rate
of mutations in RIP and MIP is far too high for
spontaneous deamination to be responsible for



subsequent mutation (Gladyshev 2017), thus a
deaminase activity, still unknown, is presumed
to be required downstream of the cytosine meth-
ylation (Freitag et al. 2002).
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Fig. 14.1 Models for how cytosine DNA methylation
promotes mutagenesis. (a) Cytosine deamination occurs
more readily at methylated cytosine, and recognition of the
resulting T-G mismatch is slower than the U-G mismatch
resulting from deamination of unmodified cytosine. Over-
all, this is likely to increase the chance of a mutation

occurring at methylated cytosine. (b) DNA replication is
more likely to incorporate adenine erroneously opposite
methylated cytosine than unmethylated cytosine. If this is
not corrected by mismatch repair, a C!T mutation may
result. UNG uracil deglycosylase, TDG thymine
deglycosylase. Figure made with BioRender#

14.3.2 DNA Alkylation Damage
Induction

Recently, another way in which DNA methyla-
tion is linked to DNA damage was discovered.
Key to the identification of this mechanism was
an evolutionary study that showed coevolution
between DNA methyltransferases and a specific
DNA repair enzyme called ALKB2 (Rošić et al.
2018). ALKB2 tends to be present in species with
DNA methylation and absent in those without

(Rošić et al. 2018). Moreover, in arthropods, the
presence of ALKB2 is associated with quantita-
tively higher DNA methylation levels (Lewis
et al. 2020). ALKB2 specifically repairs 3mC
and 1mA in DNA (Ougland et al. 2015), leading
to the hypothesis that DNMTs might introduce
these lesions as an “off-target” effect. Consistent
with this, 3mC is associated with DNMT activity
in vivo and in vitro (Dukatz et al. 2019; Rošić
et al. 2018). Modelling of the catalytic site of
DNMT3A suggested that 3mC induction might
be an intrinsic property of DNMTs due to occa-
sional rotation of the target base during the base
flipping process (Dukatz et al. 2019).

3mC is a highly toxic lesion, which interferes
with base pairing and causes replication forks to
stall (Sedgwick 2004). Consequently, the



induction of 3mC by DNMTs may be a fitness
cost associated with DNMT activity which might
be important in driving the frequent loss of
DNMTs in different eukaryotic lineages. Loss of
ALKB2 would make this particularly likely, but a
low-level burden of 3mC even in the presence of
ALKB2 might still be sufficiently detrimental to
promote loss of DNMTs in some lineages. 3mC
induction would also be predicted to lead to
mutations (Sedgwick 2004) but how this
influences the mutagenic properties of DNMTs
in cancer or across species is still unclear.
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14.3.3 DNA Demethylation and DNA
Damage

DNA methylation marks are sometimes removed
from the genome. This process is notable in the
genome-wide DNA demethylation processes that
happen at key stages during mammalian develop-
ment as part of a general reprogramming of epi-
genetic states (Nashun et al. 2015). Similar
whole-scale demethylation also occurs during
early development in plants (Zhang et al. 2018).
Demethylation also happens on a finer scale at
specific loci to ensure cell type specific gene
expression programs are enacted (Luo et al.
2018). DNA demethylation can be classified as
either passive, whereby maintenance methylation
is reduced leading to dilution of DNA methyla-
tion through multiple rounds of cell division, or
active, whereby enzymes specifically remove
methylation from the genome on a rapid timescale
(Edwards et al. 2017; Luo et al. 2018). Active
DNA demethylation has been linked to the induc-
tion and repair of DNA damage, thus indirectly
linking the sites of activity of DNA
methyltransferases to the sites of DNA damage.

In plants, active DNA demethylation pathways
have evolved by co-opting the base excision
repair pathway discussed above (Roldán-Arjona
et al. 2019). In Arabidopsis four enzymes, DME,
DME2, DME3 and ROS1, are members of a
specialised subfamily of glycosylases which act
on methylated cytosine, excising the base to leave
an abasic site (Choi et al. 2002; Gong et al. 2002;
Ortega-Galisteo et al. 2008). The abasic site then

triggers the base excision repair pathway, which
results in the incorporation of an unmethylated
cytosine (Roldán-Arjona et al. 2019). This mech-
anism occurs in all sequence contexts in which
methylation is found in Arabidopsis (CAA, CHH
and CG) (Penterman et al. 2007).

This remarkable co-option of the DNA repair
machinery to enact DNA demethylation poses
some important questions. First, the introduction
of an abasic site appears highly dangerous as, if
the continuation of the BER pathway does not
correct it, it would lead to a mutation or even
formation of a toxic double strand break. Second,
in the case of CG sequences, the methylation
must be removed from both strands, raising the
question of how this is coordinated with the
requirement for base excision repair, which
would not be able to act on both strands simulta-
neously (Robertson et al. 2009). Interestingly,
despite these apparent risks, demethylation is
not restricted to developmental transitions as it
appears that ROS1 has a constitutive role in
counteracting DNA methylation at several
regions across the genome (Tang et al. 2016).
Recently, analysis of mutations in plant genomes
suggested that there was an increased propensity
for mutations to occur in the region surrounding
methylated cytosines, which was not observed in
mammals (Kusmartsev et al. 2020). DNA damage
resulting from demethylation activity might be
responsible for this by inducing long-patch base
excision repair or through collision between the
replication fork and an unrepaired abasic site
(Kusmartsev et al. 2020).

DNA glycosylases that act on methylated
cytosine seem to have evolved specifically in
plants and are not present in animal lineages.
Active demethylation in animals can be
performed by the Ten-Eleven-Translocase (TET)
family of enzymes, which are iron(II) and
2-oxoglutarate dependent oxidases (Luo et al.
2018; Nashun et al. 2015). Nevertheless, base
excision repair might be involved in active
demethylation downstream of TET proteins.
TETs act on cytosine producing
5-hydroxymethylcytosine, followed by further
TET mediated oxidation to 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC). Both



5fmC and 5caC have been shown to be potential
substrates for base excision repair by triggering
recognition by TDG (Pidugu et al. 2016, 2019).
This process may not be required for demethyla-
tion because neither 5hmC, 5fC nor 5caC can be
propagated through DNA replication. Hence,
dilution through cell division would be sufficient
to remove these modifications (Luo et al. 2018).
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Despite the ability of TET proteins to mediate
demethylation, they do not seem to be responsible
for all stages of active DNA demethylation in
mammalian development (Amouroux et al.
2016). The mechanisms underlying demethyla-
tion in both germline and zygotic development
are still unclear (Luo et al. 2018). Interestingly
however TDG is essential for early development
(Cortellino et al. 2011) suggesting that there may
yet be an essential role for DNA damage and
repair in demethylation to be elucidated.

14.4 Conclusion

As a regulatory mechanism DNAmethylation has
a role in protecting the genome against DNA
damage, both in bacteria, where the mismatch
repair pathway relies on methylation cues for
correct repair, and in eukaryotes where DNA
methylation suppresses ectopic recombination as
well as reducing crossover formation during mei-
osis. However, DNA methylation itself has the
propensity to induce DNA damage, through
increasing the rate of cytosine deamination,
perturbing its repair and through the propensity
of DNMT activity to introduce toxic alkylation
damage in the form of 3mC into DNA. In addi-
tion, the process of DNA demethylation has been
linked to DNA damage formation. Therefore,
DNA methylation carries a risk, which may
explain why it has so frequently been lost across
evolution. Understanding the selective forces that
promote retention of DNA methylation despite
this clear disadvantage is a fascinating challenge
for the future research to address.
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Can Bora Yildiz and Geraldine Zimmer-Bensch

Abstract

DNA methyltransferases (DNMTs) are widely
expressed in the brain, dictating the transcrip-
tional activity of genes through various epige-
netic mechanisms. Functional irregularities,
alterations in the activity, and aberrant expres-
sion levels of DNMTs have been linked to
various neurodevelopmental abnormalities,
neuropsychiatric disorders, neurodegenerative
diseases, and brain cancer. A continuously
increasing number of studies address the
roles DNMTs have in the brain, to reach a
better understanding of their involvement in
disease-related pathophysiologies, which in
turn is required to dissect their applicability
as potential therapeutic targets. This chapter
provides an overview of DNMT function in
the developing and the adult brain, putting a
spotlight on their role in orchestrating diverse
aspects of brain development, memory, and
aging, followed by a discussion of associated
neurodevelopmental and neurodegenerative
disorders, and the implications in brain cancer.
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15.1 Introduction

DNMTs are widely expressed in the developing,
adult, and aged brain, suggesting implications in
neuronal differentiation, maturation, and function
(Guo et al. 2011; Simmons et al. 2013; Fasolino
et al. 2017). Moreover, DNMT functionality and
expression are altered in neurons of the aged
brain, and in the context of neuropsychiatric and
neurodegenerative diseases (Linde and Zimmer-
Bensch 2020; Zimmer-Bensch 2020; Zimmer-
Bensch and Zempel 2021), for which they are
proposed as putative therapeutic targets. In addi-
tion to their canonical function of catalyzing
DNA methylation, DNMTs can act on gene
expression through crosstalk with histone
modifications (Du et al. 2015; Symmank et al.
2018, 2020), hence displaying a diverse mecha-
nistic spectrum. Moreover, the different DNMTs
exhibit a brain region and cell-type-specific
expression and seem to fulfill partly redundant
(Feng et al. 2010) but also distinct functions in
the brain (Morris and Monteggia 2014; Morris
et al. 2016). While DNMT3A seems crucial for
learning (Morris and Monteggia 2014), DNMT1
appears to be involved in anxiety (Morris et al.
2016), where the subcellular mechanisms remain
unknown. Similar to the particular implications of
the different DNMTs in orchestrating brain devel-
opment and function (Zimmer-Bensch 2019b;
Reichard and Zimmer-Bensch 2021), DNMTs
contribute to certain diseases (Klein et al. 2011;
Ding et al. 2018) and are themselves distinctively
affected in brain cancer such as glioma
(Rajendran et al. 2011). To exploit DNMTs ther-
apeutically, we need to dissect their precise func-
tional implications in the developing, aging, and
diseased brain, which is discussed in this chapter
with the focus on mammals.

15.2 The Mammalian Brain

The human brain is extraordinary in many
regards, being recognized as the crown of evolu-
tion (Pascual-Leone et al. 2005; Hofman 2014).
Still, we are far away from understanding in detail

how this fascinating organ evolved, how the
human brain works, and is established during
ontogenesis. Despite the extraordinary features
that account for the elaborated cognitive ability
of the human brain, there are essential common
principles in the architecture, the development
and the function of the mammalian brain. For
this, rodent and primate models are frequently
used in neuroscientific research to extend our
understanding of human brain evolution, func-
tion, development, and related diseases.

The mammalian brain is anatomically divided
into three major parts: the hindbrain (including
the cerebellum and the brain stem), the midbrain,
and the forebrain (including the diencephalon and
the cerebrum) (Fig. 15.1a). The brain stem,
incorporating the pons and the medulla
(Fig. 15.1b), is processing involuntary activities
such as vomiting and breathing, while the cere-
bellum coordinates muscular movements and, in
concert with the midbrain, it monitors posture.

The thalamus and the hypothalamus are major
parts of the diencephalon (Fig. 15.1b). While the
thalamus is a relay station for incoming sensory
information routing these to the appropriate
higher centers, the hypothalamus regulates heart-
beat, body temperature, and fluid balance, in addi-
tion to appetite and body weight control
(Sherman and Guillery 2006; Saper and Lowell
2014).

By far the largest region of the mammalian
brain is the telencephalon (cerebrum)
(Fig. 15.1a, b), composed of the superficial gray
matter (cerebral cortex) and the white matter
(axonal tracts). The telencephalon is distin-
guished vertically into left and right hemispheres.
The two hemispheres communicate with each
other through a large axonal tract, the corpus
callosum. The cerebral cortex, the most evolved
structure of the human brain holding its higher
cognitive function, is strongly folded in gyri and
sulci in humans and other primates (Hilgetag and
Barbas 2005). In the cortex sensory data are
processed, and motor impulses are generated
that initiate, reinforce, or inhibit the entire spec-
trum of muscle and gland activity. The cerebral
cortex is further involved in learning and memory
and the control of affection (Thompson 1986; Jin



and Maren 2015). The cortex is composed of the of the paleocortex, the archicortex, and the
periallocortex. The hippocampus and dentate
gyrus are the main parts of the archicortex,

six-layered neocortex, and the way smaller, three-
or four layered allocortex. The allocortex consists
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Fig. 15.1 Human brain anatomy and developmental
principles of the mammalian brain. (a) Anatomical regions
of the developing human brain. (b) Anatomy of the adult
human brain. (c) Graphic depiction of a coronally sec-
tioned hemisphere illustrating the sites of origin and the
migratory streams of cortical inhibitory interneurons in the
basal telencephalon (POA, MGE, and CGE), as well as of
excitatory neurons in the dorsal telencephalon. (d) Sche-
matic illustration of proliferation, differentiation, and
migration of cortical precursor cells. Radial glial cells
(RCGs) increase in number by symmetric division, and
asymmetrically divide into basal radial glial cells (bRGCs)

or neuronal intermediate progenitor cells (nIPCs). The
latter further divide symmetrically to give rise to young
excitatory principal neurons, which migrate into the corti-
cal plate (CP). Inhibitory interneurons invade the develop-
ing neocortex along two migratory streams, the marginal
zone (MZ), and the subplate (SP)/subventricular zone
(SVZ), before they switch to radial migration to enter the
cortical plate. CGE caudal ganglionic eminence, CP corti-
cal plate, IZ intermediate zone, LGE lateral ganglionic
eminence, MGE medial ganglionic eminence, MZ mar-
ginal zone, POa pre-optic area, SP subplate, Str striatum,
SVZ subventricular zone, VZ ventricular zone



being functionally relevant for learning and
memory.
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Excitatory glutamatergic neurons and inhibi-
tory local GABAergic interneurons represent the
major neuronal subtypes of the cerebral cortex.
While most glutamatergic cortical neurons dis-
play a long axon projecting either sub-cortically
to other cortical areas or contralaterally to the
other hemisphere, spiny stellate cells of layer IV
are local excitatory interneurons receiving input
from the thalamus (Shepherd 2004; Costa and
Müller 2015). The glutamatergic neurons of the
different cortical layers differ in their morphol-
ogy, molecular features, and connectivity,
establishing the neuronal circuits as basic
modules of cortical information processing
(Bayer and Altman 1991; Lodato et al. 2011;
Greig et al. 2013). These circuits are shaped by
the inhibitory action of the GABAergic cortical
interneurons, which represent a highly diverse
group of neurons differing in their electrophysio-
logical features, morphology, targeting, and
molecular properties (Nery et al. 2002; Fishell
2008; Gelman et al. 2009; Miyoshi et al. 2015;
Wamsley and Fishell 2017; Lim et al. 2018;
Zimmer-Bensch 2018) .

15.2.1 Developmental Principles
of the Cerebral Cortex
as the Seat of Higher Cognitive
Functions

Prerequisite for correct cortical functionality is
the proper establishment of the mammalian neo-
cortex during embryonic and postnatal develop-
ment. Processes such as progenitor proliferation
and differentiation, cellular migration, morpho-
logical maturation, and the establishment of syn-
aptic contacts, as well as programmed cell death,
have to be highly controlled to form the circuits of
billions of morphologically and functionally dis-
tinct neurons (Jones 2009; Huang and Paul 2018;
Sultan and Shi 2018; Subramanian et al. 2020).
Disturbances of these developmental processes
cause a variety of neurodevelopmental disorders
(Reichard and Zimmer-Bensch 2021).

The proportionally larger population of excit-
atory principal neurons (70–85% of the neuronal
cells in the cortex) originates from progenitors of
the dorsal telencephalon located in the zone
delineating the lateral ventricles (ventricular
zone; VZ) called radial glia cells (RGCs)
(Fig. 15.1c) (Kriegstein and Alvarez-Buylla
2009; Sun and Hevner 2014). In addition to sym-
metric proliferative division to increase the pool
of progenitors, RGCs’ asymmetric division leads
to the generation of neurons (“direct
neurogenesis”) (Kriegstein and Alvarez-Buylla
2009; Sun and Hevner 2014). Moreover, asym-
metric division can result in the formation of
intermediate progenitors, which translocate to
the SVZ, where they generate neurons by sym-
metric divisions (“indirect neurogenesis”)
(Kriegstein and Alvarez-Buylla 2009; Agirman
et al. 2017; Borrell 2019) (Fig. 15.1c). In humans,
the developing cortex contains an inner (iSVZ)
and an outer SVZ (oSVZ), hosting basal interme-
diate progenitor cells (bIPCs) and basal RGCs
(bRGCs) (Sun and Hevner 2014). In contrast to
humans and mammals with a high rate of
gyrification such as ferrets, bRGCs are less prom-
inent in lissencephalic species such as the mouse
(Penisson et al. 2019; Subramanian et al. 2020).
For this, bRGCs have been linked to cerebral
gyrification. IPCs are also present in the VZ in
humans and mice, being named apical IPCs
(aIPCs) (García-Moreno et al. 2012; Sun and
Hevner 2014).

Upon becoming post-mitotic, excitatory
neurons migrate along the scaffold of radial glial
cell processes spanning the whole cortical wall,
into the cortical plate and settle in their target
layer, establishing apical dendrites and axons
(Zimmer-Bensch 2019a) (Fig. 15.1c). The inhibi-
tory GABA-expressing interneurons originate in
particular domains of the basal telencephalon
(Lim et al. 2018; Mukhtar and Taylor 2018;
Subramanian et al. 2020). The medial ganglionic
eminence (MGE) generates parvalbumin (PV)-
positive basket and chandelier cells, and somato-
statin (SST)-expressing Martinotti and multipolar
interneurons. The pre-optic area (POa) gives rise
to neuropeptide Y (NPY)-, reelin-, SST-, and



CTIP2-expressing interneurons. Further reelin-
expressing interneurons emerge in the caudal
ganglionic eminence (CGE) alongside
vasointestinal-peptide- (VIP)/calretinin-positive
bipolar cells and VIP-/cholecystokinin-
expressing basket cells (Gelman et al. 2011;
Zimmer-Bensch 2019b). Thereby, the majority
of interneurons is born in the MGE and the dorsal
part of the CGE (dCGE) (Gelman et al. 2009;
Marín et al. 2010; Faux et al. 2012; Lim et al.
2018; Sultan and Shi 2018; Zimmer-Bensch
2018). In humans and monkeys, some
GABAergic interneurons appear to be generated
in parts of the dorsal telencephalon at develop-
mental later stages, proposing an evolutionary
strategy of primate corticogenesis (Petanjek
et al. 2009; Krienen et al. 2020).
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Cortical inhibitory interneurons perform glial
cell-independent long-range migration through
the basal telencephalon toward the cortex, follow-
ing defined routes depending on their site of ori-
gin, being guided by diverse sets of spatially and
temporally expressed chemoattractive and repel-
lent signaling molecules (Marín et al. 2003;
Zimmer et al. 2007, 2010, 2011; Petanjek et al.
2009; Marín et al. 2010; Rudolph et al. 2010;
Friocourt and Parnavelas 2011; Faux et al. 2012;
Guo and Anton 2014; Symmank et al. 2019).
Upon reaching the cortex, interneurons spread
tangentially over the cortical areas along the
SVZ/intermediate zone and the marginal zone
(MZ) (Fig. 15.1c, d) (Tanaka and Nakajima
2012; Guo and Anton 2014), before they switch
to radial migration invading the cortical layers
that begin to be formed by the excitatory neurons
at this embryonic stage (López-Bendito et al.
2004; Hatanaka et al. 2016).

Not all neurons being born successfully inte-
grate into cortical circuits. It seems an evolution-
arily conserved strategy to overproduce cortical
neurons that are then being fine-tuned in their
numbers by controlled cell death (Wong and
Marín 2019). In matters of GABAergic
interneurons about half of their embryonic popu-
lation is reduced within there early postnatal
period in mice (Yamaguchi and Miura 2015). At
the same stage, improperly or disconnected pyra-
midal cells are also eliminated (Raff 1992). Apart

from post-migratory regulation of the neuronal
survival, regulatory mechanisms for survival reg-
ulation during neuronal migration have been
described (Symmank et al. 2018).

15.3 DNMT Expression in the Brain

DNA methylation is catalyzed by the DNA
methyltransferases DNMT1, DNMT3A, and
DNMT3B in the mammalian brain. In line with
the well-known function of DNMT1 in
maintaining DNA methylation in dividing neural
progenitor cells, and its reported functions in
post-mitotic and mature neurons (Pensold et al.
2017, 2020), DNMT1 expression is remarkably
high in the embryonic as well as adult nervous
system (Goto et al. 1994; Inano et al. 2000; Fan
et al. 2001; Kadriu et al. 2012). In the developing
brain, DNMT1 is expressed in neuronal
progenitors (Feng et al. 2007; Noguchi et al.
2015) and oligodendrocyte progenitor cells
(OPCs) (Moyon et al. 2016), as well as in newly
generated post-mitotic neurons. DNMT1 expres-
sion is maintained until adulthood, with promi-
nent expression in GABAergic interneurons of
the cerebral cortex (Kadriu et al. 2012; Pensold
et al. 2020), as well as in excitatory cortical
neurons (Hutnick et al. 2009; Feng et al. 2010),
hippocampal neurons (Noguchi et al. 2015), and
cerebellar neurons (Fan et al. 2001). Similar to
DNMT1, DNMT3A can be detected in the devel-
oping, postnatal, and adult central nervous system
(CNS) (Watanabe et al. 2002; Feng et al. 2005).
DNMT3A was detected in progenitors of the
cerebral cortex, in post-mitotic and adult cortical
neurons, as well as in post-mitotic cerebellar
cells. Similar findings were reported for the olfac-
tory epithelia, which revealed expression of
DNMT3A in maturing olfactory receptor neurons
(MacDonald et al. 2005). In contrast to its neuro-
nal expression, GFAP-positive astrocytes seem to
only have a weak or no expression of DNMT3A.
However, strong expression of DNMT3A was
detected in postnatal cerebellar oligodendrocytes
(Feng et al. 2005). Different from DNMT3A,
DNMT3B expression is mainly restricted to neu-
ronal precursor during early neurogenesis (Feng



et al. 2005). These stage- and cell-type-specific
patterns of DNMT expression are suggestive of
important roles in brain development, adult func-
tionality, and associated diseases.
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15.4 DNMT Function
in the Developing Brain:
Neurogenesis

Neuronal circuit formation depends on the correct
generation of its neuronal constituents. Neurons
derive from neuronal stem cells, which become
progressively restricted to give first rise to the
different neuronal subtypes (neurogenesis) and
afterwards to glia cells (gliogenesis). Moreover,
the sequential generation of the excitatory
neurons destined for the distinct layers of the
cerebral cortex, with deep layer neurons being
born prior to the upper layer neurons, relies on
progressive fate restriction (Martynoga et al.
2012). Apart from such temporal confinement, a
spatial determination becomes evident early in
embryonic development (Kiecker and Lumsden
2005). A prominent example is the distinct site of
origin of inhibitory and excitatory neurons of the
cerebral cortex in the ventral and dorsal telen-
cephalon, respectively (Martynoga et al. 2012;
Hu et al. 2017). Further, discrete spatial domains
in the ventral telencephalon are suggested to give
rise to different cortical interneuron subtypes
(Hu et al. 2017).

Subtype-specific transcriptional programs
orchestrate cell fate determination of both excit-
atory principal cortical neurons and inhibitory
interneurons, directing subsequent developmental
steps such as migration and morphological differ-
entiation (Franco and Müller 2013; Hu et al.
2017). Thereby, a close connection between the
stage- and subtype-specific transcriptional
programs and the epigenetic machinery including
DNMTs is proposed by an ever-increasing body
of evidence. Indeed, as mentioned above,
DNMTs are found widely expressed in neuronal
precursors of the CNS (Feng et al. 2005).
DNMT1 is suggested to be implicated in driving

the differentiation into neurons by inhibiting the
astroglial cell fate through DNA methylation of
astroglia-associated genes during the neurogenic
period. Dnmt1 deficiency in progenitor cells of
the spinal cord was reported to trigger precocious
astroglial differentiation and hypomethylation of
genes related to the gliogenic JAK/STAT path-
way (Fan et al. 2005). Similarly, in the dentate
gyrus, Dnmt1 deficiency drives the differentiation
of neuronal stem cells into astrocytes (Murao
et al. 2016). The role of DNA methylation as an
intrinsic driver of astrocyte differentiation in the
embryonic brain has already been shown by
Takizawa et al. (2001). The promoter sites of
Gfap (glial fibrillary acidic protein) and s100β
become demethylated at later stages of
corticogenesis, promoting the generation of
astrocytes from cortical progenitors. Demethyla-
tion of Gfap has been found to depend on the
binding of NFIA (Nuclear Factor I/A), which is
activated downstream of Notch and JAK/STAT
signaling, leading to the dissociation of DNMT1
(Namihira et al. 2009), which then results in
reduced methylation levels.

DNA demethylation further involves the oxi-
dation of 5-methylcytosine (5-mC) to
5-hydroxymethylcytosine (5-hmC) and
subsequent oxidized forms by ten-eleven translo-
cation (TET) methylcytosine dioxygenases,
enabling cells to edit methylation patterns and
thus maintain epigenomic flexibility during
embryogenesis (Kohli and Zhang 2013). In line
with this, TET1 function was reported to mediate
the onset of neurogenesis by favoring the expres-
sion of neuronal genes (Kim et al. 2016).

In support of the functional implications of
DNMTs and TETs in neurogenesis, dynamic tem-
poral alterations of DNA methylation signatures
have been detected during the sequential genera-
tion of neuronal subtypes (Lister et al. 2013;
Lister and Mukamel 2015; Mo et al. 2015;
Sharma et al. 2016). The use of epigenome
editing approaches has already provided support
for an instructive role of DNA methylation in
neuronal differentiation driving subtype-specific
developmental programs (Baumann et al. 2019).
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15.5 DNMT Function
in the Developing Brain:
Post-mitotic Neuronal
Maturation

Newly generated post-mitotic neurons usually
migrate out of their proliferative zones to respec-
tive target regions, finally adopting subtype-
specific morphological features mediated by axo-
nal and dendritic growth as well as the formation
of synapses, which underlie their specific connec-
tivity and firing patterns. Intrinsically
programmed cell death represents another crucial
aspect of post-mitotic neuronal maturation,
removing unconnected neurons and ultimately
determining the final neuron numbers (Southwell
et al. 2012). Subtype-specific establishment of
DNA methylation signatures during neuronal
and glial maturation has been reported by numer-
ous studies (Lister et al. 2013; Lister and
Mukamel 2015; Mo et al. 2015; Sharma et al.
2016), implying an important function of
DNMTs in setting up the maturation-related
DNA methylation patterns.

It was already shown that Dnmt1 deletion in
nestin expressing progenitor cells of the CNS is
associated with increased rates of cell death in
postnatal animals (Fan et al. 2001). In addition
to this, morphological maturation was found to be
impaired upon Dnmt1 deletion in excitatory fore-
brain neurons (Hutnick et al. 2009), and after
deletion of both Dnmt1 and Dnmt3A (Feng et al.
2010). Together, these findings indicate that
DNMTs regulate important aspects of postnatal
neuronal development such as cell survival and
morphological maturation.

Similar to morphological maturation, e.g.,
dendritic/axonal elaboration, neuronal migration
critically relies on cytoskeleton remodeling. In
addition to morphological refinement of the excit-
atory neurons of the cerebral cortex (Hutnick
et al. 2009; Feng et al. 2010), DNMT1 function
was found to regulate the migration of cortical
inhibitory interneurons generated in the pre-optic
area (POa) by acting on cytoskeletal organization,
thereby promoting their polarized migratory mor-
phology. Moreover, Dnmt1 deficient interneurons

showed increased rates of cell death. One of the
involved target genes repressed by DNMT1 is
Pak6 (Pensold et al. 2017). PAK6 belongs to the
p21-activated kinases known to drive neurite
complexity in excitatory cortical neurons (Civiero
et al. 2015) and is implicated in cell survival
regulation (Kumar et al. 2017). Hence, the
increased Pak6 expression detected in Dnmt1-
deficient POA-derived interneurons seems to
account for their abnormal multipolar morphol-
ogy and their impaired survival (Pensold et al.
2017). Another cell survival-associated gene,
repressed by DNMT1 in migrating cortical
interneurons, is Lhx1 (Symmank et al. 2020).
This homeobox transcription factor drives cell
the expression of death associated genes and its
downregulation promotes neuronal survival
(Symmank et al. 2019; Symmank et al. 2020).

Of note, despite increased expression levels,
DNA methylation signatures of the Pak6 and the
Lhx1 gene locus were not changed in Dnmt1-
deficient embryonic interneurons (Pensold et al.
2017; Symmank et al. 2018, 2020), implying
DNMT1 to have activities beyond locus-specific
DNA methylation, which may account for the
transcriptional regulation of Pak6 and Lhx1.
Indeed, DNMT1 is known to affect histone
modifications in neuronal and non-neuronal cells
by transcriptional regulation of associated genes
as well as through interactions with key enzymes
at protein level (Du et al. 2015) (Fig. 15.2).
Interactions between DNMTs and histone
modifying enzymes have been reported to influ-
ence the catalytic activity of their binding partners
and the recruitment to protein complexes (Viré
et al. 2006; Smallwood et al. 2007; Clements
et al. 2012). DNMT1 has been described to inter-
act with EZH2 in non-neuronal cells (Viré et al.
2006; Ning et al. 2015; Purkait et al. 2016). EZH2
represents the core enzyme of the polycomb
repressor complex 2 (PRC2) catalyzing
repressive trimethylations on lysine 27 at the
N-terminal amino acid tail of histone
3 (H3K27me3) (Margueron and Reinberg 2011).
In addition to such putatively non-canonical
functions via interactions with histone modifying
proteins, DNMT1 has been reported to affect



(Symmank et al. 2018), which is essentially
involved in maintaining the migratory morphol-
ogy and promoting the survival of migrating
interneurons (Pensold et al. 2017). In support of
this, inhibition of EZH2 causes similar defects in
neuronal complexity as Dnmt1 deletion, which

H3K27me3 levels by regulating the expression of
Ezh2 (So et al. 2011; Purkait et al. 2016).
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Fig. 15.2 The functional spectrum of DNMTs in the
brain. Upper panel: DNMTs are involved in the regulation
of neuronal development (neurogenesis, differentiation,
neuronal migration, and maturation as well as survival),
but also neuronal functionality by modulating synaptic
function, learning and memory, in addition to neuronal
aging. Lower panel: At molecular level, DNMTs act on
gene expression through different mechanisms. The meth-
ylation of DNA segments via DNMTs can facilitate or

hinder transcription factor (TF) binding and thereby mod-
ulate the expression of a gene. The recruitment of DNMTs
may occur via long non-coding RNAs acting as adapters
as well as through cross-talking with histone modifying
complexes and histone marks. DNMTs DNA
methyltransferases, EZH2 enhancer of zeste homolog
2, Me methylation, Me3 trimethylation, TF transcription
factor

In migrating cortical interneurons, the interac-
tion of DNMT1 with EZH2 at protein level seems
implicated in the establishment of H3K27me3
marks that represses the transcription of Pak6



were rescued by Pak6 depletion (Symmank et al.
2018). LHX1, another regulator of post-mitotic
cortical interneuron development (Symmank
et al. 2018), is likewise indirectly transcription-
ally controlled by DNMT1 by interfering with
histone acetylation and deacetylation through
transcriptional control of genes coding for rele-
vant enzymes (Symmank et al. 2020). Hence,
DNMT1 regulates the migration and survival of
post-mitotic cortical interneurons through distinct
mechanisms (Fig. 15.2).
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The post-mitotic development of other neuro-
nal subtypes such as retinal ganglion cells, motor
neurons, and dentate gyrus neurons has also been
reported to involve DNMT1-mediated survival
regulation (Chestnut et al. 2011; Rhee et al.
2012; Noguchi et al. 2016).

In sum, DNMTs regulate important aspects of
post-mitotic neuronal development, such as
migration, morphological maturation, neuronal
survival, and cell death through canonical as
well as non-canonical mechanisms (Fig. 15.2).

15.6 Role of DNMTs in Brain
Function, Learning,
and Memory

15.6.1 Functional Implications
of DNMTs in Learning
and Memory

Communication of nerve cells in neuronal circuits
via their synaptic connections is considered the
basis of brain functionality, learning, and mem-
ory. DNMTs and DNA methylation seem to be
critically implicated in all these processes
(Fig. 15.2). Downregulation of DNMT1 in excit-
atory neurons of the cerebral cortex differentiated
from human induced pluripotent stem cells
(iPSCs) reduced the proportion of active neurons
as revealed by calcium imaging studies
(Bachmann et al. 2021), indicating that DNMT1
function promotes neuronal activity of excitatory
neurons. In contrast, in the inhibitory
interneurons of the cerebral cortex, DNMT1-
mediated DNA methylation was shown to reduce
synaptic transmission by repressing endocytosis-

related genes and endocytosis-dependent vesicle
recycling (Pensold et al. 2020). Hence, by affect-
ing the neuronal activity in excitatory versus
inhibitory cortical neurons differently, DNMT1
could balance the net excitation of cortical
networks. This process is critical for proper corti-
cal functionality that is shown to be disturbed in
diverse neurodevelopmental and neuropsychiatric
diseases (Linde and Zimmer-Bensch 2020;
Reichard and Zimmer-Bensch 2021).

It was already described that alterations in
neuronal activity can induce global changes in
the DNA methylation landscape (Guo et al.
2014). As DNA methylation modulates synapse-
and plasticity-related gene expression that can
mediate memory formation, DNMT function
and DNA methylation could act on neuronal plas-
ticity as well as metaplasticity, which is discussed
in more detail below.

The concept of experience- and activity-
dependent synaptic changes has long been
accepted as the fundamental mechanism of
learning and memory retention and is nowadays
dubbed the synaptic plasticity and memory
(SPM) hypothesis (Abraham et al. 2019). Several
observations have made synaptic plasticity a lead-
ing candidate cellular mechanism for memory
formation and storage. As numerous forms of
learning have been shown to induce synaptic
plasticity in learning-relevant brain regions,
diverse forms of reversal learning were shown to
trigger a reversal of synaptic plasticity, comple-
mentary to what has been induced by the initial
learning paradigm (Abraham et al. 2019). The
SPM hypothesis involves activity-dependent
long-lasting changes in synaptic efficacy such as
long-term potentiation (LTP) and long-term
depression (LTD) (Bliss and Collingridge 1993;
Roberts and Glanzman 2003). Recent studies
with modern imaging methods capable of real-
time monitoring of changes in synaptic spine
morphology accompanied by well-established
electrophysiological measures to detect func-
tional synaptic changes have opened a new door
for a better understanding of pre- and post-
synaptic LTP and LTD (Abraham et al. 2019).

LTP is the most intensively investigated form
of synaptic plasticity, captured by the Hebbian



phrase: “cells that fire together wire together”
(Lowel and Singer 1992). It has been shown to
depend on DNMTs and DNA methylation in
addition to other chromatin modifications
(Levenson et al. 2006; Miller and Sweatt 2007;
Muñoz et al. 2016). Joint firing of the pre- and
post-synaptic cell generates LTP, a strengthening
of the synapses, while asynchronous firing
generates the opposite, LTD. LTP and LTD are
induced by different mechanisms, involving
ionotropic and metabotropic receptor activation
by neurotransmitters, such as the amino acid glu-
tamate acting mainly as excitatory neurotransmit-
ter in the mammalian nervous system. Hallmarks
of LTP involve input specificity and associativity,
which can be achieved by the activation of the N-
methyl-D-aspartate (NMDA) subtype of gluta-
mate receptor (Abraham et al. 2019). The
NMDA receptor is an ion channel, which requires
glutamate binding (specificity) and coincident
depolarization achieved by multiple co-active
synapses (association) for opening and channel
unblocking, hence functioning as “coincidence
detector” (Bliss and Collingridge 1993). These
channels are also permeable for calcium ions,
well-known second messenger and initiators of
signaling cascades triggering LTP (Bear and
Abraham 1996; Cummings et al. 1996).
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LTP persistence is prerequisite for long-term
memory. LTP can be categorized in early LTP
(E-LTP) and late-LTP (L-LTP), or alternatively,
in LTP1, LTP2, and LTP3 (Racine et al. 1983;
Morrell 1991). While E-LTP or LTP1, which
lasts only a few hours in maximum, occurs inde-
pendently of de novo protein synthesis, L-LTP
involves protein synthesis. L-LTP can be further
subdivided into LTP that is transcription-
independent (LTP2) or dependent (LTP3)
(Racine et al. 1983). Transcription-independent
(LTP2) can be achieved by the local protein trans-
lation machinery present in dendritic-synaptic
compartments using existent local mRNA spe-
cies. Transcriptional activation involved in
LTP3 is mediated by transcription factors such
as cAMP response element-binding protein
(CREB), serum response factor, and nuclear fac-
tor kappa B, which in turn trigger the expression
of downstream-induced transcription factors like

ZIF268, c-FOS, JUNB. Manipulations of diverse
epigenetic writers and erasers, including DNMTs
and TET enzymes, have been shown to affect the
different forms of LTP as well as the expression
of key genes such as CREB (Kandel 2012;
Rajasethupathy et al. 2012), and thus, memory
formation.

Indeed, variable forms of learning and mem-
ory formation and/or consolidation involve
DNMT function and DNA methylation (Day
and Sweatt 2010). Dnmt1 and Dnmt3A deletion
in excitatory forebrain neurons has been shown to
affect learning and memory in the hippocampus
(Feng et al. 2010). Inhibition of DNA
methyltransferases or genetic deletion of
Dnmt3A potently hampers LTP (Levenson et al.
2006; Morris et al. 2014).Dnmt3A knockout mice
display deficits in associative and episodic mem-
ory tasks and synaptic alterations, indicating that
DNMT3A function in post-mitotic neurons is
crucial for normal memory formation. Further-
more, associative learning tasks impact Dnmt3A
expression, underlining the implication of
DNMT3A in learning-related processes (Morris
et al. 2014). Moreover, synaptic plasticity and
fear memory consolidation in the lateral amyg-
dala in addition to hippocampal structures seem
to depend on DNAmethylation and DNMT activ-
ity (Monsey et al. 2011). Of note, it was also
found that E-LTP is dependent on DNA methyla-
tion, as the DNA methylation inhibitor 5-aza-2-
deoxycytidine (5-AZA) impaired hippocampal
long-term potentiation (LTP) induced by a
twenty-minute theta burst stimulation. In contrast,
5-AZA treatment 2 hours after stimulation had no
effect on transcription-dependent LTP in the
applied experimental setup (Muñoz et al. 2016).
This indicates that early alterations in DNA meth-
ylation are sufficient to impair LTP. The role of
DNMTs in the induction of synaptic plasticity
was already reported by Levenson et al. (2006).
This study showed that inhibiting DNMT
changed the DNA methylation signatures within
promoters of Reln (reelin) and Bdnf (brain-
derived neurotrophic factor), two factors essential
for synaptic plasticity induction in the adult hip-
pocampus (Levenson et al. 2006).
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15.6.2 DNMTs as Potential Mediators
of Cell-Intrinsic Mechanisms
for Memory Consolidation
and Maintenance

It is still under debate whether the stability of such
synaptic changes is prerequisite for memory
maintenance. Highly varying degrees of spine
turnover were detected by high resolution imag-
ing in the neocortex (Bhatt et al. 2009), while
experimentally triggered LTP can be long-lasting
(Abraham et al. 2002). Alternative views involve
the idea that there may be multiple synaptic
weight distributions being capable of properly
coupling inputs with outputs. Learning new infor-
mation would result in an update of synaptic
weights to enable the incorporation of new infor-
mation, while at the same time retaining the old
ones. In artificial network models with highly
coupled layers of cells, such changes of synaptic
weights have been revealed to be necessary
(Abraham and Robins 2005). Another model
based on experimental data implies that learning
establishes specific connectivity patterns between
cells of a memory circuit, which is named
engram. These new connections, rather than the
potentiation of existing synapses, are suggested to
support memory storage. According to this view,
the LTP of existing synapses rather serves to
recall the memory (Tonegawa et al. 2015). Still,
both models somehow support the synaptic plas-
ticity and memory hypothesis, with synapses
representing critical units of memory storage. A
strong argument being discussed against this gen-
eral hypothesis is the observation that synaptic
molecules in the adult brain are not stable with
half-lives of only 2–5 days (Cohen et al. 2013),
although it should be mentioned that individual
molecules might not need to last for the duration
of a memory (Lisman 1985). Moreover, the suc-
cessful transfer of memory from a trained to an
untrained animal via RNA injection tremendously
challenged the synaptic plasticity hypothesis
of memory storage (Bédécarrats et al. 2018). Of
note, synaptic transmission is not the only way of
communication between neurons. Non-synaptic
flow of information between neuronal somata in

the form of non-coding and protein coding RNA
as well as proteins can be achieved through neu-
ronal activity triggered release of miRNA-
containing exosomes (Chivet et al. 2014; Goldie
et al. 2014; Higa et al. 2014) or channeling
nanotubes (Ariazi et al. 2017), and it has
been described to mediate learning-related
epigenetic alterations in neurons (Abraham et al.
2019). An important example is the activity
regulated cytoskeletal-associated protein ARC,
an immediate early gene product and a vital
regulator of synaptic activity. Upon neural
activity, ARC is released alongside Arc mRNA
via exosomes that are taken up by neighboring
neurons where the transferred mRNA is
translated locally (Ashley et al. 2018; Pastuzyn
et al. 2018).

An alternative model involves the cell-intrinsic
storage of memory enabled by thermodynami-
cally stable molecules, which is supported by
numerous studies that are discussed elsewhere in
more detail (Abraham et al. 2019). As firstly
suggested by Holliday (1999), DNA methylation
represents an attractive mechanism for cell-
intrinsic engram storage, which brings DNMT
function into play. Besides relative stability,
DNA methylation comes with the advantages of
compactness and energy efficiency. Apart from
that, this epigenetic signature is capable of storing
a vast amount of information, due to the extraor-
dinary numbers of methylation sites in the whole
genome (Holliday 1999). The finding of active
DNA demethylation involving TET-mediated
oxidation of 5-mC allows cytosines in neurons
to function as on-off switches, hence providing
principally a “binary code” (Abraham et al.
2019).

Since the hypothesis raised by Holliday in
1999, studies in mammals and invertebrates con-
firmed the functional implication of DNA meth-
ylation and DNMTs in diverse learning
paradigms (Day and Sweatt 2010; Biergans
et al. 2015; Pearce et al. 2017). It was shown
that contextual fear conditioning triggers global
genome-wide changes in DNA methylation seen
after an hour persisting for at least 24 h (Mizuno
et al. 2012), but not after 4 weeks (Halder et al.



2016). These changes in DNA methylation,
mostly detected in neurons that correlated with
the spatio-temporal location of memory, were
specific for genes and cis-regulatory sites and
were reported to be dynamic or stable (Halder
et al. 2016; Duke et al. 2017). In line with these
studies, inhibition of DNMTs has been shown to
block remote memory in rats (Miller et al. 2010).
Moreover, DNMT inhibition impairs memory
formation and consolidation and even eliminates
well-consolidated long-term memory in Aplysia
(Pearce et al. 2017). DNMTs and DNA methyla-
tion further seem to be implicated in the RNA
injection-mediated memory transfer described
previously. Blocking DNMTs by RG108 imme-
diately after RNA injection successfully impeded
the behavioral enhancement and, hence, memory
transfer (Bédécarrats et al. 2018). The learning-
triggered changes in DNA methylation were
reported to regulate the transcription or splicing
of plasticity-, neuronal transmission- and
function-related genes in different learning
paradigms (Halder et al. 2016; Duke et al.
2017). Hence, DNMTs and DNA methylation
might play a key role in long-term memory
being stored either as RNA-induced epigenetic
alterations and/or synaptic plasticity.
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Both models, the synaptic plasticity and the
cell-intrinsic model of memory formation, do not
necessarily exclude each other and rather could be
integrated, with epigenetic writers such as
DNMTs as key mediators. A prerequisite for
that would be a synapse-nucleus communication
to provide an explanation for how nuclear
changes can account for input (or synapse) speci-
ficity, shown to be evident in LTP, as well as
other forms of learning-related long-term synaptic
plasticity (Martin et al. 1997; Schuman 1997).
Hence, a challenging question in this context is
how the synaptic information is translated into
discrete changes of DNA methylation and how
the signaling mechanisms from the nucleus back
to specific synapses occur?

A recent study showed that protein levels of
DNMT3A1 are intimately linked to the activation
of N-methyl-D-aspartate receptors (NMDAR)
containing the GluN2A subunit. Synaptic
NMDARs were found to promote the degradation

of this DNMT in a neddylation-dependent pro-
cess. Interference with neddylation leads to
reduced degradation of DNMT3A1, which causes
changes in promoter methylation of activity-
driven genes and deficits in synaptic plasticity
and memory formation. Hence, plasticity-relevant
signals from GluN2A-containing NMDARs seem
to orchestrate activity-dependent DNA methyla-
tion implication in memory formation (Bayraktar
et al. 2020).

Moreover, non-coding RNAs provide possible
alternative mechanisms to control DNA methyla-
tion. Similar to mRNAs, which undergo local
translation at dendrites/synapses (Donnelly et al.
2010), also non-coding RNAs have been reported
to shuttle from the neuron’s nucleus to dendritic
compartments (Qureshi and Mehler 2012). Shut-
tling back from the cytosol to the nucleus has
already been shown for piRNAs, a class of
small-non-coding RNAs, which in addition to
cytosolic functions influence transcription in the
nucleus, e.g., by recruiting DNMTs and through
this targeting DNA methylation (Liu et al. 2019).
Of note, piRNAs are known to be key for
establishing stable long-term changes in neurons
in memory persistence by mediating the methyla-
tion of a conserved CpG island in the Creb2
promoter in a serotonin-dependent fashion
(Rajasethupathy et al. 2012). CREB, a critical
plasticity-related protein, acts as crucial inhibi-
tory constraint of memory in Aplysia (Bartsch
et al. 1995). Hence, cytosine methylation of the
Creb2 promoter triggered by the Piwi-piRNA
complex containing a DNMT could provide a
mechanistic link for how transient external
stimuli culminate in long-lasting alterations in
the expression of genes implicated in long-term
memory storage in neurons.

DNMTs have been further reported to interact
with long non-coding RNAs (lncRNAs), defined
as non-coding transcripts longer than
200 nucleotides (Hung and Chang 2010), which
were suggested to either recruit DNMTs to spe-
cific genomic loci or prevent their binding (Rinn
and Chang 2012; Merry et al. 2015; Zhao et al.
2016; Somasundaram et al. 2018; Zimmer-
Bensch 2019a), similar to piRNAs. The expres-
sion of lncRNAs has been described to be



modulated by altered neuronal activity (Barry
et al. 2017), and they can be shuttled from the
nucleus to the cytoplasm (Bridges et al. 2021).
Thereby, their subcellular location determines
their function (Carlevaro-Fita and Johnson
2019). LncRNAs can be precursors for miRNAs,
representing a class of small non-coding RNAs
which modulate translation in the cytoplasm
(Leung 2015). Hence, lncRNAs could influence
the translation of synapse-related gene expres-
sion, “transferring” information from the nucleus
into the cytoplasm, and potentially in discrete
microcompartments of a neuron “hitting” local
translation. The ability of lncRNAs to localize to
diverse yet specific subcellular locations has fur-
ther been described (Bridges et al. 2021), where
they regulate synapse stability (Wang et al. 2021),
synaptic activity (Raveendra et al. 2018; Keihani
et al. 2019), or structural plasticity of dendritic
spines in an activity-dependent manner (Grinman
et al. 2021). However, in contrast to piRNAs,
whether and how shuttling of lncRNAs back
from the cytoplasm to nucleus occurs, is still
largely unknown.
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15.7 DNMTs in Neurodevelopmental
and Neuropsychiatric Diseases

After having discussed the crucial functions of
DNMTs in neurodevelopment and brain function,
it is not surprising that mutations or defective
expression of DNMTs are implicated in a broad
spectrum of neurodevelopmental and neuropsy-
chiatric diseases, being the cause or mediator of
the underlying pathophysiology. Biallelic mis-
sense mutations in DNMT3B are causative for
the immunodeficiency-centromeric instability-
facial anomalies (ICF) syndrome, a rare autoso-
mal recessive disorder presenting with cognitive
and intellectual disability (Miniou et al. 1997;
Kondo et al. 2000; Jin et al. 2008). DNMT3B
mutations are associated with DNA
hypomethylation of genes relevant for the
immune system, but also for neurogenesis, neu-
ronal differentiation, and migration in the affected
patients (Jin et al. 2008). In line with this, another

study found that conditional Dnmt3B deletion in
the hippocampus impairs recognition memory
and revealed differential expression of K+ chan-
nel subunits in mice (Kong et al. 2020).
Mutations in DNMT3A that lead to different
variants of this methyltransferase (Lane et al.
2020) were reported for the Tatton-Brown-
Rahman syndrome (TBRS), a rare neurodeve-
lopmental congenital anomaly syndrome
characterized by macrocephaly and characteristic
facial features (Yokoi et al. 2020).

Patients suffering from schizophrenia
(SCZ) show a significant upregulation of
DNMT1 expression in postmortem GABAergic
interneurons (Veldic et al. 2005), which is
suggested to alter the expression of genes relevant
for GABAergic transmission (Linde and Zimmer-
Bensch 2020). These observations are in line
with the finding of disturbed interneuron func-
tionality as crucial hallmark of schizophrenia
(Nakazawa et al. 2012), and DNMT1 was
found to modulate GABAergic transmission of
cortical interneurons by regulating endocytosis-
dependent vesicle replenishment through DNA
methylation-dependent transcriptional control of
associated genes (Pensold et al. 2020). DNMT1
overexpression in SCZ patient brains is proposed
to cause hypermethylation of RELN, coding for
Reelin that is a key player in cortical development
(Kirkbride et al. 2012). In addition to abnormal
functionality in mature neurons, defects during
interneuron development are suggested to con-
tribute to the manifestation of neuropsychiatric
diseases such as schizophrenia (Linde and
Zimmer-Bensch 2020). In agreement with this,
altering the expression levels of Dnmts in embry-
onic cortical interneurons in mice elicited SZ-like
phenotypes in offspring (Matrisciano et al. 2013).
In line with the reported relevance of DNMT1 for
interneuron migration (Pensold et al. 2017),
dysregulated expression levels during develop-
ment could contribute to the manifestation of
SCZ. Furthermore, increased activity of DNMTs
as well as DNA hypermethylation has been
suggested to be implicated in the development
of epilepsy in humans as well as in rodent models
(Jesus-Ribeiro et al. 2021).
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15.8 DNMTs in Neuronal Aging

Brain aging is a dynamic process characterized by
structural, neurochemical, and physiological
alterations that altogether cause memory decline,
cognitive impairments, and behavioral changes
(Rozycka and Liguz-Lecznar 2017; Zimmer-
Bensch 2019b). Cognitive aging predominantly
manifests itself as attention and memory deficits
involving the function of the hippocampus and
frontal brain areas, such as the prefrontal cortex,
with the working memory function being affected
the most in aged individuals (Nolde et al. 1998;
Davidson and Glisky 2002; Glisky 2007). Neuro-
nal circuits formed within the hippocampus and
the synaptic connections with other brain regions
are widely considered to constitute the basis for
its function in learning and memory, indicating
that age-associated perturbances in these regions
increase susceptibility to learning deficits later in
life (Eichenbaum et al. 1992; Glisky 2007).
Thereby, healthy adult neurogenesis in the hippo-
campus is proposed to be essential for higher
cognitive functions (Bekinschtein et al. 2010).

In the mature CNS, neuronal plasticity and
long-term memory are modulated by DNA meth-
ylation through DNMT activity in the hippocam-
pus (Levenson et al. 2006). The neuronal
methylome changes dramatically upon neuronal
activity, in association with synaptic plasticity
genes gaining or losing DNA methylation (Guo
et al. 2011). Additionally, adult neurogenesis is
defined as a pivotal process in the generation of
neurons in adulthood, thus directly affecting
learning and memory functions (Ming and Song
2011). It has been shown that hypomethylation in
the brain during aging is responsible for a decline
in adult neurogenesis (Liu et al. 2009), which is in
line with the reported decline in the expression of
DNMTs in the brain upon aging (Oliveira et al.
2012).

The aging process hits different brain regions
and neuronal cell types distinctively. In addition
to reduced excitability and plasticity (Clark and
Taylor 2011), an increased vulnerability of inhib-
itory interneurons and GABAergic synapses
(Rozycka and Liguz-Lecznar 2017) has been

reported for particular regions of aged brains
(Shetty and Turner 1998; Stanley and Shetty
2004; Cheng and Lin 2013). Besides functional
and structural changes of GABAergic synapses,
several studies have reported reduced numbers of
cortical interneuron subtypes across different spe-
cies and brain regions upon aging (Zimmer-
Bensch 2019b). Features of cortical inhibitory
defects involve loss of synaptic contacts,
decreased neurotransmitter release, and reduced
post-synaptic responsiveness to
neurotransmitters. Due to the critical function of
GABAergic interneurons in cortical information
processing, the age-related structural and func-
tional defects are strongly suggested to be
implicated in the age-associated cognitive decline
(Rozycka and Liguz-Lecznar 2017).

DNMT1 has been described to be implicated
in the age-associated loss of cortical interneurons
(Hahn et al. 2020) (Fig. 15.2). Conditional
deletion of Dnmt1 in parvalbumin-expressing
cortical interneurons ameliorates their
age-related decline, which is accompanied by
improved senso-motoric performances of aged
mice (Hahn et al. 2020). However, DNMT1-
dependent regulation of cell death- and survival-
associated genes seems to play a rather subordi-
nate role, whereas the DNMT1-dependent regu-
lation of proteostasis-related gene expression
might be important (Hahn et al. 2020).

15.9 DNMTs in Neurodegeneration

Neurodegenerative diseases (NDDs) encompass a
wide variety of disorders characterized by func-
tional perturbances in neurons accompanied by
neuron loss and tissue degeneration in the periph-
eral or central nervous system (Vila and
Przedborski 2003). Aspects of cellular homeosta-
sis underlying NDDs range from dysfunctional
mitochondria and compromised proteostasis to
altered gene expression and abnormal transcrip-
tional regulation, with epigenetics gaining signif-
icant attention over the years due to its
involvement in these processes (Lovrečić et al.
2013). Furthermore, modern research has



frequently highlighted the role of epigenetics in
brain development where dynamic epigenetic
signatures, such as histone modifications and
DNA methylation, drive and coordinate impor-
tant processes such as neuronal differentiation
and cell survival (Zimmer-Bensch, 2018). Inter-
estingly, the dynamicity of epigenetic signatures
was revealed to carry on into the adult brain with
implications in memory acquisition and consoli-
dation as well as age-related loss of neural cells
(Sweatt 2016; Hahn et al. 2020). Unsurprisingly,
these findings have propelled epigenetic
mechanisms and dysregulations to the forefront
in investigations of NDDs for better diagnostic
agents and therapeutics.
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15.9.1 Alzheimer’s Disease
and Tauopathies

The vast majority of NDD patients are affected by
Alzheimer’s disease (AD) (Selkoe and Lansbury
Jr 1999; Zimmer-Bensch and Zempel 2021).
Symptomatically, AD manifests itself initially as
cognitive deficits, such as memory loss, confu-
sion, and poor judgment, with a high risk of
developing into a full-blown dementia where it
accounts for 60–80% of all cases (Korolev et al.
2016; Fishman 2017). The patient demise mainly
results from concomitant lack of adequate nutri-
tion and severe loss of body weight, but also from
typical diseases that affect bedridden patients,
such as pneumonia (Korolev et al. 2016). The
pathophysiology of AD is characterized by the
extracellular accumulation of plaques made up
of the Amyloid-beta (Aβ) protein, and the intra-
cellular aggregation of the microtubule-
associated protein TAU, encoded by the MAPT
gene (Zimmer-Bensch and Zempel 2021).

Albeit heavily debated, several studies agree
that abnormal levels of Aβ protein, cleaved out of
the amyloid precursor protein (APP) primarily by
the PSEN1/PSEN2 complex, as well as the extra-
cellular deposition of Aβ are the main culprits
behind the development and progression of AD
(Selkoe and Hardy 2016; Gulisano et al. 2018).
Indeed, mutations in the genes APP, PSEN1, and
PSEN2 were found to be causative for patients

with autosomal dominant inheritable forms of
early-onset AD (Zimmer-Bensch and Zempel
2021).

Interestingly, in the absence or suppression of
TAU protein, mouse and cell culture models for
AD failed to show a significant effect upon expo-
sure to Aβ or its overproduction, hinting toward a
possible role of the TAU protein as a mediator in
neurodegeneration (Roberson et al. 2007; Zempel
et al. 2013). Furthermore, the accumulation and
aggregation of TAU protein was found to corre-
late better with the AD-associated loss of
synapses and cognitive impairment, with
PET-imaging technologies being able to predict
structural brain deterioration in full-blown AD
(La Joie et al. 2020; Biel et al. 2021).

As the importance of the TAU protein in
neurodegeneration and neuronal dysfunction
became more evident, many studies went beyond
AD and started to investigate the heterogenous
group of TAU protein-related NDDs called
tauopathies that are characterized by the neural
and/or glial deposition of TAU. Histopathological
hallmarks of tauopathies include but are not lim-
ited to the hyperphosphorylation of the TAU pro-
tein and the formation of neurofibrillary tangles
(Zimmer-Bensch and Zempel 2021). Tauopathies
clinically manifest themselves as cognitive
deficits, motor neuron disease, and movement
disorders in diverse combinations or in an
isolated manner (Murley et al. 2020) and can be
classified into primary and secondary tauopathies
depending on whether TAU is instrumental to the
pathology or appears secondary alongside other
cerebral pathologies (Zimmer-Bensch and
Zempel 2021). Despite growing appeals, genetic
and signaling-based aberrations, such as familial
mutations in the MAPT gene, fail to illustrate a
mechanistic basis for the emergence and progres-
sion of both sporadic and genetic forms of AD
and tauopathies. Epigenetics may provide a fur-
ther piece of the puzzle and contribute to a better
understanding of environmental triggers that are
involved in AD and tauopathies.

Abnormal gene expression, loss of chromatin
structure, and genomic instability are considered
to be hallmarks of both aging and complex
diseases such as AD (López-otín et al. 2013;



Spiegel et al. 2014). These changes in cellular
homeostasis are deeply associated with epigenetic
mechanisms that can respond to environmental
cues (Grant et al. 2002; Rowbotham et al.
2015), such as DNA methylation catalyzed by
DNMTs (Greenberg 2020). Prior studies have
pointed out that altered expression levels of
DNMTs (Cui and Xu 2018) are associated with
changes in synaptic plasticity, memory, and
learning (Levenson et al. 2006; Morris and
Monteggia 2014), further emphasizing the role
of DNMTs in aging and AD-related symptoms.
In particular, the aging-associated decrease in
Dnmt3A2 expression is implicated in cognitive
impairment, as the symptoms were alleviated
upon a rescue of the Dnmt3A2 expression levels
in mice (Oliveira et al. 2012).
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As mentioned previously, the expression
of DNMTs decreases upon aging, accompanied
by a global hypomethylation and local
hypermethylation in aging brains of various spe-
cies (Johnson et al. 2012; Hahn et al. 2020). Such
changes are presumed to contribute to transcrip-
tional alterations seen in AD and tauopathies
(McKinney et al. 2019; Salameh et al. 2020).
Hence, DNA methylation could pose as a mecha-
nism in the transcriptional regulation of
AD-associated genes. Indeed, previous studies
have revealed an age-related hypomethylation in
the promoter region of APP, PSEN1, and PSEN2
(Fig. 15.3), which were linked to the extracellular
deposition of Aβ in the aged brain (Tohgi et al.
1999a, b).

Similarly, an age-related decrease in MAPT
expression was evidenced alongside alterations
in the methylation levels of its promoter region,
emphasizing the role of DNA methylation in
tauopathies (Tohgi et al. 1999b). Furthermore,
aberrant methylation levels in the promoter
regions of genes involved in TAU phosphoryla-
tion, such as GSK3B (Nicolia et al. 2017) and
Cdk5 (Li et al. 2015), as well as their increased
expression, were shown to play a crucial role in
tauopathies and AD (Yu et al. 2019). In addition
to DNMTs, the hyperphosphorylation of TAU
could be further influenced by TET-dependent,
active DNA demethylation (Zimmer-Bensch and
Zempel 2021). Indeed, this becomes evident for

BDNF, a key player in synaptic plasticity and
synaptogenesis in the hippocampus (Song et al.
2015). BDNF, whose transcriptional accessibility
is regulated partly via TET1 (Ambigapathy
et al. 2015), is implicated in TAU hyperpho-
sphorylation (Tanila 2017), indicating that a
TET-mediated demethylation of BDNF could
influence the phosphorylation of the TAU
protein.

Overall, these findings underline the role of
DNMTs as well as TETs in AD and tauopathies
(Fig. 15.3). Although a substantial number of the
affected genes are proposed to be downstream
effectors of Aβ pathology, the majority are
suggested to be upstream of TAU pathology
which seems to be the driving force behind the
cognitive dysfunction seen in AD and tauopathy
patients (Zimmer-Bensch and Zempel 2021). In
the future, the modulation of DNMT activity to
restore its healthy function or locus-specific gene
editing methods to re-establish DNA methylation
patterns could open new doors for targeted epige-
netic therapies against AD and tauopathies.

15.9.2 Huntington’s Disease

The interest in the role of epigenetics in neurode-
generative diseases was further fueled by
recent developments in Huntington’s disease
(HD) research. HD is a neurodegenerative disease
predominantly caused by an inherited expansion
mutation in the Huntingtin protein (HTT), leading
to N-terminal polyQ repeats and a subsequent
misfolding of HTT (Zimmer-Bensch 2020). This
mutant form of HTT (mHTT) is prone to
aggregations and forms intracellular inclusion
bodies, ultimately leading to severe atrophy in
the dorsal striatum accompanied by an abnormal
increase in astrocytes as well as a loss of striatal
and cortical neurons (Hedreen et al. 1991;
DiFiglia et al. 1997; Lee et al. 2013).

For decades, researchers have been trying to
decipher the exact functions of healthy and
mutated HTT where prominent progress has
been made on the epigenetics front. Multiple
studies have suggested that HTT can interact
with transcription factors and histone modifying
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Fig. 15.3 The implications of DNMTs in neurodegenera-
tive diseases and cancers of the brain. Upper panel:
Altered methylation level in Alzheimer’s disease and
other tauopathies. Promoter hypomethylation of amyloid
precursor protein gene (APP) and PSEN1/2, encoding for
proteins involved in APP-cleavage, leads to increased
extracellular deposition of amyloid-beta protein (Aβ),
regarded as a hallmark for the development and progres-
sion of Alzheimer’s disease (AD). Genes encoding for
proteins involved in the hyperphosphorylation of TAU
protein such as GSK3B and CDK5 are similarly
hypomethylated in their promoter regions in AD and
related tauopathies. Middle panel: In Huntington’s disease
(HD), the recruitment or eviction of DNMTs mediated by

the mutant Huntingtin protein (mHTT) and its interactions
with epigenetic writers and readers, such as PRC2 and
MeCP2, is proposed to lead to aberrant 5-mC/5-hmC
profiles of genes involved in neuronal development, func-
tion, and survival, leading to significant cerebral atrophy.
Lower panel: In the context of cancer, differential global
activity of DNMTs, as well as reduced TET activity in
promoter regions, results in promoter hypermethylation
and genome-wide hypomethylation, leading to the repres-
sion of tumor suppressor genes and the activation of
oncogenes. Resulting aberrant expression profiles facili-
tate tumorigenesis and metastasis by enhanced migration,
invasion, proliferation, and survival while decreased DNA
repair activity accelerates the mutation rate



enzymes, e.g., REST, PRC2, and MeCP2, thus
highlighting HTTs ability to interact with key
epigenetic players (Seong et al. 2009; Buckley
et al. 2010). In the case of mHTT, disruptions of
these interactions could potentially contribute to
the abnormal transcriptional regulation which is a
hallmark of HD.
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In addition to HTT’s interaction with histone
modifying complexes and transcription factors,
the academic community has extensively
explored changes in DNA methylation levels
and signatures, such as 5-mC and 5-hmC patterns,
where aberrations were reported in HD patients
and transgenic mice (Fig. 15.3) (Ng et al. 2013;
Villar-Menéndez et al. 2013; Wood 2013). The
oxidation of 5-mC to 5-hmC is a vital step in
active DNA demethylation and crucial for the
dynamic DNA methylation-dependent transcrip-
tional regulation (Xu and Wong 2015). Abnormal
5-mC/5-hmC profiles were seen for genes
implicated in neuronal development, function,
and survival (Wang et al. 2013) and could thus
be attributed to the decline in neuronal function
and neuronal death present in HD. Yet, little
research has been conducted to investigate the
mechanistic behind such changes in DNA meth-
ylation patterns in full molecular detail, whether
they are direct consequences due to the altered
interactome of mHTT, or whether these occur
indirectly, e.g., as adaptive response to impaired
cellular physiology.

Beside the ability of HTT to directly interact
with histone modifying enzymes, abnormal,
mHTT-mediated deposition and/or removal of
histone marks can lead to the eviction or recruit-
ment of DNMTs (Zimmer-Bensch 2020)
(Fig. 15.3). Prior studies suggest the enrichment
of histone marks to correlate with DNA methyla-
tion, inversely or positively, depending on
whether they are associated with the decondensed
euchromatin or the tightly packed heterochroma-
tin. The euchromatin-associated H3K4me3 has an
inverse correlation with DNA methylation levels
and was shown to preclude DNMT3-dependent
DNA methylation (Rose and Klose 2014).
In contrast, the heterochromatin-associated
H3K9me3 and H3K27me3 were found to have a
positive correlation with DNA methylation where
both were shown to directly recruit DNMTs

(Lehnertz et al. 2003; Viré et al. 2006; Hashimoto
et al. 2009; Liu et al. 2018). Similarly, the binding
of DNA demethylases such as TETs could be
influenced, adding another layer to this mechanis-
tic conundrum.

Based on observations made in prior studies,
another scenario could be that altered expression
of DNMTs leads to the abnormal DNA methyla-
tion signatures seen in HD (Thomas 2016). The
expression of Dnmt1 was found to be decreased
in a HD cell model (Tobin and Signer 2000), and
a reduced striatal and cortical Dnmt1 expression
was documented in transgenic HD mice. Despite
the assumption that reduced Dnmt1 expression
correlates with lower levels of DNA methylation,
mHTT-expressing neurons showed increased
methylation levels in promoter regions of key
HD-relevant genes such as Bdnf (Pan et al.
2016). These counter-intuitive findings were
attributed to reduced expression levels of DNA
demethylases leading to elevated methylation
levels in HD patients and model systems (Thomas
2016). It was proposed that this increase in meth-
ylation levels could lead to a diminished expres-
sion of Dnmts by means of a feedback-regulation.
Indeed, the reduced expression of Dnmts may be
favorable in the context of HD, as both the inhi-
bition of DNMTs and a knockdown ofDnmt1 and
Dnmt3A were shown to decrease mHTT-
associated neurotoxicity in primary striatal and
cortical neurons (Pan et al. 2016).

Altogether, these findings add another level of
complexity to the pathophysiology of NDDs,
while further emphasizing the hierarchical
dilemma of epigenetics, i.e., the imperative dis-
tinction between the cause and the consequence
of the observed changes in DNA methylation.

15.10 Role of DNMTs in Brain Cancer

Cancer is a group of diseases, arising from abnor-
mal gene expression programs that shift the bal-
ance of oncogenic and tumor suppressive
mechanisms. Making up 2% and 23% of all pri-
mary tumors in adults and children, respectively,
brain cancer is one of the most malignant forms of
cancer with more than a quarter of all pediatric
cases resulting in the patient’s demise (Marie and



Shinjo 2011). Gliomas are the most frequent and
malignant type of brain tumor in adults, with
glioblastoma (GBM) having a median overall
survival of 14.6 months. In turn, medulloblas-
toma, which starts in the cerebellum, accounts
for the most cases of malignant, pediatric brain
tumors (Marie and Shinjo 2011; Bartlett et al.
2013). Prior studies on glioblastoma (Parsons
et al. 2008) and medulloblastoma (Parsons et al.
2011) demonstrated the presence of mutations
implicated in their initiation and development.
Yet, in the case of medulloblastoma, the tumors
tend to have a low mutational burden as pediatric
patients are incapable of acquiring spontaneous
mutations due to their young age (Blaeschke et al.
2019). Indeed, cumulative evidence points to the
involvement of other mechanisms beside somatic
mutations in the formation of brain tumors, such
as structural and numerical aberrations in
chromosomes (Larsen 2010) and epigenetic
alterations (Sharma et al. 2010).
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Over the past decade, epigenetics has taken a
center stage in cancer research due to its crucial
role in the maintenance and regulation of gene
expression programs. Many studies have shown
how exposure to environmental agents, genetic
alterations, or even aging can perturb the epige-
netic machinery, creating a permissive environ-
ment for cancer to develop and progress
(Easwaran and Baylin 2019). As one of the key
epigenetic mechanisms, aberrant DNA methyla-
tion signatures were implicated in various types
of cancer, with diverse gene-bodies, intergenic
regions, and repetitive elements being
hypomethylated (Ehrlich and Lacey 2013)
(Fig. 15.3). The global hypomethylation seen in
cancer has been implicated in the dysregulation
of the genome, leading to genomic instability,
oncogenic activation, loss of genomic imprinting,
and the reactivation of transposable elements,
ultimately resulting in increased mutational
rates and tumorigenesis (Chen et al. 1998; Eden
et al. 2003; Gaudet et al. 2003; Holm et al.
2005; Hur et al. 2014). Interestingly, a local
hypermethylation accompanies this global
hypomethylation, potentially indicating a differ-
ential activity of epigenetic modifiers, such as
DNMTs, depending on the genomic region
(Easwaran and Baylin 2019).

15.10.1 Promoter Methylation

One of the proposed mechanisms for the abnor-
mal activation of oncogenes and the inactivation
of tumor suppressor genes is the methylation of
cytosines in promoter regions of genes, with the
gain/presence of methylation being associated
with gene silencing, and the loss/absence being
associated with transcriptional activation (Ehrlich
and Lacey 2013) (Fig. 15.3). DNA methylation in
the promoter region prevents the binding of key
transcription factors (TFs) and by this directly
inhibits gene expression (Moore et al. 2013).
Additionally, DNA methylation can also influ-
ence post-translational modifications of histones
through methyl-binding proteins (MBD). MBDs
act as adaptors for histone modifying enzymes
that can change the chromatin state and regulate
the accessibility of the methylated site (Ng et al.
2000). In addition, DNMTs themselves were
found to crosstalk with histone modifying
enzymes in a methylation-independent fashion
(Symmank et al. 2018), further complexifying
DNMT-mediated transcriptional regulation.

In the context of glioma, mutations in
isocitrate dehydrogenase genes IDH1 and IDH2
lead to the production and accumulation of
2-hydroxyglutarate instead of α-ketoglutarate,
the subsequent inhibition of α-ketoglutarate-
dependent enzymes such as TET2, and ultimately
to DNA hypermethylation (Dang et al. 2009;
Figueroa et al. 2010; Scourzic et al. 2015). Fur-
thermore, the epigenetic silencing of the DNA
repair gene MGMT via promoter
hypermethylation represents another prominent
epigenetic alteration in glioma with the promoter
methylation status of theMGMT gene becoming a
predictive biomarker in neuro-oncology. The
hypermethylation of the promoter, resulting in
the absence of MGMT, was found to be beneficial
in the treatment of glioma via temozolomide
(TMZ), as active MGMT can repair
O6-methylguanine, a toxic DNA lesion caused
by TMZ, and diminish the effects of the treatment
(Hegi et al. 2005).

In medulloblastoma, the promoters of tumor
suppressor genes CASP8, HIC1, and CDKN2A
(Lindsey et al. 2004; Sexton-Oates et al. 2015)



and the DNA repair gene MGMT (von Bueren
et al. 2012) were found to be methylated. In line
with the role of Sonic-Hedgehog (SHH) and Wnt
signaling pathways in the activation of tumor
formation in medulloblastoma (Cambruzzi
2018), PTCH1 and the SFRP family of proteins
that are involved in the negative regulation of
SHH and Wnt signaling, respectively, were
found to be silenced via promoter methylation
(Pritchard and Olson 2008; Kongkham et al.
2010).
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15.10.2 Methylation of Distal
Regulatory Elements

Distal regulatory elements in the genome are able
to modulate the transcription of distinct genes
through structuring the chromatin organization.
Due to their enrichment for TF binding sites,
changes in methylation levels and/or patterns in
enhancer regions might interfere with the binding
of TFs (Easwaran and Baylin 2019), either by
changes in methylation itself or by secondary
changes in histone modifications that result in an
altered chromatin structure. Indeed, this was
shown to be the case in gliomas with mutated
IDH, where the hypermethylation of the binding
site for the transcriptional regulator CTCF leads
to the eviction of the CTCF/cohesion complex,
resulting in an interaction between the enhancer
and the oncogene PDGFRA. Notably, this inter-
action was not found in healthy individuals or
glioma cases without the IDH mutation (Flavahan
et al. 2016).

15.10.3 Implications of Altered DNMT
Expression and Targeting
in Brain Cancer and Therapy
Resistance

As DNMTs catalyze DNA methylation, alteration
in their expression could mediate the aberrant
methylation signatures in cancer. Indeed, signifi-
cant overexpression of DNMT1 and DNMT3B
was shown in gliomas where the promoter

regions of DNMT1 and DNMT3B had a differen-
tial histone code with distinct marks for euchro-
matin, compared to normal tissue that are
predominantly enriched with repressive histone
marks (Rajendran et al. 2011) (Fig. 15.3). In
human glioma biopsies, the expression levels of
DNMT1 and DNMT3B were shown to coregulate
the methylation status of the apoptosis-related
BIRC5, TMS1, and CASP8, but not of other
apoptosis-related genes such as BCL2, BCL2L2,
and BAX, indicating that DNMTs could orches-
trate the emergence of the apoptosis evasion phe-
notype in glioma by mediating the regulation of
distinct apoptosis-associated genes (Hervouet
et al. 2010).

A similar overexpression of DNMTs was
observed for medulloblastoma patients, with the
overexpression of DNMT3B being the most com-
mon (Pócza et al. 2016). Yet, no correlation was
found between the expression levels of DNMTs
and the age of onset, histological subtype, or
overall survival in medulloblastoma (Pócza et al.
2016).

Apart from transcriptional dysregulation of
DNMTs, their targeting to specific genomic loci
could cause the alterations in DNA methylation
signatures seen in the different types of brain,
mediating pathophysiological processes and/or
therapy resistance. Emerging evidence proposes
lncRNAs to orchestrate the recruitment of epige-
netic writers such as DNMTs or histone
modifying complexes to specific genomic sites
(Wang et al. 2015; Jain et al. 2016; Xiong et al.
2018). Modern research has enabled genome-
wide studies of tumor samples, which have
identified a great number of lncRNAs implicated
in various types of cancer (Bhan et al. 2017).
Even though lncRNAs were shown to directly
interact with DNMTs as well (Wang et al.
2015), relatively little is known about this inter-
action in the context of cancer. Recent studies
have begun to slowly close the gap in literature,
with the lncRNA–DNMT interactions having
been demonstrated in renal, breast, and thyroid
cancer (Wu et al. 2018; Song et al. 2019; Zhao
and Hu 2019). In GBM, an overexpression of the
lncRNA HOTAIRM1 was found to promote



tumor growth and upregulate the expression of
the oncogene HOXA1 by evicting DNMTs, G9A,
and EZH2, leading to the demethylation of H3K9
and H3K27 and a reduction in DNA methylation
levels (Li et al. 2018). In TMZ-resistant glioma,
the lncRNA SNHG12 was shown to be
upregulated due to a loss of DNA methylation in
its promoter region, with clinical studies
evidencing poor survival of GBM patients in
presence of an SNHG12 overexpression
(Lu et al. 2020).
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15.10.4 Crosstalk of DNMTs
and miRNA-Mediated
Translational Control

In addition to the transcriptional level within the
nucleus, lncRNAs but also small non-coding
RNAs (sncRNA) such as microRNAs (miRNAs)
can modulate post-transcriptional events in the
cytoplasm (Wei et al. 2017). miRNAs can regu-
late the expression of target genes on a post-
transcriptional level by binding to complementary
sequences in mRNA molecules and silencing
them (Bartel 2009). The expression of many
miRNAs is increased or decreased in brain cancer
leading to dysregulations in cellular pathways
involved in proliferation, apoptosis, cell survival,
and metastasis (Li et al. 2013; Haltom et al.
2020). The expression of miRNAs can be
modulated via DNMT-mediated DNA methyla-
tion, underlining the crosstalk between the two
epigenetic regulatory mechanisms (Chuang and
Jones 2007). Indeed, this was evidenced by Zhou
et al. (2015), as DNMT1 expression was shown to
be downregulated in a TMZ-resistant GBM cell
line compared to the control, leading to a
hypomethylation of the miR-20a promoter and
an increase in its expression. The overexpression
of DNMT1 was shown to suppress miR-20a
expression and restore sensitivity to TMZ,
highlighting the crucial role of DNMT1 in the
development of chemoresistance in glioma. Con-
versely, miRNAs are able to influence the expres-
sion of DNMTs. In a previous study, miR-152-3p
was shown to directly target DNMT1 and lower
its expression (Sun et al. 2017). Due to the

downregulation of miR-152-3p in GBM tissue
and glioma cells, the expression of DNMT1
was found to be increased, leading to a
hypermethylation of the tumor suppressor gene
NF2 and its subsequent downregulation. Both the
overexpression of miR-152-3p and the knock-
down of DNMT1 were shown to result in a rescue
of NF2 expression, increased apoptosis, and
reduced invasive activity (Sun et al. 2017).

In summary, abnormal DNA methylation
signatures seen in brain cancer could be attributed
to alterations in the recruitment and activity of
DNMTs in distinct genomic regions, rather than a
global loss or gain of their activity, as the global
hypomethylation is accompanied by a concomi-
tant hypermethylation of specific genomic loci.
Indeed, preclinical studies, where DNMT activity
was inhibited in in vivo and in vitro models of
glioma, have shown efficacy (Rajendran et al.
2011), but have not been translated into success-
ful therapies so far (Stewart et al. 2009). Beyond
changes in the expression levels or activity of
DNMTs, understanding how DNMTs target or
avoid distinct loci in the genome, which results
in the global hypomethylation and the local
hypermethylation seen in cancer, remains the
most challenging problem to this date, and solv-
ing it might be the key in discovering epigenetic
biomarkers or therapies for cancer.

15.11 Conclusions

DNMTs are widely and distinctively expressed in
different cell types of the brain, being implicated
in orchestrating brain development, functionality,
and age-related processes. Their dysregulated
expression and function have been proposed to
be implicated in a wide range of diseases, includ-
ing neurodevelopmental and neuropsychiatric
disorders, neurodegenerative diseases as well as
brain cancer. However, to approach their full-
blown potential as therapeutic targets, we need
to dissect their interactome, mechanisms of tran-
scriptional regulation, context-specific targeting
to specific genomic sites, and regulation of their
activity. DNMTs have been shown to crosstalk
with histone modifying and miRNA-mediated
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mechanisms, and to bind specific lncRNAs. How
are these specific interactions and the recruitment
to distinct genomic sites achieved? What role do
post-translational modifications of the different
DNMTs play in this diverse spectrum of
interactions? These questions have to be
addressed in cell-type specific contexts. The enor-
mous progress that has been achieved in
sequencing-based technologies, allowing single
cell resolution even at multi-omics level, might
provide an answer to these challenging questions
in the near future. Furthermore, we need to com-
bine multi-omics approaches with functional
readouts, reaching a higher integrational level of
analyses. CRISPR-Cas mediated epigenomic and
genomic editing in combination with iPSC
approaches might allow the development of
targeted and personalized therapeutics, even for
so-far incurable diseases of the brain.
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Abstract

DNA methylation is the most studied epige-
netic modification, and altered DNA methyla-
tion patterns have been identified in cancer and
more recently also in many other complex
diseases. Furthermore, DNA methylation is
influenced by a variety of environmental
factors, and the analysis of DNA methylation
patterns might allow deciphering previous
exposures. A number of techniques to study
DNA methylation either genome-wide or at
specific loci have been devised using a limited
number of principles for differentiating the
methylation state: (1) methylation-sensitive/
dependent restriction enzymes, (2) antibody
or methyl-binding protein-based enrichment,
or (3) chemical or enzymatic conversion,
(4) direct sequence readout. Second-
generation sequencing has largely replaced
microarrays as a readout platform and is also
becoming more popular for locus-specific
DNA methylation analysis. In this chapter,
the currently used methods for both genome-
wide and locus-specific analysis of
5-methylcytosine as well as its oxidative
derivatives such as 5-hydroxymethylcytosine

are reviewed in detail and advantages and
limitations of each approach are discussed.
Furthermore, emerging technologies avoiding
PCR amplification and allowing a direct read-
out of DNA methylation are summarized,
together with novel applications, such as the
detection of DNA methylation in single cells
or in circulating cell-free DNA.
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of methylation
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Matrix-assisted laser desorption/
ionization time-of-flight mass
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16.1 Introduction

Epigenetic phenomena are mediated by a variety
of molecular mechanisms including post-
translational histone modifications, histone
variants, ATP-dependent chromatin remodeling,
small and other non-coding RNAs, and DNA
methylation (Tost 2008a). These diverse molecu-
lar mechanisms are all closely intertwined and
stabilize each other to ensure the faithful propa-
gation of epigenetic states over time and espe-
cially through cell division. Epigenetics and the
analysis of epigenetic modifications have come to
a central stage for many developmental and bio-
medical questions and the advent of second-/next-
generation sequencing (NGS) has revolutionized
the way of interrogating the epigenome.

In this chapter, I will provide a comprehensive
overview of the technologies for the genome-
wide and locus-specific analysis of DNA methyl-
ation, the best-studied epigenetic modification.
As the description of all methods used for the
different applications of DNA methylation analy-
sis is beyond the scope of this chapter, I will
concentrate on the most widely used methods,
powerful emerging concepts as well as
approaches that are or have the potential to be
used in the clinics.

16.1.1 DNA Methylation

In mammals, DNA methylation is the most prev-
alent DNA modification and is almost entirely
found on the fifth position of the pyrimidine ring
of cytosines in the context of CpG dinucleotides
(Bird 2002). 5-methylcytosine (5mC) accounts
for ~1% of all bases whereby the majority
(75%) of CpG dinucleotides throughout mamma-
lian genomes is methylated. Methylation of
cytosines in the context of CpHpG or CpHpH
sequences (where H is A, C, or T) has been
detected in embryonic stem cells, brain, and
plants, but is rarely found in other somatic mam-
malian/human tissues. DNA methylation can
have profound effects on gene expression, is cru-
cial for proper development, and is implicated in



disease processes, particularly tumorigenesis
(Baylin and Jones 2011), but more recently also
connections to other complex diseases, including
autoimmune, allergic, and inflammatory diseases,
neurodegenerative, psychiatric, and metabolic
disorders have been discovered (Rydbirk et al.
2020; Kabesch and Tost 2020; Fraszczyk et al.
2022; de la Calle-Fabregat et al. 2022; McCartney
et al. 2022; Miceli-Richard et al. 2016; Hop et al.
2022; Fogel et al. 2017; Marshall et al. 2020).
Online repositories list hundreds of thousands of
associations between DNA methylation and
diseases or phenotypic traits (Xiong et al. 2022;
Huang et al. 2021; Battram et al. 2022). DNA
methylation might act as memory of both internal
and external environmental influences to which
the cells of an organism have been exposed. The
variety of epigenetic modifications in mammalian
DNA has further increased with the discovery of
5-hydroxymethylcytosine (5hmC) and its oxida-
tive derivatives, 5-formyl (5fC) and
5-carboxylcytosine (5caC). These modifications
are formed from 5-methylcytosines by a catalytic
oxidation mediated by the Ten-eleven transloca-
tion (TET) proteins and appear during DNA
demethylation (Kriaucionis and Heintz 2009;
Tahiliani et al. 2009). 5hmC is, however, not
only an intermediate of the DNA demethylation
process, but has also distinct regulatory functions.
5hmC levels change dynamically during embry-
onic development and are important for cell line-
age specification (Wu et al. 2018; Lopez et al.
2017). 5hmC is depleted from active promoters,
which normally show an overall low level of
methylation, but enriched in distant regulatory
elements such as enhancers and transcribed
regions/gene bodies (Skvortsova et al. 2017).
5hmC has been detected in nearly all mouse
embryonic tissues, but with the exception of
brain tissue and bone marrow only very low
levels (0.2–0.05% of all cytosines) are found in
adult tissue (Ruzov et al. 2011; Globisch et al.
2010; Wagner et al. 2015).
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As a covalent DNA-based modification, which
is technically relatively easy to investigate, DNA
methylation has been intensively studied since the
1980s and is the best-studied epigenetic mark. For
the analysis of DNA methylation patterns

sensitive and quantitative methods are required
to detect even subtle changes in the degree of
methylation, as biological samples often represent
a heterogeneous mixture of different cells, for
example tumor and non-tumor cells from tissue
biopsies or DNA extracted from peripheral blood
mononuclear cells (PBMCs). Realizing the
importance of epigenetic changes in development
and disease, a large number of technologies for
the study of DNA methylation have been devel-
oped in the last years. No single method has
emerged as the “gold” standard technique
unifying cost-efficiency, throughput, quantitative
accuracy and sensitivity, possibility for whole-
genome analysis, and precise investigation of
individual CpG positions. Therefore, the choice
of the method mainly depends on the nature of the
fundamental or biomedical research problem and
the required answer to be provided by the analy-
sis. A major advantage of DNA methylation anal-
ysis is that it can be carried out on DNA isolated
from nearly all biological tissues or body fluids as
DNA methylation marks seem to be stable even
under prolonged storage conditions. It has, for
example, been shown that DNA from the blood
spots of Guthrie cards can be reliably extracted
for up to 20 years with a quality suitable for
genome-wide DNA methylation analyses
(Ghantous et al. 2014). Archived specimens
fixed in a variety of fixatives are also suitable
for DNA methylation analysis, but to a different
degree. Despite suffering from large damage and
modification of the nucleic acids (Srinivasan et al.
2002), DNA from Formalin-Fixed Paraffin-
Embedded (FFPE) samples can be used for
locus-specific analyses of DNA methylation
patterns using, for example, pyrosequencing
(Leong et al. 2013) or after a ligation and
amplification-based repair step for genome-wide
analysis using the Infinium BeadChips (Thirlwell
et al. 2010). However, alternative fixatives such
as PaxGene based preservation proved superior in
terms of accuracy and reproducibility compared
to FFPE specimens (Andersen et al. 2014).

Although DNA methylation is technically eas-
ier to handle and the requirements for
pre-analytical sample processing are less stringent
compared to the analysis of RNA and protein



r

modifications, several challenges are nonetheless
associated with the analysis of DNA methylation
patterns in tissues. Biological specimens are com-
posed of a large number of different cell types,
each associated with its own DNA methylome
and appropriate control of the cellular composi-
tion needs to be carried out for complex material
using either careful pathological examination,
complementary molecular methods, e.g., for
assessing the tumor percentage (Van Loo et al.
2010) or statistical methods, e.g., for blood cell
composition (Houseman et al. 2012). These
points are, of course, also valid for the analysis
of RNA or protein-based biomarkers. Heteroge-
neity at the level of DNA methylation, which is
transformed into polymorphisms of the target
sequence through bisulfite conversion, might
also be problematic for some of the technologies
used for the assessment of DNA methylation
levels in a candidate region, when primers fail to
amplify, e.g., partially methylated molecules
(Mikeska et al. 2010; Alnaes et al. 2015). Further-
more, the exact location for DNA methylation
analysis might not have been fully optimized to
identify positions with the largest DNA methyla-
tion difference (Koch et al. 2018). Another yet
unanswered question is under which conditions
and to which extent accessible tissues such as
blood, urine, or saliva can be used as surrogates
for the target organ, if the primary disease organ
is not available for analysis. All these reasons
contribute to the current situation that despite a
large amount of literature and studies performed,
currently few DNA methylation-based
biomarkers are used in clinical diagnostic assays
(Beltran-Garcia et al. 2019; Taryma-Lesniak et al.
2020).
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16.2 Principles of DNA Methylation
Detection

Several generations of genome-wide methods for
DNA methylation analysis have been developed
adapting to different analytical supports with
increasing levels of resolution and coverage.
Except for the highly popular epigenotyping
arrays, NGS-based technologies have largely

replaced microarrays as the readout platform for
DNA methylation analysis and the latter are
therefore not covered in this review. Historical
methods for DNA methylation analysis have
been reviewed in Tost (2008b) and Harrison and
Parle-McDermott (2011).

The main approaches for the discrimination of
methylation are based on four main principles:

1. Enzymatic methods including notably
methylation-sensitive restriction
endonucleases, i.e., enzymes that are blocked
by methylated cytosines in their recognition
sequence (Bird and Southern 1978) are widely
used for the analysis of methylation patterns in
combination with their methylation-
insensitive isoschizomers. Although methods
based on methylation-sensitive restriction
enzymes are simple and cost-effective and
might be able to distinguish between
methylcytosine and its oxidative derivatives,
they are hampered by the limitation to specific
restriction sites, as only CpG sites found
within the recognition sequences of restriction
enzymes can be analyzed (Fazzari and Greally
2004). Information complementary to that
obtained by methylation-sensitive restriction
digests can be obtained by the methylation-
dependent restriction enzymes such as
McrBC (Stewart et al. 2000).

2. Antibody and protein-based enrichment:
The methylated fraction of a genome can be
enriched by precipitation with a bead-
immobilized antibody specific for
5-methylcytosine following a protocol similar
to chromatin immunoprecipitation (ChIP) and
analyzed on microarrays (Weber et al. 2005)
or by sequencing (Down et al. 2008; Feber
et al. 2011). Similar results can be obtained
by affinity purification of methylated DNA
with methyl-binding domain (MBD) proteins
such as MeCP2 (Brinkman et al. 2010) o
MBD2 in combination with MBD3L1
(Rauch and Pfeifer 2005).

3. Chemical or enzymatic conversion: The
most widely used approach consists of the
chemical modification of genomic DNA with
sodium bisulfite. This chemical reaction
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induces hydrolytic deamination of
non-methylated cytosines to uracils, while
methylated cytosines are resistant to the con-
version under the chosen reaction conditions
(Frommer et al. 1992; Shapiro et al. 1974).
This method translates the methylation signal
into a sequence difference. After performing
PCR, the methylation status at a given position
is manifested in the ratio of C (former
methylated cytosine) to T (former
non-methylated cytosine) and can be analyzed
as a virtual C/T polymorphism spanning the
entire allele frequency spectrum from 0-100%
in the bisulfite-treated DNA. A number of
commercial kits have been developed which
allow the user-friendly conversion of genomic
DNA from various sources. Bisulfite conver-
sion can also be directly applied to suspended
cell pellets with similar technical performance
(Verhoef et al. 2021). Nonetheless, the chemi-
cal treatment degrades a significant amount of
the input DNA leading to the loss of a substan-
tial amount of the starting material (Holmes
et al. 2014). Furthermore, dependent on DNA
quantity, quality, and conversion protocol
incomplete or overconversion of DNA can
lead to specific artifacts (Genereux et al.
2008). Specific quality control assays have
been developed, which allow for the accurate
quantification of total, amplifiable converted
and unconverted DNA after bisulfite treatment
(Campan et al. 2009). Furthermore, the differ-
ence in GC content for different molecules
induced by the bisulfite conversion and
depending on their former DNA methylation
status might influence in a DNA polymerase
dependent manner their amplification effi-
ciency and optimal annealing temperature.
Therefore, the preferable amplification of
unmethylated or methylated DNA is a com-
mon complication for methods including PCR
amplification of bisulfite-treated DNA
(Warnecke et al. 1997; Grunau et al. 2001).
Several methods have been devised for the
potential correction of the amplification bias,
including single-molecule PCR (Chhibber and
Schroeder 2008), addition of betaine to the

PCR (Voss et al. 1998), inclusion of CpGs in
the sequence of the amplification primers
(Wojdacz and Hansen 2006), and/or variation
of the annealing temperature (Shen et al.
2007). Nonetheless all these methods cannot
be generally applied, but have to be carefully
tested using standards with a known degree of
DNA methylation at the specific locus of inter-
est. Another important problem might arise
from clonal amplification during the PCR
amplification following bisulfite conversion
leading to an ostensible faultless readout but
which is not representing the true distribution
of DNA methylation in the original sample
(Zhang and Jeltsch 2010). Technical replicates
of the bisulfite conversion or at least the PCR
amplification or the addition of molecule-
specific barcodes during the first strand syn-
thesis can help to detect such problems (Zhang
and Jeltsch 2010; Miner et al. 2004). It should
also be noted that standard bisulfite conversion
protocols cannot discriminate between
5-hydroxymethylcytosine and
5-methylcytosine, which are converted with a
similar efficiency. However, as in most tissues
the relative abundance of 5hmC is much lower
than the abundance of 5mC, bisulfite conver-
sion remains a valid approach for many
research questions. Specialized protocols
such as oxidative bisulfite sequencing (Booth
et al. 2012) or TAB-seq (Yu et al. 2012) are
required to avoid any potential influence of
concomitant hydroxymethylation on accurate
quantification of DNA methylation. Methods
for the specific analysis of
5-hydroxymethylation are detailed in Sect.
16.9 of this chapter.
To avoid the strong degradation induced by
the bisulfite conversion, alternative protocols
using an enzymatic conversion strategy
including EM-seq and TAPS-seq have been
developed (Vaisvila et al. 2021; Liu et al.
2019).

4. The direct readout of DNA methylation
patterns can be achieved using nanopore or
zeptowell sequencing approaches (Song et al.
2012; Flusberg et al. 2010; Clarke et al. 2009).
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For Nanopore sequencing, a single-stranded
DNA molecule is passed through a pore and
the different physical properties of the bases in
the DNA lead to changes in the electrical cur-
rent as a short sequence stretch (k-mer) pass
the pore. As the change in current is DNA
sequence specific, it allows reconstitution of
the DNA sequence. As methylated cytosines
within a k-mer induce a different change com-
pared to unmodified cytosines, Nanopore
sequencing can be used for the direct readout
of the DNA methylation patterns (Simpson
et al. 2017).

Depending on the requirements for resolution,
coverage, quantification, and throughput, these
four main assay principles have been combined
with PCR, microarray, or sequencing-based read-
out technologies. Nowadays, NGS methods have
largely replaced microarray-based readouts,
because they allow a truly genome-wide discov-
ery of differentially methylated CpGs and/or
regions, they require in most cases a lower
starting amount of DNA and limit DNA amplifi-
cation during the analysis, thereby reducing
potential amplification biases, and typically pro-
vide a more quantitative readout.

16.3 Global Methylation Content
of a Sample

Methods for the analysis of global DNA methyl-
ation levels in a sample determine the overall
5-methylcytosine content or changes affecting
the entire epigenome, respectively. They do,
however, not provide any information about the
static or dynamic patterns of DNA methylation in
the genome. 5-methylcytosine can be
differentiated from its unmethylated counterpart
by the different mass or polarity of the two bases
(cytosine and 5-methylcytosine), which can be
used for chromatographic or mass spectrometric
separation (Wiebers 1976; Eick et al. 1983; Fraga
et al. 2002; Berdasco et al. 2009). The
5-methylcytosine content is measured after
hydrolysis to mononucleosides, and comparison
to an internal standard enables quantification.

Particularly since the discovery of the oxidative
derivatives of 5-methylcytosine, the mass spec-
trometry detection has become very popular,
which is also due to its exquisite sensitivity and
the low amounts of required starting material
(Globisch et al. 2010; Le et al. 2011). Less accu-
rate quantification of the global methylation con-
tent can also be made with a variety of ELISA-
based assays (Kremer et al. 2012). A number of
commercial kits are available, but normally they
are much less sensitive than mass spectrometric
or chromatographic methods enabling only the
detection of large changes in the DNA methyla-
tion content.

Bacterial methyltransferases, e.g., SssI, trans-
fer a methyl group from the universal methyl
donor S-adenosyl-L-methionine to unmethylated
CpG positions. The methyl acceptor assay makes
use of these enzymes and analyzes the amount of
incorporated radioactively labeled methyl groups
into a sample (Bestor and Ingram 1983). The
measured amount of radioactive label of a given
sample correlates thus inversely with the degree
of its DNA methylation prior to labeling. Simi-
larly, the cytosine extension assay combines
methylation-sensitive restriction digestion and
single-nucleotide extension with radio- or fluores-
cently labeled dCTP complementary to the gua-
nine 50 overhang created by the digestion
(Pogribny et al. 1999; Bönsch et al. 2004). The
pyrosequencing-based Luminometric Methyla-
tion Assay (LUMA) is based on the differential
digestion of a sample with a methylation-
sensitive endonuclease or its methylation-
insensitive isoschizomer and the successive dis-
pensation of four nucleotides complementary to
the overhang created by the endonucleases
(Karimi et al. 2006). The pyrosequencing-based
analysis of repetitive elements such as Alu and
LINE1 elements has also been widely used as
surrogate for the global DNA methylation level
(Yang et al. 2004; Choi et al. 2009) and is often
used as a complement to BeadChip-based
epigenome-wide association studies (EWAS)
(Rousseaux et al. 2020; Jedynak et al. 2022).
Methods analyzing the total amount of
5-methylcytosine in a sample are used to analyze
and follow global DNA methylation changes



induced by demethylating pharmaceutical agents
in patients with hematological malignancies at
various time points of treatment (Mund et al.
2005; Liu et al. 2007; Kantarjian et al. 2006), to
investigate the efficacy of novel demethylating
agents (Balch et al. 2005), to detect and predict
the outcome of various human cancers (Hur et al.
2014; Inamura et al. 2014) as well as to detect and
quantify the effect of environmental exposure on
the DNA methylome (Bollati et al. 2007;
Marques-Rocha et al. 2016).
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In situ hybridization methods with antibodies
directed against 5-methylcytosine or its oxidative
derivatives allow the measurement of the methyl-
ation content and its potentially cell-type specific
distribution. They can be used to visualize the
modified bases in the cell nuclear context (Miller
et al. 1974; Rougier et al. 1998; Salvaing et al.
2015). As only clustered methylated CpGs preva-
lent in, for example, repeat elements can be
recognized at the chromosomal level, methylation
patterns at relatively small loci such as CpG
islands contribute little to the overall staining
profile.

16.4 Whole Methylome Analyses

Although potentially confounded by the presence
of 5-hydroxymethylcytosine, whole-genome
bisulfite sequencing or MethylC-seq can be con-
sidered as the current gold standard for the
genome-wide identification of differentially
methylated regions at single-nucleotide resolu-
tion. This technology is currently used in a num-
ber of international large-scale projects to map the
methylomes of various human tissues and cell
types (Adams et al. 2012; Roadmap Epigenomics
et al. 2015; Schultz et al. 2015; Bujold et al.
2016). It overcomes the limitations of cloning
and Sanger sequencing, a low-throughput method
limited to a small number of loci of interest, in
which the quantitative resolution was limited by
the number of clones analyzed (in most studies <
20). Furthermore, whole-genome bisulfite
sequencing avoids problems with the primer
design that often introduces multiple biases
(Grunau et al. 2001; Warnecke et al. 2002).

However, this unprecedented quantitative and
spatial resolution that is currently transforming
DNA methylation analysis comes at a high cost,
requires substantial sequencing depth to obtain a
proper and even coverage and necessitates pro-
found bioinformatic expertise and resources.
Although low-coverage bisulfite sequencing can
yield some information about global DNA meth-
ylation alterations, it does not yield reliable locus-
specific information (Popp et al. 2010). For the
identification of differentially methylated regions,
a sequencing coverage of 5–10� is
recommended, while for association analysis
based on single CpG, a coverage of at least 20�
is required (Ziller et al. 2015), while the IHEC
consortium even recommends a coverage of at
least 30�. Beyond this level of coverage,
resources should be rather dedicated to sequence
more biological replicates rather than obtain a
higher coverage—at least for samples with high
cellular homogeneity. The Roadmap consortium
therefore suggested the sequencing of two
biological replicated with a combined coverage
of 30�. However, even at 30� coverage, only
half of differentially methylated CpGs can be
detected as assessed by saturation analysis
(Libertini et al. 2016).

The most widely used whole-genome bisulfite
sequencing protocol (Fig. 16.1) consists of the
fragmentation of genomic DNA, adapter ligation,
bisulfite conversion, and limited amplification
using adapter-specific PCR primers. While
initially several micrograms of DNA were
required to perform whole-genome bisulfite
sequencing, the replacement of electrophoresis
and gel extraction steps by magnetic beads has
enabled to create libraries suitable for sequencing
from ng of input material (Urich et al. 2015).
Libraries have been reported to be constructed
from even less input material, but require in
most cases a high number of PCR cycles (up to
25 cycles (Kobayashi et al. 2012)), inducing
potentially a large bias for the estimation of the
DNA methylation levels and a much more sub-
stantial sequencing effort to obtain a homoge-
neous and sufficient coverage. To assess the
bisulfite conversion efficiency, DNA of the bac-
teriophage λ, which contains only unmethylated
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Fig. 16.1 Schematic outline of the three most commonly used approaches for whole-genome bisulfite sequencing (from
left to right): MethylC-seq, PBAT, and tagmentation-based WGBS. Details of the procedures are given in the text



cytosines, is spiked in the reaction. Mapping the
reads against the bisulfite-converted genome of
the phage and counting any remaining cytosines
allows to identify problems of bisulfite conver-
sion and estimate the conversion rates. A large
number of programs have been developed to per-
form the quality control, pre-processing steps
(such as adaptor, barcode, and quality score
trimming), mapping the reads to a bisulfite-
converted reference genome, scoring of DNA
methylation levels (count statistics), and identifi-
cation of differentially methylated CpG positions
(DMCs) and regions (DMRs) (Adusumalli et al.
2015). This method has been widely used for the
methylome analysis of a large number of
organisms and plants, as well as human tissues,
and ~90–95% of the cytosines present in the
genome are routinely covered at a 30� sequenc-
ing coverage (Lister et al. 2009; Lister et al. 2008,
2011; Li et al. 2010a; Chalhoub et al. 2014; Lyko
et al. 2010; Guo et al. 2014).
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As the Watson and Crick strands of the DNA
are no longer complementary after bisulfite con-
version, after PCR amplification and the synthesis
of the DNA complementary to either the Watson
or Crick strand a bisulfite-converted genome does
contain four distinct strands. As DNA methyla-
tion is mostly symmetrical, the MethylC-seq pro-
tocol employs directional sequencing library
construction and will analyze only two of the
four strands. A variation of the MethylC-seq pro-
tocol creating non-directional libraries allows
capturing all four strands of a bisulfite-treated
genomic DNA using an alternative sequencing
adaptor strategy (BS-seq (Cokus et al. 2008)).
While allowing a more comprehensive mapping
of cytosines, this strategy requires a large amount
of input DNA and comes at the cost of a more
complex bioinformatics analysis. Therefore, this
approach has been rarely used (Popp et al. 2010).
Similarly, whole-genome pre-amplification of
bisulfite-treated DNA has been proposed as an
alternative to obtain sufficient material for
sequencing (Kobayashi et al. 2012), however,
the accuracy and reproducibility of the whole-
genome amplification are still under debate, as it
is prone to bias, especially if low amounts of input
DNA are used (Bundo et al. 2012). Furthermore,

there is a polymerase dependent bias toward
highly methylated DNA for WGBS, which
might skew the DNA methylation measurement
(Ji et al. 2014; Olova et al. 2018). To avoid the
amplification bias, an amplification-free protocol
for WGBS based on two rounds of adaptor
ligations has been devised and shown an
improvement in GC bias, but has so far been little
used (McInroy et al. 2016).

A variation of the protocol, called
tagmentation-based WGBS (T-WGBS) has been
developed. Tagmentation is based on a hyperac-
tive variant of the prokaryotic Tn5 transposase
that randomly fragments DNA and tags ends
with the sequencing adaptors that can be subse-
quently used for amplification. While initially
used for low-input genome sequencing (Adey
et al. 2010), the approach has been adapted to
the analysis of genome-wide DNA methylation
analysis (Tn5mC-seq or T-WGBS (Adey and
Shendure 2012; Wang et al. 2013; Weichenhan
et al. 2018)) (Fig. 16.1), single-cell RNA
sequencing (Brouilette et al. 2012), chromatin
accessibility (ATAC-seq (Buenrostro et al.
2013)), transcription factor binding sites and his-
tone modifications (Schmidl et al. 2015; Kaya-
Okur et al. 2019). As the tagmentation requires
double-stranded DNA as a substrate for the trans-
position reaction, it is performed prior to the
bisulfite conversion. Transposase complexes are
loaded with methylated oligonucleotide (except
for the 19 bp transposase recognition sequence)
to retain sequence identity after the bisulfite treat-
ment and enable the use of the standard amplifi-
cation primers. A second complementary
methylated adaptor is added replacing the
transposase recognition sequence and ligated
using gap repair. Double-stranded DNA
fragments are bisulfite converted and subse-
quently PCR amplified to append the outer, flow
cell compatible primers. The protocol can be car-
ried out with very little input (down to 10 ng), as
the tagmentation step removes the need for the
multiple steps of the conventional protocol for
library preparation (DNA shearing, 30 end repair,
adenylation, and adapter ligation). The presence
of unmethylated nucleotides during the gap repair
step serves as internal control for bisulfite



conversion efficiency and abolishes the need for
DNA spike-ins. On the other hand, the
incorporation of methylated cytosines during
this step improves sequencing performance. It
enables sequencing to be initiated in sequences
with a GC content comparable to unconverted
genomic DNA before sequencing the bisulfite-
treated stretches of DNA, optimizing the cluster
passing filter in the initial sequencing cycles and
addressing a historical challenge with Illumina
short-read sequencing (Lu et al. 2015). Further
optimizations to the protocol include the addi-
tional use of custom oligos to amplify a single
of the two complementary strands abolishing the
need of specific pre-methylated adaptors as well
as the use of spike-ins with a high GC content for
base equilibration during sequencing (Suzuki
et al. 2018). The tagmentation reaction has been
shown to be little affected by the GC content
(Adey and Shendure 2012). Up to 96% of CpGs
can be covered with this approach and ~70% of
reads align to the genome, a number slightly
lower compared to the standard MethylC-Seq
protocol. However, the coverage has been
shown to be slightly more uniform compared to
the standard MethylC-seq (Adey and Shendure
2012). Overall, MethylC-seq and T-WGBS do
yield highly similar results in terms of methyla-
tion levels and coverage of the genome and there
seems to be no sequence bias for the insertion of
the transposase (Wang et al. 2013). Of note,
T-WGBS has been found unsuitable for the anal-
ysis of DNA extracted from FFPE tissue (Wang
et al. 2013).
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A potential drawback of both the MethylC-seq
and the tagmentation-based protocol is that the
adaptors are ligated to the DNA fragments prior
to the bisulfite conversion. One problem related to
this is that the treatment of DNA with sodium
bisulfite leads to a substantial degradation of
DNA and reduces significantly the amount of
amplifiable DNA through the induction of double
strand breaks between the adaptors. Therefore,
protocols performing the adaptor tagging after
bisulfite treatment (PBAT: Post-Adaptor Bisulfite
Tagging) have been devised and shown to enable
efficient library construction from as little as
125 pg of DNA (Miura et al. 2012) and even

single cells (Smallwood et al. 2014). The protocol
can be performed without amplifications as origi-
nally devised (Miura et al. 2012), and combined
with amplification, which allows to sequence the
methylomes of rare cell populations, such as pri-
mordial germ cells or zygotes (Kobayashi et al.
2012; Peat et al. 2014; Kobayashi et al. 2013;
Shirane et al. 2013). Adaptor tagging is
performed with two rounds of random primer
extension using oligonucleotides with a random
tetramer sequences at the 30-end of the amplifica-
tion primers containing the Illumina adaptor
sequences. Primers are biotinylated to allow cap-
ture of the biotinylated fragments after the first
strand synthesis on magnetic beads. When
starting from ~100 ng of DNA, this method
allows for the routine PCR-free construction of
libraries for methylome-wide sequencing (Miura
et al. 2012), thereby avoiding the problem of high
PCR duplicate rates that is frequently occurring in
PBAT protocols due to the preferential binding of
the random amplification primers when the
library has insufficient complexity and diversity.
Variations of the PBAT protocol, which are partly
used in commercial kits, include the use of ran-
dom hexamer priming, followed by extension and
30 end tagging, the ligation of proprietary adaptor
constructs, or the Splinted Ligation Adaptor Tag-
ging (SPLAT) protocol, in which adaptors with
random hexamers are consecutively ligated to the
30 and 50 ends of the bisulfite-treated template
prior to PCR amplification (Raine et al. 2017).

A number of commercial kits for WGBS are
currently available. The performance of these
commercial products has been benchmarked in
several studies, revealing large differences in a
variety of quality metrics such as sequencing
quality score, coverage of CpGs and genome-
wide uniformity, library fragment size, GC bias
and duplicate reads (Olova et al. 2018; Raine
et al. 2017; Zhou et al. 2019; Nair et al. 2018;
Daviaud et al. 2018; Morrison et al. 2021; Foox
et al. 2021). Amplification-free PBAT has shown
to yield global DNA methylation levels close to
mass spectrometry-based measurements and
outperformed classic WGBS protocols, which
tend to overestimate DNA methylation levels for
some genomic regions with high methylation



levels (Olova et al. 2018; Zhou et al. 2019).
However, other benchmark studies experienced
suboptimal coverage and sequencing quality met-
ric due to the little amount of material recovered
from the amplification-free PBAT protocol
(Morrison et al. 2021). Evaluation of the different
steps in both the classic MethylC-seq and the
PBAT protocol showed that the bisulfite conver-
sion step is the major cause for biased DNA
methylation level estimation, which was
increased through PCR amplification (Olova
et al. 2018).
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Alternative approaches based on enzymatic
and chemical conversion methods such as
EM-seq or TAPS-seq have been developed
(Vaisvila et al. 2021; Liu et al. 2019). Enzymatic
methylation conversion (EM) is a recent technol-
ogy, which yields data similar to bisulfite conver-
sion, but using an enzymatic method instead of
the chemical conversion (Vaisvila et al. 2021).
Methylated cytosines are sequentially, enzymati-
cally oxidized to hydroxy-, formyl- and eventu-
ally carboxymethylated cytosines using TET2.
Subsequently, unprotected, i.e. formerly
unmethylated cytosines, are deaminated to uracils
using APOBEC proteins. Following PCR,
unmethylated cytosines are represented as
thymines, while methylated cytosines lose their
protective modifications and will be represented
as cytosines. Enzymatic conversion is supposed
to allow for lower amounts of input material as it
fragments less the DNA compared to bisulfite
conversion and avoid some of the technical biases
observed with the chemical conversion. It was
recently shown to outperform chemical
conversion-based protocols yielding notably
larger library insert sizes and higher library com-
plexity for both standard and low-input library
preparation (Morrison et al. 2021; Foox et al.
2021; Han et al. 2021), improved conversion
efficiency (Sun et al. 2021), and the lowest num-
ber of reads to obtain a 20 x coverage (Foox et al.
2021). However, although promising, the tech-
nology has not yet been widely used and potential
problems and technical biases still need to be
comprehensively assessed.

TAPS-seq uses the TET1 dioxygenase to oxi-
dize both 5mC and 5hmC to 5caC, and pyridine

borane reduces 5caC to dihydrouracil, which is
subsequently read as thymine (Liu et al. 2019).
Both EM-seq and TAPS-seq have recently been
shown to enable long read sequencing and phas-
ing of DNA methylation patterns over kilobases
of DNA (Sun et al. 2021; Liu et al. 2020a).

16.5 Genome-Wide Methylation
Analyses Using NGS

Whole methylome analyses covering each CpG in
the genome at single base resolution remain com-
plex and resource intensive when aiming for a
reasonable coverage of at least 20–30� on a
given CpG site and are, therefore, not yet feasible
in large cohorts. Furthermore, it has been shown
that more than half of all reads do not contain
even a single CpG dinucleotide and are thus with-
out any information for DNA methylation analy-
sis, making suboptimal use of the sequencing
capacities of current sequencers (Ziller et al.
2013). Furthermore, many CpGs will not show
variable DNA methylation under any condition.
Therefore, several approaches have been devel-
oped to concentrate on the “potentially informa-
tive” fraction of the genome (Table 16.1). These
approaches make use of either sequence features
such as the CpG density or use antibody, protein,
or chemical labeling-based methods to enrich the
methylated or unmethylated fraction of the
genome. However, it should be kept in mind
that all of them will only analyze part of the
CpGs present in a genome and none does provide
a comprehensive analysis of the methylome.

16.5.1 Bisulfite-Based Methods

Reduced Representation Bisulfite Sequencing
(RRBS (Meissner et al. 2005, 2008; Gu et al.
2011)) is currently the most popular alternative
to WGBS, as it requires significantly less
sequencing and CpG-rich regions that are
enriched by restriction enzyme digestion are rela-
tively well-covered (Meissner et al. 2008; Bock
et al. 2010; Harris et al. 2010). RRBS makes use
of a methylation-insensitive restriction
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endonuclease with a CG-rich recognition
sequence, such as MspI, which cuts between the
two Cs in the target sequence CCGG, which is
frequently found in CpG islands and promoter
regions. After a size selection step, the generated
DNA fragments representing approximately 1%
of the entire genome are subsequently used for a
standard library construction using methylated
adaptors followed by bisulfite conversion.
RRBS requires about 30 times less sequencing
reads than WGBS and interrogates approximately
2–4 M CpGs covering 80% of CpG islands and
60% of promoters, but only ~10% of enhancers,
which are often located in CpG poor regions
(Smith et al. 2009). Furthermore, the method
lends itself to automation and can be used to
analyze large cohorts (Smith et al. 2009; Boyle
et al. 2012; Klughammer et al. 2018). Typically,
more than 70% of the expected MspI fragments
are detected by sequencing (Kacmarczyk et al.
2018). However, this corresponds to only ~10%
of the 28 million (M) CpGs in a human genome,
mainly in regions of high CpG density, such as
CpG islands. Increased coverage of CpGs can be
obtained by selecting two population of MspI
fragments of different sizes, which are subse-
quently bisulfite converted and PCR amplified in
parallel prior to pooling of the two fractions and
sequencing (Akalin et al. 2012; Garrett-Bakelman
et al. 2015). An alternative approach to target
regions and genomic features of interest consists
of using combination of several different restric-
tion enzymes optimized for the desired fragment
size and target regions (Lee et al. 2014; Kirschner
et al. 2016; Martin-Herranz et al. 2017; Tanas
et al. 2017). The number of covered CpGs will
thereby depend on the number of fragments cre-
ated by the restriction enzyme(s) and the selection
of the fragments with a certain length. Notably,
RRBS can be performed from minute amounts of
DNA and especially for non-human samples, for
which no Infinium Methylation BeadChips exist,
RRBS is probably the most cost-efficient method
to obtain comprehensive high-resolution and
quantitative methylome data, with as little as
20M sequencing reads approaching saturation
(Bock et al. 2010). However, non-uniform cover-
age of CpGs across samples might be an issue and

many CpG poor regions might be missed. Fur-
thermore, the possibility to investigate regions of
particular interest will depend on the presence of
nearby restriction sites.
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An alternative approach for large-scale
methylome sequencing uses long probes to cap-
ture DNA for regions of interest, reducing
sequencing costs by approximately ~90% com-
pared to standard WGBS. This capture can be
performed using either oligonucleotide
microarrays (Hodges et al. 2009) or solution-
based hybridization (Lee et al. 2011) and capture
can be performed on the bisulfite-converted
fragments (Hodges et al. 2009) or prior to bisul-
fite conversion (Lee et al. 2011). Solution-based
hybrid methods present clear advantages in terms
of flexibility and specificity. They make use of
biotinylated RNA baits to capture regions of
interest (Lee et al. 2011), similarly as in standard
exome sequencing for the detection of genetic
variations (Gnirke et al. 2009). If the capture is
performed prior to conversion, this method
requires an increased amount of input DNA,
with little DNA being recovered after
hybridization, necessitating a high number of
PCR cycles after bisulfite treatment. Only one of
the two DNA strands is generally captured during
hybridization, which allows maximizing the num-
ber of regions than can be captured simulta-
neously. Furthermore, the harsh conditions of
the bisulfite treatment can further reduce the com-
plexity of the captured fragments. If capture is
performed after bisulfite conversion, the design of
probes complementary to all possible alleles
generated by the bisulfite conversion is required to
avoid the preferential capture of molecules with a
distinct DNA methylation pattern. While captur-
ing pre-amplified bisulfite-converted DNA on a
microarray (Hodges et al. 2009) can partially
circumvent the problem of the required starting
material, this approach leads nonetheless to a
reduced percentage of “on-target” sequences
compared to the capture after conversion-based
methods (~10% vs. 80%).

Capture probes can be custom designed and
predesigned products enabling the capture of
promoters, and CpG islands are nowadays com-
mercially available. Agilent’s SureSelect™



human Methyl-seq covers ~3% of the genome
(84 Mb), corresponding to ~1/7 of all sequencing
accessible CpG sites (3.7 M CpG sites (Borno
et al. 2012)). The Tru Seq EPIC panel from
Illumina captures ~107 Mb of DNA including
3.3 M CpGs, while Arbor Biosciences focuses
on smaller panels of ultraconserved sequences in
different evolutionary classes. The same technol-
ogy also allows customized capture panels
targeting regions of interest (Ivanov et al. 2013;
Morselli et al. 2021), which are currently avail-
able from several vendors. Although the required
amount of starting material has been significantly
reduced since the method was originally devised
(from 20 to 30 μg (Lee et al. 2011) to 0.5–3 μg
(Kacmarczyk et al. 2018; Walker et al. 2015)), it
remains one of the major drawbacks of these
methods. This requirement is mainly due to the
fact that the capture is generally carried out after
adapter ligation and prior to the bisulfite conver-
sion proscribing an amplification step. Further-
more, the high number of PCR cycles that need
to be performed following the release of the cap-
tured fragments potentially distorts the DNA
methylation values. To avoid a too high number
of PCR amplification cycles after bisulfite treat-
ment of the released DNA fragments, DNA from
several hybridizations can be pooled prior to
bisulfite conversion (Lee et al. 2011). However,
recent advances show the feasibility of a post-
bisulfite adaptor tagging (PBAT) protocol, reduc-
ing significantly the amount of required material
(Miura and Ito 2015). The design of custom cap-
ture arrays targeting a high number of specific
regions of interest makes this approach competi-
tive to RRBS, which costs substantially less, but
might also be less suited if specific regions of
interest are not easily accessible by a (combina-
tion of) restriction digests.
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The SeqCap Epi CpGiant from Roche/
NimbleGen, which has now been discontinued,
allowed for a reduced input of DNA (250 ng–
1 μg) compared to the SureSelect MethylSeq
system and was performed on a whole-genome
bisulfite sequencing (WGBS) library by using
capture probes complementary to methylated,
unmethylated, and partially methylated targets
after bisulfite conversion (Walker et al. 2015;

Allum et al. 2015; Li et al. 2015a). Up to 5.5M
CpGs in ~80 Mb of the human genome could be
interrogated simultaneously at single-nucleotide
resolution. A sophisticated design in combination
with the use of long probes allowed for a very
efficient capture and focused on only regions of
interest at much increased coverage compared to
WGBS (Allum et al. 2015). The probe design did
allow pre-amplifying the sequencing library prior
to capture and thereby starting from smaller
amounts of input material compared to other cap-
ture approaches. In contrast to all other capture
approaches, the CpG Giant captured CpGs on
both strands allowing to assess strand methylation
symmetry.

In a direct comparison the Illumina, Roche,
and Agilent off-the-shelf capture products,
which do not target the same CpGs, showed a
similar performance capturing well the targeted
regions with few off-target regions being covered
and methylation values for CpGs measured by
different protocols correlated well with each
other (Kacmarczyk et al. 2018). Due to the design
of the capture arrays, enriched coverage in CpG
island surrounding regions and promoters devoid
of CpG islands is achieved compared to RRBS
and the capture approaches cover more targeted
regions at higher coverage, allowing a more pre-
cise quantification. Capture approaches require
increased amount of starting material, but are
less sensible to the quality of the DNA
(Kacmarczyk et al. 2018). The main advantage
of the capture approaches remains the possibility
to design custom panels targeting regions of inter-
est or focus on specific genomic features for
organisms, for which no BeadChips are currently
available.

Several technologies have been developed that
allow the rapid generation of a large number of
amplification products simultaneously. Padlock
probes are horseshoe shaped oligonucleotides
with their both ends complementary to a
bisulfite-converted sequence surrounding a CpG
of interest (Deng et al. 2009; Ball et al. 2009). The
region complementary to the target is filled in by
a polymerase and the padlock probe is
circularized, which protects it against an exonu-
clease digestion used to remove linear DNA. The



target regions are PCR amplified using primers
with molecular barcodes and sequencing
platform-specific adaptors annealing to the com-
mon backbone of the padlocks, and subsequently
sequenced. This approach allows analyzing tens
to hundreds of thousands of CpGs (Deng et al.
2009; Ball et al. 2009; Diep et al. 2012). As the
primer design and set-up of padlock probes
requires significant upfront investment, as well
as expertise in the design and some optimization,
these technologies are most suited for the analysis
of DNAmethylation patterns of a large number of
loci in either large cohorts or in a routine setting
with a fixed panel of target regions.
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16.5.2 Affinity and Antibody-Based
Enrichment Methods

In contrast to the above-described sequencing
assays, several methods have been developed,
which yield enrichment values for the methyla-
tion states over genomic regions, but do not pro-
vide quantitative values of DNA methylation
levels at individual CpGs. Genome-wide DNA
methylation profiles with such a region-specific
resolution can be obtained using methylated DNA
immunoprecipitation (MeDIP (Weber et al.
2005)) or enrichment with methylated-CpG bind-
ing proteins (Brinkman et al. 2010; Serre et al.
2010), which will yield alterations at the level of
regions, but not single nucleotides. Several
proteins are commonly used for MBD sequencing
approaches, including MBD2 and MECP2, and
the inherent principle of affinity purification of
methylated DNA is known under several names:
MBD isolated genomic sequencing (Serre et al.
2010), MCip (Gebhard et al. 2006), MBD-seq
(Li et al. 2010b), or MethylCap-seq (Brinkman
et al. 2010), or MIRA-seq (Jung et al. 2015)
(Table 16.1). Although MBDs might display a
certain target specificity and MBD columns
enrich methylated DNA significantly, they do
not fully purify methylated sequences (Selker
et al. 2003). When single base resolution is not
required, these technologies provide a compro-
mise for DNA methylation studies in large
cohorts at a reasonable cost, which the methods

covering all CpGs at single-nucleotide resolution
are not yet able to deliver. Furthermore, these
approaches are specific for the analysis of
5-methylcytosine and therefore allow
distinguishing 5-methylcytosine from
5-hydroxymethylcytosine (Williams et al. 2011;
Wu et al. 2011). The latter can be analyzed using
specific antibodies against
5-hydroxymethylcytosine, as described in the
section on methods for the analysis of
5-hydroxymethylcytosine (Sect. 16.9). The shift
to NGS as a readout platform has significantly
increased the accuracy, as the microarray-based
protocols required a whole-genome amplification
step, which led to a substantial bias in CpG-rich
regions (Robinson et al. 2010). Nonetheless, it
should not be forgotten that standard
amplifications using, e.g., the Illumina adaptors
are tailored to a specific GC content and regions
with very high or low GC content might still be
subject to amplification bias.

One of the major advantages of MeDIP-seq is
the simplicity of the protocol and its resemblance
with widely used ChIP-seq protocols, as well as
the possibility for automation (Taiwo et al. 2012).
Briefly, genomic DNA is fragmented using ultra-
sound or acoustic shearing and (unmethylated)
sequencing-platform specific adaptors are ligated
to the fragmented DNA. This step has to be
performed prior to the immunoprecipitation as
the immunoprecipitation yields single-stranded
DNA, which is incompatible with standard library
preparation protocols (Taiwo et al. 2012).
Methylated DNA is immunoprecipitated with
high affinity and specificity with an antibody
against 5-methylcytosine, and most commercial
suppliers provide the same monoclonal antibody.
Immunoprecipitated fragments are released from
the beads, PCR amplified and sequenced.
Improved and automated protocols allow for the
standardized high-throughput analysis of samples
with little starting material (Taiwo et al. 2012).
The number of sequencing reads in MeDIP-seq
depends on both the DNA methylation level and
the CpG content of the sequence. Computational
algorithms are therefore required to account for
this bias in amplification and to convert signal
intensities into a methylation percentage (Down



et al. 2008; Pelizzola et al. 2008; Huang et al.
2012; Xiao et al. 2015). As most CpGs in a
mammalian genome are methylated, MeDIP-seq
allows to cover approximately 70% of all CpGs
(Taiwo et al. 2012).
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In combination with the complementaryMeth-
ylation-sensitive Restriction Enzyme sequencing
(MRE-seq) approach, which makes use of
methylation-sensitive restriction enzymes to map
unmethylated cytosines within restriction recog-
nition sites at single-nucleotide resolution (see
also Sect. 16.5.3), a comprehensive coverage of
~80% of the CpGs in the human genome can be
obtained (Li et al. 2015b).

MeDIP-seq does not provide data with single-
nucleotide resolution, which needs to be obtained
by locus-specific analyses such as (pyro)-
sequencing or mass spectrometric analysis of the
regions of interest and thus requires extensive
follow-up studies. However, partial data on the
DNA methylation patterns at single-nucleotide
resolution can be obtained by bisulfite conversion
of the immunoprecipitated methylated DNA
fragments. However, as the fragments are
enriched for completely methylated molecules
(Sengenes et al. 2010), information of variable
DNA methylation patterns will be lost and the
observed profiles might not be representative of
the methylation states of the original sample.

In an alternative approach, the methylated
fraction of a genome is isolated by affinity purifi-
cation of methylated DNA with MBD proteins.
Of the different MBD proteins, MBD2b has the
highest affinity for methylated DNA (Fraga et al.
2003). For the affinity-based enrichment with
MBD proteins, genomic DNA is sonicated prior
to capture with the respective MBD protein cou-
pled to a solid support, such as streptavidin beads.
Following the capture reaction, the bound
methylated DNA can be eluted as a single fraction
or in several fractions using increasing
concentrations of salt in the elution buffer,
which enables to target fractions with a specific
CpG density, because fragments with a high den-
sity of CpGs are eluting last. As double-stranded
DNA is recovered from the elution, the library
preparation can be performed after affinity purifi-
cation. MBD-seq methods can also be applied to

fragmented DNA, such as DNA extracted from
FFPE tissues. It is amenable to very high through-
put through automation, and the analysis of very
large cohorts including 1500 samples (750 schizo-
phrenia patients and 750 controls) has been
reported (Aberg et al. 2012). Information at
single-nucleotide resolution can be obtained by
bisulfite conversion of the captured DNA and
subsequent massively parallel sequencing
(Brinkman et al. 2012).

In the Methylated-CpG Island Recovery Assay
(MIRA), a glutathione S-transferase (GST)-
tagged full-length MBD2b is used to bind
sonicated methylated DNA fragments and the
affinity to methylated-CpG dinucleotides is fur-
ther enhanced in a dose-dependent manner by the
addition of the MBD3-like-1 protein (Rauch and
Pfeifer 2005). The combined effect significantly
improves the sensitivity of the assay and a single
methylated-CpG dinucleotide allows for capture
of the corresponding DNA molecule. Ligation of
oligonucleotide linkers to enzymatically digested
DNA prior to affinity chromatography permits
efficient amplification of eluted fractions and
subsequent analysis of input DNA and MIRA-
enriched amplification products by NGS (Jung
et al. 2015; Choi et al. 2010). Of note, as the
capture is performed on double-stranded DNA,
library preparation can be performed both before
or after the enrichment step. There are a number
of commercial kits for MBD sequencing on the
market which have been benchmarked,
highlighting some differences in performance
between the different kits (De Meyer et al. 2013;
Aberg et al. 2015). As for MeDIP-seq, CpG den-
sity and GC content of the fragmented DNA are
major biases affecting the efficiency of the affin-
ity purification, as well as the subsequent
sequencing (Robinson et al. 2010). Therefore,
computational approaches have been developed
for background estimation, to correct for CpG
coverage and CpG density in reads (Lan et al.
2011; Riebler et al. 2014).

Instead of using antibody or protein affinity
purification, methylated cytosines can also be
chemically modified after oxidation with Tet
enzymes, followed by the attachment of a biotin
group (TAmC-seq (Zhang et al. 2013)). After



protection of 5hmC with a glucose moiety
(as described in Sect. 16.9 on the analysis of
5-hydroxymethylation (Song et al. 2011)),
methylated cytosines are oxidized to
hydroxymethylated cytosines using a catalyti-
cally active fragment of the Tet enzyme, modified
with a glucose molecule with an azide group,
which by “click”-chemistry can be used for the
labeling with biotin or other chemical tags. This
label can subsequently be used to enrich selec-
tively for sequences with methylated cytosines.
Although this method has been demonstrated to
have less density bias and allow a more even
coverage, it has been little used probably due to
its multi-step protocol and the fact that some of
the reagents might not be readily available in all
laboratories.
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Both MBD-seq and MeDIP-seq are well suited
for the identification of differentially methylated
regions, and when correctly accounted for CpG
density, they can distinguish between methylated
and unmethylated regions with a precision similar
to RRBS (Bock et al. 2010; Harris et al. 2010),
Infinium BeadChips (Harris et al. 2010; Clark
et al. 2012), or the mass spectrometry-based
EPITYPER assay (Nair et al. 2011). The quanti-
tative accuracy is nonetheless reduced for regions
with intermediate DNA methylation levels such
as CpG island shores (Harris et al. 2010; Irizarry
et al. 2008) and despite the advantage of having a
higher coverage of the genome compared to
RRBS, substantially more sequencing is required
(40–60M reads for MBD/MeDIP vs 20M reads
for RRBS) (Bock et al. 2010). Both technologies
suffer from false-positive signals in repetitive
CpG-rich regions, in which minor methylation
differences are amplified through the enrichment,
while copy number variation do not generally
seem to influence the DNA methylation profile
(Bock et al. 2010; Robinson et al. 2010). There
are also some differences in the target distribution
between MeDIP and MBD (Nair et al. 2011).
While MBD-seq enriches preferentially CpG
islands and regions with high CpG density,
MeDIP does also enrich for methylated CpGs in
regions with low CpG density and in general the
signal over baseline ratio is lower for MeDIP
(Bock et al. 2010; Robinson et al. 2010; Nair

et al. 2011). In practice this means that MeDIP
will require a significantly higher number of reads
to capture all methylated cytosines compared to
MBD-seq and might identify less DMRs at the
same read depth. Nonetheless, MeDIP was found
to display the best coverage for the whole genome
and especially for gene body regions (Walker
et al. 2015). Furthermore, while MeDIP can
detect methylated cytosines in any sequence con-
text, the MBD-based approaches will only detect
CpG methylation. If the target organism might
contain methylated cytosines in other sequence
contexts, such as in plants, MeDIP will allow
for a more comprehensive DNA methylation
profiling. Of note, the CpG density of the DNA
fragments eluted for sequencing using the
MBD-seq approaches can be modulated by
using different salt concentrations for elution
(Serre et al. 2010). The absence of methylation
is difficult to assess using these enrichment
methods as a lack of reads in a given region can
be due to the absence of methylation, but could
also be due to technical problems, such as lack of
amplification or just chance.

Complementary information on unmethylated
cytosines and regions of the genome can be
obtained using an enrichment technology that
has been termed mTAG-seq (Kriukiene et al.
2013). Unmodified cytosines are chemically
modified using an engineered M.SssI
methyltransferase and synthetic AdoMet analogs
containing activated amine or azide groups ,
followed by chemoselective tagging of the
AdoMet analog with a covalent biotin molecule,
which is subsequently used for enrichment and
sequencing.

16.5.3 Sequencing Approaches Using
Methylation-
Sensitive/Dependent
Restriction Enzymes

Methylation-sensitive restriction endonucleases,
i.e., enzymes that are blocked by methylated
cytosines in their recognition sequence (Bird
and Southern 1978), have been widely used in
the past for the analysis of methylation patterns in



combination with their methylation-insensitive
isoschizomers. There are about 50 methylation-
sensitive restriction enzymes known, but few of
them are available in combination with a
methylation-insensitive isochizomer. One of the
most commonly used pairs of enzymes is HpaII/
MspI; both recognize and cleave the four base
palindrome C^CGG in double-stranded DNA,
but while MspI cleaves the DNA independent of
the methylation status of the inner CpG, HpaII is
unable to cleave when the second cytosine is
methylated (C^meCGG). Although methods
based on methylation-sensitive restriction
enzymes are simple and relatively cost-effective
as they do not require any special instrumenta-
tion, they are hampered by the limitation to spe-
cific restriction sites, as only CpG sites found
within these sequences can be analyzed. For
example, only ~4% of CpG sites in
non-repetitive sequences are located in HpaII rec-
ognition sites and only 0.03% can be cleaved by
NotI (Fazzari and Greally 2004). The fraction of
the genome interrogated is often arbitrary and not
associated with a specific functionality. In addi-
tion, methods using these enzymes might be
prone to false-positive results due to incomplete
cleavage and some sequences are intrinsically
resistant to digestion if not appropriately con-
trolled. For example, non-CpG methylation on
cytosines or DNA adducts in the vicinity of the
cleavage site might influence the restriction
capacity of an enzyme. Digestions are therefore
difficult to perform on material extracted from
formaldehyde-fixed paraffin-embedded (FFPE)
samples. Although in many cases restriction
enzyme-based approaches have been replaced
by more quantitative sequencing methods
allowing the more rapid identification of altered
DNA methylation levels at higher spatial resolu-
tion, a few protocols are still in use and have been
successfully transferred to NGS instruments,
which permit a more quantitative analysis of the
isolated (methylated or unmethylated) fraction of
the genome (Table 16.1).
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Methylation-sensitive Restriction Enzyme
sequencing (MRE-seq) identifies unmethylated-
CpG sites at single CpG site resolution by
sequencing size-selected fragments from parallel

DNA digestions with a number of methyl-
sensitive restriction enzymes (e.g., HpaII, Hin6I
and AciI) and covers ~ 1.7M of the 29M CpG
sites in the human genome (Maunakea et al.
2010). After restriction digestion and size selec-
tion, Illumina adaptors are ligated to the DNA
fragments, PCR amplified and sequenced using
short-read (50 bp) single-end sequencing, thereby
identifying unmethylated CpG sites within the
restriction sites with single base resolution.
Interrogation of the methylated fraction of the
same sample by MeDIP-seq, described in more
detail in the previous section, yields complemen-
tary information and the combined use of
MRE-seq and MeDIP-seq allows for genome-
wide DNA methylation analysis at high coverage
and resolution, while limiting the biases of each
technology (Li et al. 2015b). The combined
approach analyzes up to 22M of the 29M CpGs
of the human genome and the quantitative accu-
racy of the methylation levels obtained by MeDIP
in regions with low or intermediate DNA methyl-
ation is improved (Harris et al. 2010). Similarly,
the methylated fraction of the genome can also be
interrogated using methylation-dependent restric-
tion enzymes of the mrr-like family (FspEI,
MspJI, LpnPI, AspBHI, etc.) used in the
MethylRAD assay, which creates small
fragments of 32 nucleotides around a methylated
cytosine which are subsequently sequenced
(Wang et al. 2015a). A very similar protocol to
MRE-seq, termed Methyl-MAPS, isolates both
the methylated and unmethylated fraction of the
genome by using the methylation-dependent
restriction endocuclease McrBC and a combina-
tion of several restriction enzymes, respectively,
prior to library preparation and paired-end
sequencing (Edwards et al. 2010).

Digital Restriction Enzyme Analysis of Meth-
ylation (DREAM) is based on sequential cuts of
the genomic DNA with a pair of restriction
enzymes (SmaI and XmaI) at CCCGGG target
sites (Jelinek et al. 2012, 2018). Unmethylated
sites are first digested with SmaI. This enzyme
cuts the sites in the middle at CCC^GGG, leaving
behind blunt-ended fragments. CpG methylation
completely blocks SmaI; therefore, only
unmethylated sites are cleaved. In the next step,



the remaining methylated sites are digested with
XmaI, which is not blocked by CpG methylation.
It cuts the recognition site sideways at
C^CCGGG forming 50-CCGG overhangs. The
sequential cuts thus create distinct methylation-
specific signatures at the ends of restriction
fragments: 50-GGG for unmethylated CpG sites
and 50-CCGGG for methylated sites. The DNA
fragments resulting from the digestions are
ligated to barcoded NGS adapters, libraries with
distinct barcodes are pooled and sequenced using
a paired-end protocol. The sequencing reads are
aligned to the genome and mapped to unique
CCCGGG target sites. Methylation at individual
CpG sites is calculated as the digital counting of
sequencing reads with the methylated signature to
the total number of reads mapping to the site.
Quantitative accuracy can be improved using
spike-ins with defined levels of DNA methylation
at the enzyme recognition sites (Jelinek et al.
2018). Sequencing of 25 million reads per sample
typically yields accurate determination of DNA
methylation levels at 50,000 unique CpG sites
with high coverage (Jelinek et al. 2012), but
results of good quality have been reported with
as little as eight million reads (Kitazawa et al.
2021). Due to its cost effectiveness, high repro-
ducibility, and good correlation with other read-
out technologies such as the 450K array and
RRBS, the technology continues to be used
(Kitazawa et al. 2021; Yamazaki et al. 2021).
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For the analysis of gene-specific methylation
patterns or individual CpG positions, methods
using methylation-sensitive endonucleases have
largely been replaced by PCR-based methods fol-
lowing treatment of genomic DNA with sodium
bisulfite, although as mentioned briefly in Sect.
16.6, they are still used and do provide some
advantages when combined with high-throughput
qPCR and multiplex amplification systems.

16.5.4 Epigenotyping Arrays

With whole-genome bisulfite sequencing being
not yet affordable at a large scale, and given the
low resolution of antibody and methyl-binding
protein enrichment of methylated DNA,

epigenotyping technologies have emerged as an
alternative tool for the identification of differen-
tially methylated regions and DNA methylation-
based biomarkers. Epigenotyping technologies,
such as the Infinium Human Methylation 450K
or EPIC BeadChip (Illumina Inc., CA, USA)
generate a methylation state-specific “pseudo-
SNP” through bisulfite conversion, thereby trans-
lating differences in DNA methylation patterns
into sequence differences that can be analyzed
using quantitative genotyping methods (Bibikova
et al. 2009, 2011). The 450K BeadChip has dra-
matically expanded the genome coverage com-
pared to previous generations of the BeadChip,
analyzing more than 480,000 CpG sites covering
99% of all RefSeq genes with an average of
17 probes per gene. This array is not only focused
on CpG islands, but probes are distributed over
various functional elements that are more prone to
alter their DNA methylation status in response to
environmental conditions or in cancer, such as
CpG island shores and shelfs (Irizarry et al.
2009). The 450K BeadChip was replaced by the
Illumina MethylationEPIC BeadChip in 2016. On
this BeadChip ~ 400,000 CpGs were added to the
content of the Illumina HM450array, focusing
essentially on enhancer regions identified in the
ENCODE and FANTOM5 projects, thereby
extending significantly the information content
of the BeadChip (Moran et al. 2016). However,
due to the cell-type specificity of distal regulatory
elements, the total number of elements covered
for any cell type remains relatively low. Nonethe-
less, the addition of the intergenic gene regulatory
regions, which do often display intermediate and
variable DNA methylation levels and might con-
tain other cytosine modifications than methyla-
tion, makes this array also suitable for the
analysis of hydroxymethylcytosine.

These arrays have been widely used for large-
scale high-throughput studies as they employ
highly standardized protocols that can be
integrated with a large degree of automation into
existing genotyping pipelines The analysis of the
results is relatively straightforward compared to
the required correction for CpG density or the
cost- and time-intensive bioinformatic
calculations when compared to sequencing-



or

based DNA methylation analysis, but requires
specific normalization protocols due to the com-
bination of two different assay chemistries on the
450K and EPIC BeadChip that display a different
dynamic behavior (Aryee et al. 2014; Morris et al.
2014; Touleimat and Tost 2012; Tian et al. 2017;
Xu et al. 2021a; Muller et al. 2019; Zhou et al.
2018; Morris and Beck 2015): The Infinium I
probes (InfI), which represent ~1/3 of the 450K
array and less than 5% on the EPIC array, convey
information about the methylation state in the
type of the bead (InfI). Two different bead codes
are used to interrogate allele—specifically the
base following an unmethylated or methylated
cytosine (T or C after bisulfite conversion) at the
same genomic location. If the 30 end of the probe
hybridizes correctly, the probe is extended with
the bases following the potential methylation var-
iable position. The extended base is thus the same
for methylated or unmethylated alleles, which
means that the fluorescent signal does not carry
any information on the methylation status. The
Infinium II (InfII) probes are attached to a single
type of beads and the methylation information is
obtained through dual channel single-nucleotide
primer extension with labeled dideoxynucleotides
on the methylation variable position of a CpG.
These probes thus take less physical space on the
microarray. The use of the two chemistries is a
compromise to ensure the coverage of a large
number of CpGs throughout the entire genome
and also in CpG island associated promoter
regions. While the InfII probes require a single
probe to interrogate a CpG positions increasing
thereby the number of CpGs potentially analyzed
on the BeadArray, they can only tolerate up to
three CpG positions in the genomic sequence
complementary to the 50-mer probe, which are
covered using degenerate bases (e.g., R (A/G))
complementary to the potentially methylated
position after bisulfite treatment. The InfI probes
tolerate more variable positions, but it should be
noted that their design assumes an identical meth-
ylation pattern (methylated or unmethylated) of
CpGs present in the 50-mer probe sequence.
Therefore, InfI probes are more adequate to ana-
lyze CpG positions in regions of high CpG den-
sity such as CpG islands. InfI/InfII are therefore

not equally distributed among functional or CpG
island-based categories present on the array.
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Although data from the BeadChips is rela-
tively easy to generate, a number of technical
issues, such as batch effects, or underlying SNPs
might confound the analyses if not appropriately
controlled for. Furthermore, the low sequence
complexity of bisulfite-converted DNA could
induce cross-hybridization events and a number
of potentially problematic probes have been
reported (Chen et al. 2013; Pidsley et al. 2016).
However, when properly handled these
epigenotyping arrays show a high reproducibility
between technical and biological replicates and
display high correlation to WGBS and RRBS
(Bock et al. 2010; Pidsley et al. 2016) as well as
locus-specific quantitative assays such as
Pyrosequencing (Roessler et al. 2012)
MethyLight (Campan et al. 2011). The technical
variability of the Infinium arrays is about two- to
three-fold lower as for WGBS and it has been
estimated that to achieve a comparable precision
as provided by the Infinium arrays, sequencing
coverage of at least 100x would be required
(Zhou et al. 2019), which at least for WGBS
would be cost-prohibitive. Nonetheless, the sen-
sitivity is reduced for extreme methylation values,
with increased DNA methylation levels for lowly
methylated regions, and lower methylation levels
for highly methylated regions compared to other
quantitative locus-specific DNA methylation
technologies (BLUEPRINT Consortium 2016).

The BeadChips can be applied to a variety of
biological specimens including fresh-frozen
samples, as well as formalin-fixed paraffin-
embedded (FFPE) samples or PAXgene
conserved samples. While DNA extracted from
fresh-frozen and FACS or MACS sorted cells can
be directly used on the array, FFPE samples,
which are the most common form of tissue pres-
ervation in pathological archives, are not suitable
for the direct use in the procedure due to the
extensive cross-linking, fragmentation and gener-
ation of apurinic/apyrimidinic sites, which all
impede enzymatic processing steps such as
whole-genome amplification, which is an essen-
tial step in the BeadChip protocol. A restoration
method for FFPE DNA uses a ligation-based



approach to obtain DNA fragments of sufficient
size (Thirlwell et al. 2010). However, there is still
a controversy about the concordance between
differentially methylated loci detected in fresh-
frozen tissue and DNA restored from FFPE tissue
(Jasmine et al. 2012). While this approach has
been found to yield relatively good results that
lead to similar biological findings to those
obtained from fresh-frozen samples (Moran
et al. 2014; Dumenil et al. 2014), it was also
pointed out that there are substantial differences,
which will prohibit a combined analysis of fresh
frozen and FFPE in the same study. PAXgene
preserved samples provide a new source for the
analysis of a wide range of biomolecules and have
shown to provide superior results compared to
restored FFPE samples (Andersen et al. 2014).
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As all bisulfite-based analysis techniques,
epigenotyping arrays are not able to differentiate
between cytosine methylation and
hydroxymethylation in a standard protocol.
Specialized protocols based on oxidative bisulfite
conversion or TET-assisted bisulfite analysis
allow for the assessment of hydroxymethylation
also on the BeadChip platform (Skvortsova et al.
2017; Stewart et al. 2015; Nazor et al. 2014).

The human Infinium arrays have also been
evaluated and used for the analysis of DNA meth-
ylation in great apes and non-human primates,
where due to their short phylogenetic distance to
human 40–70% of the available probes can be
used with high confidence (Hernando-Herraez
et al. 2013; Ong et al. 2014; Pichon et al. 2021).
Recently, an Infinium array specific for DNA
methylation analysis of 285K CpG sites in mice
was released, which will allow to accelerate DNA
methylation profiling studies in different mouse
strains and models of human disease (Garcia-
Prieto et al. 2022). Similarly, a custom array
analyzing 36K CpGs in highly conserved
sequences common to a large number of mamma-
lian species was recently devised and evaluated in
multiple species (Arneson et al. 2022). It makes
use of the tolerance of the Illumina probes to a
certain number of mismatches in the complemen-
tary genomic sequence. While initially used to
tolerate deviations from the expected
co-methylation patterns, it also allows for

maintaining efficient annealing in the presence
of species-specific sequence variations. It is how-
ever not clear if this array will be available as an
off-the-shelf product.

Despite their limited coverage of less than 3%
of the 28 million CpG sites of the human genome,
the 450K and EPIC array provide currently a
good compromise between coverage, throughput,
cost, resolution, and accuracy, permitting
genome-wide epigenome analysis by
epigenotyping. Therefore, this approach has
been rapidly adapted by the community for
epigenome-wide association studies for the anal-
ysis of a large variety of diseases and phenotypes.
Indeed, the hundreds of thousands of associations
between DNA methylation and diseases or phe-
notypic traits present in online repositories have
been established based on the different
generations of the Infinium arrays (Xiong et al.
2022; Huang et al. 2021; Battram et al. 2022).

16.6 Locus-Specific DNA
Methylation Analysis

While all the above-described technologies are
well suited for the identification of differentially
methylated genes, most have inherent biases as
described in the respective paragraphs, are still
too costly, and/or do not provide the required
analytical sensitivity and specificity for detailed
locus-specific analyses. Large DNA methylation
data sets from clinical samples are now available
and can be mined for clinical associations in
public databases or through the TCGA/ICGC
project portals. However, identified DNA
methylation-based biomarkers need to be
validated and replicated using locus-specific
methods for DNA methylation analysis. Further-
more, technologies for the potential use in a clini-
cal setting have to be cost-effective, sensitive, and
specific. It would be a non-negligible advantage if
the method can also be applied to DNA extracted
from formalin-fixed paraffin-embedded (FFPE)
clinical specimens. Furthermore, it would be pref-
erable if the analysis can be performed at a high-
throughput scale and in a relatively short time
span. In general, closed-tube assay formats



should be preferred to avoid cross contamination
and thereby false-positive results. Following the
interest in DNA methylation for the various clini-
cal applications, many technologies have been
developed for the quantitative analysis of DNA
methylation patterns or levels at specific loci,
mostly relying on the conversion of genomic
DNA with sodium bisulfite (Table 16.2). While
a large number of methods have been devised,
relatively few methods are currently in use and
are amenable to the throughput that is nowadays
required. In this chapter, only the most commonly
used methods including amplicon bisulfite
sequencing, pyrosequencing, mass spectrometry,
and real-time methylation-specific PCRs are
described in detail. In a multi-laboratory and
multi-technology benchmark study on the perfor-
mance of locus-specific DNA methylation
methods, results obtained through amplicon
bisulfite sequencing, pyrosequencing, or mass
spectrometry showed an excellent degree of
agreement to each other as well as standards
with a known degree of DNA methylation,
demonstrating that assays for the analysis of
locus-specific DNA methylation patterns are suf-
ficiently mature to be used for routine analysis of
DNA methylation-based biomarkers (BLUE-
PRINT Consortium 2016). When single-
nucleotide resolution is not required, other
methods such asMethylation-Sensitive High-Res-
olution Melting analysis (MS-HRM (Wojdacz
et al. 2008a)) orMethylation-SpecificMultiplexed
Ligation Probe Amplification (MS-MLPA
(Nygren et al. 2005)) might be useful, for exam-
ple, in case of screening for differentially
methylated regions or if a method not relying on
bisulfite treatment is required for validation (for
MS-MLPA). MS-HRM (also termed Methyla-
tion-Specific Melting Curve Analysis,
MS-MCA) makes use of the melting profiles of
PCR products for a target locus originating from
methylated and unmethylated variants of the
same template, which differ after bisulfite treat-
ment in their GC content. Therefore, the methyla-
tion status of an unknown sample can be
determined by comparing the melting profile of
the sample to calibration standards. A gradual

increase of the temperature leads to a step-wise
dissociation of the double strand in domains of
the PCR product in function of their GC content
differing between methylated and unmethylated
molecules after bisulfite treatment. The applica-
tion of this simple and cost-efficient technology,
devised a long time ago (Worm et al. 2001), was
previously limited by the toxicity of the
intercalating agent SYBR Green I for DNA
polymerases, which prohibited working at the
required saturating concentrations. Advances in
fluorescence detection technology, new
algorithms for data calculation, and the use of
novel dyes permitted the development of this
high-resolution melting analysis (HRM (Wojdacz
and Dobrovic 2007)), allowing for the rapid scan-
ning of a large number of genes for the presence
of differential DNA methylation. Careful primer
design (e.g., including or not including cytosine
residues) allows to fine tune the discriminative
window to a specific range of DNA methylation
levels, facilitating discrimination of samples with
small differences (Wojdacz et al. 2009).
MS-HRM can also be used on FFPE samples
without a major loss of accuracy in the DNA
methylation assessment (Daugaard et al. 2015).
MS-HRM has been applied to the detection of
aberrant methylation profiles in imprinting
disorders (White et al. 2007; Alders et al. 2009;
Wojdacz et al. 2008b), cancer (Balic et al. 2009;
Gupta et al. 2014) and in epidemiological studies
analyzing environmental exposure (Li et al.
2015c, 2016). Of note, this technology does not
provide DNA methylation profiles at single-
nucleotide resolution and yields only semi-
quantitative results. Moreover, correlation to
results obtained by other methods not relying on
specific DNA methylation patterns was moderate
(BLUEPRINT Consortium 2016), which will
complicate its potential implementation in clinical
diagnosis. Notably, the MS-HRM/MCA based
assays failed to detect differential DNA methyla-
tion at a substantial proportion of loci supporting
a use for qualitative purpose only (BLUEPRINT
Consortium 2016). Of note, optimized protocols
have been devised for the subsequent
pyrosequencing of the amplification products,
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which can then yield detailed information on the
methylation status of the CpGs included in the
amplification product (Candiloro et al. 2011).
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MS-MLPA has been widely used for the diag-
nosis of imprinting disorders. While initially
devised for the analysis of copy number
alterations, this technique has been useful for the
parallel analysis of up to 40 loci permitting a
comprehensive analysis for all possible variations
of DNA methylation aberrations in imprinting
disorders (Dikow et al. 2007; Priolo et al. 2008;
Henkhaus et al. 2012), the combined analysis of
genetic and epigenetic alterations in imprinting
disorders (Scott et al. 2008), as well as tumor
analysis (Serizawa et al. 2010; Homig-Holzel
and Savola 2012). Two oligonucleotides with
universal primer binding sites are annealed to a
target region or ligated in case of complete target
complementarity. A methylation-sensitive
enzyme is added to the ligation reaction digesting
unmethylated templates and reducing the amount
of ligated product. A semi-quantitative readout is
then performed using capillary electrophoresis
allowing the detection of methylation differences
of 10% or more compared to the standards. While
this technology does not rely on bisulfite conver-
sion, it might yield false-positive results if the
digestion is not complete and limits the applica-
bility of the method to targets with restriction
enzyme recognition sites.

PCR amplification following methylation-
sensitive restriction digestion is an alternative
strategy that requires substantially less DNA and
no prior bisulfite conversion treatment, which is
well suited as a rapid screening tool for differen-
tial methylation (Singer-Sam et al. 1990). Multi-
ple targets can be simultaneously analyzed by
locus-specific multiplex PCR following
methylation-sensitive restriction digestion of
genomic DNA (Melnikov et al. 2005). Additional
information on the methylation status of a target
region can be achieved by digesting the DNA
with either methylation-sensitive restriction
enzymes or methylation-dependent enzymes
such as McrBC, thus allowing to distinguish com-
plete methylation, partial methylation, or absence
of methylation in the sequence (Yamada et al.
2004). Quantification can be improved by

monitoring the increase in fluorescence by quan-
titative real-time PCR with intercalating dyes
(Bastian et al. 2005; Oakes et al. 2006). Com-
bined with microfluidic preparation of the PCR
products, this method allows the analysis of a
large number of target sequences from a very
limited amount of starting DNA (Wielscher
et al. 2015). To minimize false-positive results
due to incomplete digestion, DNA is overdigested
using a combination of several restriction
enzymes and two or better three restriction sites
have to be present within the target sequence.

16.6.1 Amplicon Bisulfite Sequencing

Established methods, such as pyrosequencing
(Tost and Gut 2007) or mass spectrometry-based
DNA methylation analysis (Ehrich et al. 2005),
which are described in more details below, allow
for the quantitative analysis of DNA methylation
in a region of interest and are well suited for the
analysis of a limited number of regions in large
number of samples, but they are difficult to
upscale if a large number of potential candidate
regions identified in genome-wide analyses have
to be verified. Amplicon bisulfite sequencing
makes use of benchtop sequencers (e.g.,
Illumina’s MiSeq) and allows generating high
levels of coverage (e.g., 100’s–1000’s �) that
yield precise measurements of the quantitative
levels of cytosine methylation. Due to the digital
counting at methylation positions, amplicon
bisulfite sequencing (together with padlock-
based protocols) reported more frequently meth-
ylation values of either 0 or 100% in a benchmark
study on the performance of locus-specific DNA
methylation methods (BLUEPRINT Consortium
2016). Amplicon bisulfite sequencing using these
instruments has become a widely used approach
for the validation of genomic regions following
methylome analyses and for answering hypothe-
sis driven research questions. In addition, due to
the sequencing of clonal clusters generated in the
sequencing machine, these methods provide
co-methylation patterns on individual molecules
within the limits of the length of the reads (up to
600 base pairs in paired-end modus on the



MiSeq). With a current output of ~50M reads for
the MiSeq, yielding between 3.8 and 15 GB of
sequence depending on the used sequencing kit,
several tens to hundreds of target regions can be
analyzed simultaneously depending on the
desired coverage and number of samples
analyzed in parallel. In a large benchmarking
study, amplicon bisulfite sequencing showed
together with pyrosequencing the best overall
performance (BLUEPRINT Consortium 2016).
Their short run time, relatively low running
costs and wide availability make them a valuable
alternative for targeted DNA methylation
analysis.
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In general, PCR amplification products are
prepared from bisulfite-treated DNA using a
two-round amplification protocol with a first pair
of target region-specific primers that contain tag
sequences to label the created amplicons with
sequences compatible for subsequent PCR ampli-
fication with the full-length Illumina p5 and p7
adaptor sequences. Molecular barcodes and full-
length adaptor sequences are added in a second
round of amplification after pooling all amplicons
from a sample. If sample quantity is limited, the
first amplification can also be performed as mul-
tiplex PCR, but this requires some more optimi-
zation for the multiplex set-up (Korbie et al.
2015). Another strategy consists of using conven-
tional amplification primers and the molecular
barcode and adaptors complementary to the
sequences immobilized on the flow cell are sub-
sequently added in a standard library preparation
protocol after pooling of the PCR products from
the first round of amplification (Jenkins et al.
2014).

An alternative protocol, termed Bisulfite
Amplicon Sequencing (BSAS), makes use of the
hyperactive Tn5 transposase (Nextera/Illumina)
for random insertion of the sequencing primers
in the amplification product after a PCR-based
targeted amplification using conventional primers
(Masser et al. 2013). Amplification of multiple
amplification products in parallel can also be
performed using microfluidic tools such as the
Fluidigm access array, amplifying simultaneously
48 target regions in 48 samples starting from as
little as 50 ng of DNA (Paliwal et al. 2013). The

Access Array uses a two-step amplification-pro-
cedure where universal forward and reverse adap-
tor sequences are added to the 50-ends of the gene-
specific amplification primers. Sample barcodes
and platform-specific sequencing primers are
added in a second round of amplification. How-
ever, this approach is unsuitable for DNA
extracted from FFPE samples (Korbie et al.
2015). Bisulfite-patch PCR is another approach
enabling multiplex amplification by using a
restriction enzyme digestion to anneal
exonuclease-resistant patch oligonucleotides and
universal primers complementary to the created
overhang, while unselected fragments are
eliminated by an exonuclease digestion (Varley
and Mitra 2010). Following bisulfite conversion,
fragments are amplified using sequencing
platform-specific universal primers. Bisulfite-
patch PCR has been shown to analyze up to
94 simultaneously amplified sequences with little
off-target sequences, however, the requirement
for a specific restriction site imposes serious
limitations on the targets that can be analyzed in
parallel. Nonetheless, multiple restriction
enzymes can be used to select different sets of
target sequences (Varley and Mitra 2010).

As for the genome-wide approaches for DNA
methylation analysis, post-bisulfite adaptor tag-
ging (PBAT) can also be applied to amplicon
bisulfite sequencing approaches, allowing to
start from as little as 10 ng of DNA and to reduce
the number of amplification cycles compared to
the standard library preparation protocol (Miura
and Ito 2015). In general, bisulfite sequencing
using next-generation sequencers with their digi-
tal readout enables a more accurate quantification
of DNA methylation levels, as they show a
reduced error of quantitation and lower standard
deviations compared to the conventional (analog)
sequencing approaches (5% vs. 5–20% (Masser
et al. 2013)). Sequencing depth of ~1000� is
sufficient for a precise measurement of the DNA
methylation levels and increasing sequencing
depth does not improve the accuracy further
(Masser et al. 2013). However, accuracy is
already very high (>99%) if only regions with a
reasonable amount of coverage (i.e. > 50�) are
used for base calling and quantitative



determination. Up to 96 samples with different
regions of interest can be currently analyzed in
parallel using conventional multiplexing
strategies such as (dual) indexing. The introduc-
tion of longer (8 base) indices as well as dual
indexing has further increased multiplexing
capabilities. Of note, the MiSeq does already
exist in a version certified for diagnostics, which
potentially allows the analysis of DNA
methylation-based biomarkers in a clinical
setting. Specialized bioinformatics pipelines
coming with the instruments or freely available
pipelines such as Bismark (Krueger and Andrews
2011) or BiQ-Analyzer (Lutsik et al. 2011) enable
convenient and standardized analysis of the
sequencing results including the demultiplexation
of individual samples, alignment to target
regions, and estimation of the DNA methylation
degree, allowing the analysis of DNA methyla-
tion in target regions without great bioinformatic
expertise.
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Ion Torrent’s PGM sequencer has also been
used for locus-specific DNA methylation analysis
(Nones et al. 2014) including to sequence the
methylation patterns of candidate genes in
circulating cell-free DNA (Vaca-Paniagua et al.
2015).

16.6.2 Pyrosequencing

Pyrosequencing® (Ronaghi et al. 1998;
Harrington et al. 2013) is a quantitative real-time
sequencing method that is frequently used for the
analysis of DNA methylation patterns and allows
for the accurate measurement of methylation
levels in a sequence of up to 100 bp (Tost and
Gut 2007; Tost et al. 2003; Dupont et al. 2004).
Pyrosequencing is based on the presence or
absence of the incorporation of a nucleotide dur-
ing primer extension (Ronaghi et al. 1998;
Ronaghi 2001). In contrast to Sanger sequencing,
which relies on the random incorporation of fluo-
rescent ddNTPs during primer extension steps,
only one specific nucleotide is present at any
time in the pyrosequencing reaction. The pyro-
phosphate (PPi) released following nucleotide
incorporation is used for the detection of

incorporation. First, PPi functions as a substrate
in combination with adenosine 50 phosphosulfate
(APS) for the ATP sulfurylase to produce ATP
(Ahmadian et al. 2006). The latter is in turn used
by luciferase to oxidize luciferin into oxyluciferin
resulting in a light emission that is stoichiometri-
cally proportional to the amount of incorporated
nucleotide (Ahmadian et al. 2006). For DNA
methylation analysis, a region of interest is
amplified after bisulfite conversion with a stan-
dard PCR with one of the two primers being
biotinylated. The biotinylated strand is captured
on streptavidin-covered beads, the complemen-
tary strand is denatured and washed away, and a
sequencing primer is annealed to the now single-
stranded template before starting the
pyrosequencing reaction. The methylation level
is determined as the ratio of the signal
corresponding to the incorporation of the
nucleotides at a cytosine in a CpG dinucleotide
corresponding to the methylated and
unmethylated bases (i.e., C and T, or G and A
when using a reverse primer). Thus,
pyrosequencing signals report the average of all
the molecules present in the reaction after ampli-
fication of the bisulfite-treated DNA. The limit of
detection of pyrosequencing has been evaluated
around 5% for the minor allele, which is far more
sensitive than Sanger sequencing (Ogino et al.
2005). Additional advantages include the possi-
bility to use cytosines outside CpG dinucleotides
as an internal control for bisulfite conversion effi-
ciency, short time to results and data analysis not
requiring sophisticated bioinformatic expertise
and resources. While the read-length of the
pyrosequencing run is restricted to 100–120
base pairs, longer amplification products can be
analyzed by serial pyrosequencing reactions,
stripping of the DNA strand synthesized during
the pyrosequencing reaction and annealing of a
new sequencing primer (Tost et al. 2006). How-
ever, the low temperature (28 �C) at which
pyrosequencing is performed due to the thermal
instability of some enzymatic components, limits
the length of the sequence that can be analyzed to
~300 base pairs, as longer amplification products
with the low sequence complexity of bisulfite-
treated DNA tend to form secondary structures



that increase background signals or impede bind-
ing of the sequencing primer. The minimally
needed amount of input DNA required for
pyrosequencing-based DNA methylation analysis
allowing highly accurate quantification is ~10 ng
(Dupont et al. 2004). Lower amounts might still
yield useful information, but reproducibility
should be verified using replicate measurements
when possible. Furthermore, for absolute quanti-
fication the use of calibration curves mixing
methylated and unmethylated DNA methylation
standards is required. Pyrosequencing is also fre-
quently used for the analysis of DNA from FFPE
tissues (Newton et al. 2014); however, amplifica-
tion products should be kept as short as possible
in this application due to the extensive degrada-
tion of the DNA during fixation and bisulfite
conversion. Pyrosequencing has shown high
inter-laboratory reproducibility and correlation
to amplicon sequencing making it well suited
for DNA methylation-based biomarker develop-
ment (BLUEPRINT Consortium 2016). Due to its
quantitative accuracy, simplicity, and short time
to results, pyrosequencing has become one of the
most widely used technologies for locus-specific
DNA methylation analysis. Following an oxida-
tive bisulfite conversion, pyrosequencing can also
be used to determine accurately the level of
hydroxymethylation in specific regions of interest
(Stewart et al. 2015).
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16.6.3 MALDI Mass Spectrometry

Mass spectrometry (MS) provides an attractive
solution for nucleic acid analysis in general and
DNA methylation analysis in particular, as it
enables direct, rapid, and quantitative detection
of DNA products measuring the molecular
weight, an intrinsic physical property of each
molecule, rather than relying on an indirect read-
out, such as a fluorescent tag. Liquid Chromatog-
raphy MS/MS is one of the most accurate
methods to precisely quantify the global level of
CpG methylation and its oxidative derivatives in
samples of clinical interest (Berdasco et al. 2009;
Godderis et al. 2015), whileMatrix-Assisted Laser
Desorption/Ionization time-of-flight Mass

Spectrometry (MALDI-MS (Karas and
Hillenkamp 1988)) has been among the most
widely used instrumental platform for the analysis
of DNA methylation patterns in specific regions
of interest. The matrix usually is a low molecular
weight organic acid with a strong absorption at
the laser excitation wavelength. It contains the
analyte molecules and is desorbed with a short
laser pulse. The ionized nucleic acid molecules
are extracted with an electric field and separated
by their masses over charge ratio in the
time of flight to a detector. The resolution of the
current generation of MALDI mass spectrometers
allows an easy distinction of nucleobase
substitutions in the mass range of
1000–7000 Da, which corresponds to DNA
sizes of 3–25 nucleobases. The methylation status
is deduced from the proportional surface area of
the peaks differing by 16 Da, corresponding to the
difference between formerly methylated and
unmethylated cytosine nucleotides after bisulfite
treatment. The dynamic range of detection of
MALDI-MS is between 2 and 3 orders of magni-
tude, yielding highly linear responses in titration
experiments and low deviations (2–3%) from the
expected values (Ross et al. 2000). Although
amenable to very high throughput through a
large degree of automation and highly parallel
analyses, MALDI-MS does not permit genome-
wide analyses as it requires the separate or
multiplexed amplification of the different target
loci. However, due to their multiplexing
capabilities, the quantitative readout of the rela-
tive abundance of products, and a simple and
reliable procedure the MALDI mass
spectrometry-based assays are valuable tools for
the identification and validation of methylation
variable positions in a gene-targeted approach
(Ragoussis et al. 2006). Therefore MALDI-MS-
based methods with their single base resolution
position themselves at the crucial follow-up
stages for biomarker validation and large cohort
analysis rather than biomarker discovery, as well
as for large-scale investigations of candidate
genes. Similar throughput for the analysis of spe-
cific CpG positions is not feasible with other
available technologies for the analysis of single
CpG positions.
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The quantitative high-resolution scanning
used in fragmentation-based approaches such as
the EpiTYPER assay (Agena Biosciences, for-
merly Sequenom Biosciences) provides a quanti-
tative readout for individual CpG sites in a target
region of up to 600 base pairs with high accuracy
(Ehrich et al. 2005). Due to the increased
amplicon size compared to many other locus-
specific analysis methods, this technology has
been proven useful to define the boundaries in
which differential DNA methylation patterns can
be detected and to identify specific CpGs that
have the greatest diagnostic potential. Starting
from ~1 μg of bisulfite-treated DNA per sample,
the region of interest is amplified using a reverse
primer with an added T7-promotor sequence,
which is subsequently used for in vitro transcrip-
tion to generate single-stranded RNA, which is
significantly more stable than DNA in MALDI
analysis. The RNA transcript is then digested
with an uracil-specific enzyme to create short
DNA fragments of a few nucleobases to adapt
the analyte size to the optimal detection window
of the instrument which are then purified to
remove counter-ions interfering with the MS
analysis. The RNA fragments are loaded on a
SpectroCHIP Array, a holder with hydrophilic
anchors pre-loaded with a solution of the matrix,
using a piezo-pipetting device and the matrix-
embedded RNA fragments are subject to analysis
on the MassARRAY Analyzer. Compared to
other techniques that are able to achieve quantita-
tive DNA methylation data on consecutive CpGs
in a region of interest, its quantitative resolution
of ~5% and a similar limit of detection for the
minor methylation allele fraction is only rivaled
by pyrosequencing (Tost and Gut 2007) and
targeted bisulfite-sequencing approaches using
NGS. The accuracy of the DNA methylation
measurements notably exceeded the one of
DNA methylation measurements with the
Infinium array (BLUEPRINT Consortium
2016). In comparative studies, results obtained
with the EpiTYPER do correlate well with those
obtained by other quantitative methods such as
pyrosequencing and bisulfite sequencing, but dif-
fer substantially from methylation-specific PCR
(MSP)-based approaches (Alnaes et al. 2015;

Claus et al. 2012). Systematic evaluation of each
step in the workflow showed that most of the
variability of the experiment was induced by
either the bisulfite treatment or the subsequent
PCR amplification, while the cleavage and the
mass spectrometric analyses contributed much
less to the variability in the observed quantitative
measurements (Ehrich et al. 2007; Coolen et al.
2007). In more than 90% of the tested samples, a
methylation difference of 10% was successfully
detected with the mass spectrometric assay
(Coolen et al. 2007). The procedure is amenable
to the analysis of DNA extracted from fresh fro-
zen, but also from FFPE tissues (Radpour et al.
2009). The EpiTYPER is one of the most widely
used methods for the analysis of gene-specific
DNA methylation patterns and it has been applied
to the large-scale analysis of DNA methylation
patterns in cancer (Radpour et al. 2009). Due to
its high throughput capacities measuring 96–384
PCR products in parallel, it is also one of the most
widely used methods for the validation of DNA
methylation variations identified in Epigenome-
Wide Association Studies (Zeilinger et al. 2013;
Tobi et al. 2014; Zhang et al. 2014).

Once the methylation patterns have been
characterized in detail, primer extension methods
such as the commercial iPLEX assay (Ragoussis
et al. 2006) can be employed to specifically target
only those CpG sites with functional relevance or
diagnostic potential in a specific biological con-
text. The iPLEX assay offers routinely a degree of
multiplexing in the low two digit range, but
27-plexes have been reported (Ragoussis et al.
2006). The key to this assay lies in the combina-
tion of the primer design for the upstream PCR
and primer extension assay combined with the
selection of terminating dideoxynucleotides.
This epigenotyping method enables the
multiplexed analysis of multiple CpG sites from
different promoter regions making full use of the
strength of the mass spectrometer in automation
and throughput. Variation of primer extension
assays using competitive primer extension with
oligonucleotide standards has also been used
for the absolute quantification of fetal DNA
in maternal plasma with high analytical sensitiv-
ity and specificity amplifying specifically



hypermethylated fetal DNA resistant to a prior
methylation-sensitive restriction digestion
(Nygren et al. 2010).
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16.6.4 Methylation-Specific PCR
and Its Quantitative Variations

Methylation-specific PCR (MSP) and its quanti-
tative real-time variations allow detecting
methylated molecules in the presence of an excess
of normal (and usually unmethylated) DNA
(Herman et al. 1996). MSP allows the amplifica-
tion of virtually any CpG sites after bisulfite treat-
ment with three pairs of primers for amplification:
complementary to the former methylated, the for-
mer unmethylated sequences, or to genomic,
unconverted DNA, respectively (Herman et al.
1996). The latter could serve as control for com-
plete bisulfite conversion, but is in practice rarely
included in the experimental design. Primers need
to hybridize to sequences with at least two meth-
ylation variable positions (CpGs) to obtain the
necessary specificity for selective amplification.
The presence or absence of an amplification prod-
uct analyzed on a conventional agarose gel
reveals the methylation status of the CpGs under-
lying the amplification primers (Fig. 16.2). MSP
has been the most widely used technology for
DNA methylation analysis, as it does not require
any expensive instrumentation and a large num-
ber of samples can be rapidly assessed. The main
advantage of MSP is the high sensitivity, which
enables the detection of one allele in the presence
of a 1000-fold excess of the other (Herman et al.
1996). However, MSP does not provide resolu-
tion at the individual nucleotide level and hetero-
geneous methylation patterns at the primer
binding sites can induce failure of amplification
(Alnaes et al. 2015; Vinarskaja et al. 2012), which
contributes to an overall lower concordance com-
pared to sequencing-based methods (BLUE-
PRINT Consortium 2016). Furthermore, the
biased amplification leads to a more qualitative
than quantitative result, making it difficult to dis-
tinguish different degrees of methylation at the
target sites. It has been shown in comparative
studies that MSP overestimates DNA methylation

levels and due to a significant number of false-
positive (and negative) results as well as the
dichotomized result of MSP, associations
between aberrant DNA methylation and clinical
parameters are less easily identified in MSP data
compared to quantitative DNA methylation
technologies (Claus et al. 2012).

Quantification can be improved and false-
positive results reduced by analyzing the MSP
product after amplification in a real-time
thermocycler by high-resolution melting analysis,
an approach, which has been termed SMART-
MSP (Kristensen et al. 2008, 2009) for Sensitive
Melting Analysis after Real Time (Fig. 16.2). This
approach makes use of a high-resolution melting
analysis, which has been described in detail above
and might be an alternative to the below described
real-time approaches, if no probe can be designed
or if the DNA methylation patterns of the ampli-
fication product are expected to be heterogeneous
complicating the prediction of the annealing
behavior of the probe. Furthermore, SMART-
MSP might enable detection of DNA methylation
patterns in samples difficult to amplify using
standard HRM or with low levels of methylation.

Real-time PCR-based methods for DNA meth-
ylation analysis, such as MethyLight (Fig. 16.2),
use the same principle as the TaqMan® assay
(Holland et al. 1991). In addition to the two
amplification primers, a probe which is dually
labeled with a fluorescent reporter and a quencher
dye hybridizes to a target sequence in the
amplified region and improves sensitivity, as
well as specificity compared to conventional
MSP. The simple one-step procedure makes
real-time methylation-specific PCRs rapid high-
throughput assays for quantitative DNA methyla-
tion analysis, which are robust and quite resistant
to carryover contamination. These approaches do
not only provide information whether molecules
with a certain methylation pattern are present in
the sample—like conventional MSP—but also
report on the fraction of them. Discrimination
between methylated and unmethylated alleles
can be achieved at different levels based on the
primers and/or the hybridization probe (Eads
et al. 2000). Although in principle primers and
probes could be designed for different



combinations of methylated and unmethylated
alleles, the most widely used approaches such as
MethyLight use primers and probes that are spe-
cific for the same methylation patterns, mostly
completely methylated molecules. Heteroge-
neous methylation patterns that display large
variations between consecutive CpGs comple-
mentary to the primers or the probe will, however,
also lead to a failure of the assay or biased quan-
titative results (Mikeska et al. 2010; Alnaes et al.
2015).
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Fig. 16.2 Methylation-specific PCR methods for the sen-
sitive detection of DNA methylation. For simplification,
only amplification with a primer complementary to a
completely methylated allele is shown. PMR: percentage
of methylated allele, a completely methylated DNA stan-
dard that is used for the calculation of the percentage of
methylation contained within a sample. All methods use
sodium bisulfite treatment prior to PCR amplification.

CpGs are depicted as lollipops, former unmethylated
CpGs are shown as empty lollipops while filled ones
correspond to former methylated CpGs. Although methyl-
ation is retained as a sequence difference after bisulfite
treatment, lollipops are shown for easier differentiation of
the alleles. Details of the different techniques are given in
the text

MethyLight can detect a single
hypermethylated allele against a background of
10,000 unmethylated alleles (Eads et al. 2000; Lo
et al. 1999). Absolute quantification of the

number of molecules corresponding to the
investigated pattern of methylation is achieved
by measuring the ratio between the gene of inter-
est and a reference gene, for example the β-actin
(ACTB) gene. MethyLight yields highly precise
and reproducible results with an average variation
of ~0.8%, with slightly larger variations induced
by different bisulfite treatments (Ogino et al.
2006). Nonetheless qMSP/MethyLight assays
achieve an overall lower concordance compared
to sequencing-based methods and there is a pro-
portion of assays where these technologies detect
DNA methylation changes, but with the opposite
direction compared to assays providing absolute
DNA methylation levels (BLUEPRINT



Consortium 2016). About twenty-fold-increased
sensitivity (limit of detection and limit of quanti-
fication) can be obtained if MethyLight is not
performed by conventional real-time, but by digi-
tal droplet PCR (ddPCR) (Wiencke et al. 2014;
Yu et al. 2015). Furthermore, with ddPCR the
quantitative accuracy is increased about seven-
fold for some assays (Wiencke et al. 2014). The
concept of using MethyLight on single molecules
was devised some time ago using limiting dilu-
tion to perform the individual MethyLight
reactions (Weisenberger et al. 2008). The use of
commercially available ddPCR machines has sig-
nificantly streamlined and simplified the assay
procedure and the readout. This has also
accelerated the development of clinically relevant
DNA methylation assays based on ddPCR
(Beinse et al. 2022; Vedeld et al. 2022; Sontag
et al. 2022). Furthermore, absolute quantification
of methylated alleles can be achieved by simply
counting the positive droplets in ddPCR, and the
use of Poisson statistics without the need for a
standard curve. Nonetheless, internal reference
standards can increase the accuracy of DNA
methylation-based measurements (Pharo et al.
2018). Hence, amplification efficiency is less of
a concern compared to the conventional
MethyLight. This method might therefore be bet-
ter suited if very few methylated alleles are
expected to be present in a clinical sample. As
ddPCR enters clinical laboratories for various
applications including mutation detection and
quantification, these instruments will probably
be widely available. Additionally, its simplified
technical use and the described advantages make
the technology one of the promising approaches
for DNA methylation analysis entering the field
of personalized medicine. Nonetheless, these
assays are significantly more expensive than nor-
mal MethyLight assays and the throughput with
current ddPCR machines is much reduced.
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The addition of a second probe marked with a
different fluorescent dye to the qPCR-based
MethyLight assay allows for the simultaneous
detection of unconverted sequences that might
co-amplify with the bisulfite-converted molecules
avoiding potential false-positive results
(ConLight (Rand et al. 2002)). Quantitative

analysis of methylated alleles (QAMA) uses a
TaqMan probe conjugated to a minor groove
binder for discrimination at single base level by
forming hyperstabilized duplexes with comple-
mentary DNAs (Zeschnigk et al. 2004).
Methylated and unmethylated alleles are simulta-
neously quantified using two probes modified
with two different fluorophores. Thus, the ampli-
fication of the bisulfite-treated DNA can be car-
ried out with primers amplifying simultaneously
the formerly methylated and unmethylated alleles
and differentiation of the methylation status of
alleles is achieved only at the probe level.

HeavyMethyl further increases the sensitivity
and specificity of real-time PCR-based assays for
the analysis of DNA methylation using
methylation-dependent blocking oligonucleotides
(Cottrell et al. 2004). In contrast to MethyLight,
amplification primers are not specific for a certain
methylation pattern, but positioned in sequence
stretches containing no CpG positions (Fig. 16.2).
Only the fluorescent probe is specific usually to a
consistently hypermethylated sequence. The
increased specificity and sensitivity are achieved
through a second pair of non-extendable (30

phosphorylated) oligonucleotides that hybridize
specifically to a methylation pattern opposite to
the investigated one, usually the unmethylated
sequence. The annealing sites of these
oligonucleotides overlap with the target
sequences for PCR amplification and thereby effi-
ciently block any amplification of the bisulfite-
converted sequence corresponding to the unde-
sired methylation pattern. HeavyMethyl was able
to specifically detect 25 pg of in vitro methylated
DNA in the background of 400 ng of
unmethylated DNA (relative sensitivity up to 1:
8000). Similar to MethyLight, a reference stan-
dard is used to identify samples with negligible
amounts of methylation. The use of four to five
different oligonucleotides contributes signifi-
cantly to the cost of the assay and the design
might be more complex compared to the conven-
tional MSP or MethyLight. However,
HeavyMethyl shows the necessary sensitivity
and specificity required for clinical applications
and it is the underlying principle of the commer-
cial DNA methylation-based diagnostic tests for



the (early) detection of colorectal cancer (Epi
proColon, Epigenomics AG, (Church et al.
2014), targeting DNA methylation in the second
intron of the Septin9 gene) or lung cancer (Epi
proLung, Epigenomics AG, (Ilse et al. 2014),
targeting SHOX2).

16 Current and Emerging Technologies for the Analysis of the Genome-Wide and. . . 431

An alternative approach uses amplification
primers that carry a 50-tail sequence complemen-
tary to a sequence that is present in the amplicon
corresponding to a specific methylation pattern
(Headloop PCR (Rand et al. 2005)). After
incorporation of the primer in the synthesized
PCR product, the tail folds back onto the template
creating a secondary structure refractory to ampli-
fication (Fig. 16.2). For example, if the tail is
complementary to an unmethylated sequence,
only methylated molecules are amplified. The
amplification is monitored in real time with
SYBR Green or TaqMan probes. The sensitivity
of the approach is similar to the others described
above detecting a methylated allele in the pres-
ence of a 4000-fold excess of unmethylated ones.

Instead of using primers complementary to a
specific methylation pattern, the COamplification
at Lower Denaturation temperature (COLD)-
PCR-based approach makes use of the different
GC content of the unmethylated and methylated
molecules after bisulfite conversion. By lowering
the denaturation temperature of the PCR, only the
unmethylated molecules, which have a lower GC
content, will be efficiently amplified, leading to
an enrichment of the unmethylated sequences in a
context of mainly methylated molecules
(Castellanos-Rizaldos et al. 2014). Methylated
molecules can be enriched using Enhanced (E)-
ice-COLD-PCR (How Kit et al. 2013) and subse-
quently analyzed at single-nucleotide resolution
using pyrosequencing (Mauger et al. 2018). In
this technology, locked nucleic acid blocker
probes are designed to prevent amplification of
unmethylated bisulfite-converted DNA, thereby
preferentially enriching the amplification of
methylated DNA molecules during the E-ice-
COLD-PCR reaction. The design of E-ice-
COLD-PCR assays is fundamentally different
from qMSP, MethyLight, or HeavyMethyl assays
as it impedes the amplification of the normal,
unmethylated state, but does not make any

requirements on the degree or the patterns of
DNA methylation in the amplified target region.
All molecules different from the blocked pattern
will be amplified and the subsequent sequencing-
based analysis gives detailed information on the
molecules that have been enriched. This differ-
ence suggests that E-ice-COLD-PCR could have
an increased sensitivity, as it does not require any
specific co-methylation patterns in the analyzed
region, which would make it well suited for DNA
methylation analysis in cell-free DNA.

As the amplicons of the different MSP variants
are small (~100 bp), these methods usually work
well with DNA of lower quality, such as DNA
extracted from FFPE samples (Herman et al.
1996). No special equipment is required for the
conventional methylation-specific PCR and real-
time PCR machines are nowadays available at
most research institutions for the quantitative
analysis of gene expression. The similarity of
the approaches described above to the real-time
expression analysis also facilitates implementa-
tion of the technology, execution of the
experiments, and interpretation of the results in
laboratories not yet very familiar with DNA
methylation analysis. The design of assays and
optimization of amplification are probably the
most important steps for MSP assays with notably
the inclusion of CpGs in the 30 end of the amplifi-
cation primers to ensure specific primer annealing
and efficient amplification of the desired locus
(Li and Dahiya 2002; Brandes et al. 2007). Sensi-
tivity and specificity vary largely between assays
depending on the primers, conditions, and probes
in case of techniques like MethyLight. Quantita-
tive MSP assays allow high-throughput screening
of a large number of clinical specimens in a single
PCR step without complicated downstream anal-
ysis. Multiplexing with methylation independent
controls normalizes for DNA input and parallel
processing of calibration standards allows the
assessment of run-to-run variability. However,
these assays do not provide information on the
DNA methylation level of individual CpGs and
heterogeneous DNA methylation patterns can
lead to a high rate of false-positive results
(Mikeska et al. 2010; Alnaes et al. 2015; Claus
et al. 2012).
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16.7 DNA Methylation Analysis
of Circulating Cell-Free DNA

DNA methylation of circulating cell-free (ccf)
DNA has received a lot of attention in recent
years, because of its potential as a stable and
amplifiable biomarker for early diagnosis, prog-
nosis, or response to treatment in various cancers
and potentially other complex diseases (Beltran-
Garcia et al. 2019; Taryma-Lesniak et al. 2020;
How Kit et al. 2012). Biomarkers capable of
distinguishing a disease state from healthy
individuals must be specific, sensitive, and detect-
able in specimens obtained through minimally
invasive procedures to be clinically applicable.
Disease specific DNA molecules can be found
in various body fluids, such as urine or sputum,
or as ccf DNAmolecules that can be isolated from
the serum/plasma of cancer patients (Ignatiadis
et al. 2021; Chakravarty and Solit 2021; Pantel
and Alix-Panabieres 2019; Heitzer et al. 2019),
individuals with autoimmune diseases (Chan
et al. 2014), as well as individuals with many
other complex diseases and physiological
conditions under which cells undergo apoptosis
and shed DNA molecules into the bloodstream
(Lehmann-Werman et al. 2016; Zemmour et al.
2018; Moss et al. 2018). There are numerous
applications for the analysis of DNA methylation
patterns and changes in cell-free DNA, including
the early detection and determination of the origin
of a cancer, making use of the tissue-specificity of
DNA methylation patterns, prognosis as well as
the surveillance of cancer patients including the
detection of minimal residual disease, relapse and
response to treatment (Moss et al. 2018; Luo et al.
2021). Particularly, the widespread occurrence of
DNA methylation changes during early phases of
cancer is hoped to overcome sensitivity problems
due to mutational heterogeneity in some cancer
types (Luo et al. 2021). Furthermore, the analysis
of DNA methylation changes should be less sus-
ceptible to confounding by polymerase-based
errors, which might lead to false-positive point
mutation calls.

A more specialized area for the analysis of
DNA methylation patterns in cell-free circulating
DNA is prenatal diagnosis. Analysis of

differences in the DNA methylation patterns
between the maternal and fetal circulating DNA
molecules has been proposed as an alternative
strategy to the analysis of DNA sequence-based
variations (Lo et al. 2021; Sun et al. 2018;
Papageorgiou et al. 2011). Circulating cell-free
fetal DNA is shed through apoptosis from the
placenta and can be isolated from maternal
plasma or serum from 5 weeks gestation. A
major analytical problem for the analysis of the
circulating cell-free fetal DNA is the high risk of
false negative results due to failure to extract or
detect sufficient material and/or due to large indi-
vidual variability in the total amount of cell-free
DNA and the contribution of the fetal component
to this total amount. Several studies have
identified a number of genomic regions that are
differentially methylated between the fetal DNA
derived from the placental tissue and the maternal
peripheral blood mononuclear cells (Chim et al.
2008; Papageorgiou et al. 2009). This epigenetic
information can be used for diagnostic purposes
by isolating the fetal DNA using methylation-
sensitive restriction enzymes (Chim et al. 2005).

Initially MALDI mass spectrometry has been
used to analyze placenta-specific DNA methyla-
tion profiles of genes located on different
chromosomes to accurately determine the fetal
portion of the circulating cell-free DNA isolated
from maternal plasma and presented the first uni-
versal biomarker for fetal DNA quantification
(Nygren et al. 2010). Target regions are
co-amplified in the presence of known quantities
of synthetic templates differing by a single nucle-
otide from the target regions enabling the accurate
quantification of the total number of fetal copies,
as well as the fraction of the fetal DNA in the
maternal plasma with high specificity and sensi-
tivity (100% and 99%, respectively) (Huang et al.
2006; Tsui et al. 2005).

Methods for the detection of DNAmethylation
in body fluids need to be highly sensitive as the
target DNA molecules are present at only very
low concentrations among an excess of DNA
from healthy cells. Furthermore, only part of the
molecules will carry the DNA methylation
patterns of interest. Therefore, high analytical
sensitivity of the method is crucial to detect the



low levels of tumor derived aberrantly methylated
DNA molecules that are present in these
specimens. The analytical specificity, i.e. the fre-
quency of false positives obtained with the
method, is also primordial for the use of a method
in the clinics. It is therefore important to verify
that the target regions are not methylated even at
low levels in leukocyte DNA. Methylation-
specific PCR (Hoon et al. 2004) and particularly
methylation-specific real-time PCR-based
methods such as MethyLight (Campan et al.
2011; Begum et al. 2011) and its ddPCR imple-
mentation (Yu et al. 2018a; Shemer et al. 2019),
HeavyMethyl (Church et al. 2014), as well as
Enhanced-ice-COLD-PCR (Mauger et al. 2018),
methylation-sensitive high-resolution melting
analysis (MS-HRM) (Yang et al. 2015a), and
MRE-qPCR (Wielscher et al. 2015) have proven
suitable for the detection of very low levels of
aberrant methylation in circulating DNA (see also
Table 16.2). Compared to the analysis of
mutations in ccfDNA, the analysis of DNA meth-
ylation patterns has the advantage that DNA
methylation changes are occurring at multiple
CpGs in a target region, the analysis is therefore
less likely to be influenced by polymerase errors
during PCR (Goldstein et al. 2017).
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The commercial Epi proColon test, which has
been approved by the Chinese FDA in July 2015
and the US FDA in April 2016 uses the
HeavyMethyl technology. It analyzes methyla-
tion in the SEPT9 gene in cell-free circulating
DNA enabling the population-wide screening
for colorectal cancer (Church et al. 2014; Warren
et al. 2011). Gene-specific assays analyzing DNA
methylation changes in cell-free circulating DNA
have recently been reviewed in detail (Warton
and Samimi 2015).

MeDIP allows the analysis of DNA methyla-
tion in cell-free DNA avoiding further degrada-
tion through the bisulfite conversion, which
makes it well suited for low-input analyses
(1–10 ng) (Shen et al. 2018). Nonetheless the
inherent problems of MeDIP remain such as the
lack of single-nucleotide resolution and a semi-
quantitative precision. Methylated DNA can also
be enriched using a methyl-binding protein as in
the MBD-seq approaches prior to NGS, but this

requires relatively large volumes of plasma to
obtain the required starting amount of 50 ng of
cell-free DNA (Warton et al. 2014).

Next-generation sequencing approaches are
becoming more and more used to identify and
monitor the presence of mutations in cell-free
DNA isolated from plasma (Newman et al.
2014; Crowley et al. 2013; Heitzer et al. 2015).
Sequencing approaches of bisulfite-treated DNA
isolated from plasma or serum are complicated by
the fact that the bisulfite treatment will further
degrade the DNA fragments reducing the amount
of amplifiable DNA, but a number of successful
examples have now been demonstrated (Chan
et al. 2014; Lun et al. 2013). Most of the
approaches for the whole-genome bisulfite
sequencing described in this chapter are compati-
ble with the DNA amount that can be obtained
from a few mL of plasma, and the only adaption
that is required is the omission of the fragmenta-
tion step as the cell-free DNA is already in a
convenient size range. Bisulfite sequencing of
the fetal methylome has been demonstrated
using genetic differences to separate maternal
and fetal derived molecules after sequencing. It
allowed the analysis of ~100,000 loci and cov-
ered ~200,000 CpGs showing a strong resem-
blance of the fetal and placental methylomes
allowing to reconstruct the fetal methylome
from maternal plasma (Sun et al. 2018; Lun
et al. 2013).

With the ample resources on DNA methyla-
tion patterns in a broad range of cancer types
being available through the TCGA and ICGC
portals, a number of studies and training
algorithms have addressed the sensitive detection
of different cancer types as well as to determine
the tissue of origin of the detected methylated
molecules (Kang et al. 2017; Li et al. 2018).
While initial studies were limited both in scope,
cancer types analyzed and number of patients
included, they showed a promising diagnostic
performance (Chan et al. 2013). Shallow WGBS
sequencing (10M reads per sample) of ccfDNA
outperformed the analysis of repetitive elements
such as LINE1 retrotransposons in cell-free DNA
(Tangkijvanich et al. 2007). Differences were
assessed by binning of the methylation densities



(reads) in 1MB intervals and comparing methyla-
tion levels between patients and controls. The
Circulation Cell-free Genome Atlas (CCGA) has
performed WGBS and large-scale targeted DNA
methylation Analysis in thousands of individuals
showing improved of DNA methylation-based
classifiers compared to genetic or copy-number
variation-based classifiers with notably an
improved limit of detection (Liu et al. 2020b).
Based on a training and validation set of more
than 2600 ccf samples (1493 cancer; 1135
non-cancer), a capture assay targeting more than
1,000,000 informative CpG positions for both the
detection of cancer and the determination of the
tissue of origin was devised and validated in more
than 4000 additional ccf samples containing both
cancer and non-cancer samples at equal
proportions yielding a specificity of >98% and a
stage-dependent sensitivity between 39 and 92%,
with the tissue of origin correctly predicted in
93% of samples which scored positive for a can-
cer (Liu et al. 2020b).
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16.8 Single-Cell DNA Methylation
Analysis

Due to the large divergence of DNA methylomes
between cell types and the cellular heterogeneity
of tissues, the recent advances in single-cell omic
technologies (Lynch and Ramalingam 2019;
Mereu et al. 2020; Pierce et al. 2021; Chen et al.
2021; Ding et al. 2022; Melnekoff and Lagana
2022; Ren et al. 2018) and the insights gained
from these studies have raised a lot of interest for
single-cell DNA methylation analysis.

Working with single cells requires capturing
individual cells. This is efficiently achieved with
state-of-the-art cell isolation techniques. Sample
preparation techniques for DNA methylation
have been combined with multiplex assays using
the SCRAM assay, which applies methylation-
sensitive restriction enzymes after single-cell iso-
lation and lysis, and locus-specific qPCR on a
Fluidigm Biomark system, which allows the
interrogation of 24 genomic positions in 48 single
cells in one experiment (Lorthongpanich et al.
2013; Cheow et al. 2015). By using

methylation-sensitive restriction enzymes, this
approach avoids the degradation of the DNA by
the bisulfite conversion, which can impede
subsequent amplification if only little material is
available, as in the case of single cells. A single-
cell DNA methylation analysis method that
combines bisulfite conversion with Sanger
sequencing and Agena’s Epityper also allows
cost-effective analysis of a larger number of sin-
gle cells (Gravina et al. 2015).

Techniques combining single-cell analysis
with second generation sequencing have become
a major field of development (Karemaker and
Vermeulen 2018). Apart from the technical
challenges, the main issue with single-cell analy-
sis is the number of cells that need to be analyzed
to obtain a representative picture of the biology
and the amount of sequencing that can be
afforded per cell. A balance needs to be found
between these two parameters. Single-cell whole-
genome bisulfite sequencing has been
demonstrated using the PBAT approach and a
whole-genome pre-amplification step, reducing
the loss of DNA due to the fragmentation during
bisulfite treatment (Smallwood et al. 2014). How-
ever, even with a large sequencing effort of 20M
reads per cell, this approach has limited genomic
coverage per cell, as it only recovers 8.5–48.4%
of all CpG positions for each cell analyzed. This
means that far more cells need to be included to
capture sub-populations and large oversampling
is necessary. On the other hand, it allows captur-
ing non-CpG methylation. The pre-amplification
step can be omitted, as shown in μWGBS
approach, but this yields libraries with lower
complexity and therefore lower coverage (Farlik
et al. 2015). An alternative to preparing libraries
for sequencing from individual cells, is to gener-
ate pools of a small, defined number of cells,
sequence each pool and then use computational
methods to deconvolute cell states due to the
distortion in methylation detected between pools
(Farlik et al. 2015). RRBS has also been applied
to single cells and is a good match in terms of
genomic coverage (~1.5 M CpGs), suitability
with low input and reduction of the target size,
allowing to assess the cell-to-cell heterogeneity of
DNA methylation patterns, if no comprehensive



coverage of the genome is required (Guo et al.
2013, 2015). It also allows for the quantitative
analysis of differential DNA methylation (Wang
et al. 2015b), however a number of developmen-
tally genomic regions such as imprinted genes are
not sufficiently covered by this approach (Guo
et al. 2013). Tailing and ligation-free single-cell
DNA methylation analysis (TAILS) is based on
bisulfite conversion, followed by a first round of
random priming, dC tailing and a second round of
target priming (Gu et al. 2019).
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Multi-omic approaches such as COOL-seq,
analyzing DNA methylation and chromatin
accessibility in single cells, scTRIO-seq
analzying mutations, the transcriptome and
methylome of single cells (Bian et al. 2018),
scM&T analzying the transcriptome and
methylome of single cells (Angermueller et al.
2016), or scChaRM-seq analyzing the
transcriptome, methylome, and chromatin acces-
sibility (Yan et al. 2021) allow for the investiga-
tion of epigenetic and transcriptomic
heterogeneity, as well as within cell correlation
between multiple molecular properties. These
approaches can be used to decipher the regulatory
circuits of epigenetics in individual cells. With
the increasing availability of scDNA methylation
data, specific computational tools (Kapourani
et al. 2021; Danese et al. 2021; Kapourani and
Sanguinetti 2019) and data repositories, such as
scMethbank (Zong et al. 2022), have been set-up
providing the necessary infrastructure for the
exploration of available single-cell methylation
datasets. Nonetheless, compared to scRNA-seq
or scATAC-seq, only a few computational tools
have been developed and no standard analysis
process has currently been established for
genome-wide single-cell DNA methylation anal-
ysis. Furthermore, the available tools have not
been thoroughly benchmarked against each
other suggesting that there is need for further
development and improvement.

Complementary to the above-described single-
cell technologies, DNAmethylation has also been
detected in nanofluidic channels at the single-
molecule level using fluorescent labeling of
methylated DNA with MBD1 (Cipriany et al.
2010; Cipriany et al. 2012). This method

combined with fluorescence-activated cell
sorting, termed SCAN for Single Chromatin mol-
ecule Analysis at the Nanoscale, allows also
selecting molecules with a distinct epigenetic pat-
tern for further analysis using more resolutive
technologies, such as qPCR and potentially
NGS (Cipriany et al. 2012). It also offers the
possibility of the simultaneous analysis of DNA
methylation and chromatin modifications, as the
labeling of the DNA and size of the nanochannels
allow to isolate DNA together with its native
chromatin, as described in more details in
Sect. 16.11.

Although all these methods do provide a pic-
ture of the DNA methylation state at a given time
point, they do not allow monitoring the dynamics
of the DNA methylation at the single-cell level.
This could be achieved with a GFP coupled-
reporter construct for locus-specific DNA meth-
ylation changes with single-cell resolution that
can be inserted at specific loci using the
CRISPR/Cas9 technology (Stelzer et al. 2015).
The methylation state of the surrounding
sequence will influence the methylation state of
the reporter construct, thereby allowing tracing
the methylation level of the endogenous
sequences and its dynamic changes during devel-
opment and disease. Similarly, bimolecular
anchor detector sensors, that were individually
non-fluorescent constructs of proteins
recognizing epigenetic modifications in living
cells that yield fluorescence signals only when
brought together complementing each other to
form the fluorescent protein, can be used to deter-
mine the localization or co-localization of epige-
netic marks at specific sequences and their
dynamic behavior over time (Lungu et al. 2017).

16.9 Analysis of Cytosine
Hydroxymethylation

Although cytosine 5-hydoxymethylation has
been known since several decades, it has recently
attracted much more attention, as it constitutes an
intermediate in the active DNA demethylation
process. Beyond this function, 5hmC is thought
to play an active role in the regulation of gene



expression and altered patterns of
hydroxymethylation have been found in different
diseases, notably cancer and neurodegenerative
diseases (Marshall et al. 2020; Lopez et al.
2017; Thomson and Meehan 2017; Xu et al.
2021b; Armstrong et al. 2019). In general, the
total levels of 5-hydroxymethylcytosine observed
across genomes are approximately 14-fold lower
compared to 5-methylcytosine, although large
variations between tissues exist (Globisch et al.
2010; Wagner et al. 2015; Ruzov et al. 2011).
Global levels of 5hmC are routinely measured by
either mass spectrometry, high performance liq-
uid chromatography, dot blot or ELISA assays
(Kriaucionis and Heintz 2009; Globisch et al.
2010; Wagner et al. 2015; Nestor et al. 2015;
Chowdhury et al. 2014; Olova 2021). With the
surge in interest to determine the exact location
and relative abundance of hydroxymethylation,
several technologies have been developed
permitting its genome-wide or locus-specific
analysis (Table 16.3, Fig. 16.3). However,
although the potential confounding of DNA
hydroxymethylation and methylation by
bisulfite-based methods has been recognized
early on (Nestor et al. 2010; Jin et al. 2010),
most studies still tend to ignore this problem for
both reasons of cost, but also because of the lower
prevalence of 5hmC in the tissues.
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A major difference between 5-methylcytosine
and 5-hydroxymethylcytosine is the possibility of
the latter to be modified by glycosylation, which
is used as the underlying key principle of differ-
entiation in several technologies (Fig. 16.3). The
bulky adduct resulting from the glycosylation will
protect modified 5hmC from deamination by the
APOBEC cytidine deaminases as well as further
oxidation by TET enzymes (Yu et al. 2012,
2018b; Vaisvila et al. 2021; Schutsky et al.
2018). Furthermore, 5hmC is a naturally occur-
ring base in some bacteriophages and in these
organisms it is often further modified by glyco-
sylation by glycosyltransferases to protect against
digestion by restriction endonucleases present in
the host (Vrielink et al. 1994). However, a num-
ber of restriction enzymes have recently been
identified which specifically recognize and cleave
5hmC-containing sequences after glycosylation,

with PvuRts1I being the first enzyme identified
(Fig. 16.3) (Borgaro and Zhu 2013; Wang et al.
2011). These enzymes cleave at a defined dis-
tance, normally 11–13 nucleotides 30 from the
modified cytosine. Aba-seq uses the enzymatic
properties of AbaSI (AbaSDFI), a member of
the PvuRts1I restriction enzyme family shown
to exhibit high and improved specificity for
5hmC over 5mC and unmethylated cytosines
compared to PvuRts1I (Wang et al. 2011).
Starting with 2 μg of DNA, 5hmCs are
glycosylated and subsequently cleaved, prior to
the ligation of biotinylated adaptors, which allow
the subsequent capture of sequences containing
hydroxymethylated fragments. While initially
only locus-specific analyses have been performed
using this approach (Wang et al. 2011), its appli-
cability to genome-wide analyses using NGS
starting from as little as 100 ng of input DNA
has also been demonstrated (Sun et al. 2013;
Gross et al. 2015). This method allows to cover
~58% of all potentially hydroxymethylated
cytosines in the genome (Wang et al. 2011). In
contrast to the affinity-based enrichment
methods, where the read numbers correlate with
the density of hydroxymethylation, Aba-seq
might be better suited for the identification of
regions containing few hydroxymethylation
marks, despite its limitation in coverage (Sun
et al. 2013).

In addition, conventional restriction enzymes
such as MspI can be used to differentiate between
the two nucleosides after glycosylation of
5-hydroxymethylcytosines as the endonuclease
activity is blocked by the glucosylation, but
not methylation at the CpG cytosine
(Kinney et al. 2011). Reduced Representation
5-Hydroxymethylcytosine Profiling (RRHP)
makes use of the same principle (Petterson et al.
2014). Genomic DNA is digested twice with
MspI; digestion of the DNA is separated by a
5hmC glucosylation step prior to the size selec-
tion and sequencing. RRHP exploits the
β-glucosyltransferase to inhibit the enzymatic
cleavage of the adapters ligated to a genomic
library, allowing only fragments with
glucosylated 5hmC residues at adapter junctions
to be amplified and sequenced, thus providing a
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positive display of hydroxymethylation
(Fig. 16.3). While this protocol is quite robust
and yields high quality data with relatively few
reads (20-30M), allowing a large number of
samples to be simultaneously analyzed on a
HiSeq/NovaSeq instrument, the dependence on
MspI restriction sites allows to analyze only
~15% of CpG sites in the human genome. Using
alternative restriction enzymes allows for the
analysis of cytosines in other sequence contexts
including non-CpG methylation (Sun et al. 2016).
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PvuRts1l
(Aba-seq) TAB-seq

OxBS-seq

Bisulfite conversion and
Anti-CMS antibody

5hmC-MeDIP

+

T4 Glycosyltransferase

GLIB
hMeSEAL

Biotin
Biotin

RRHP
HELP-GT

Mspl

Fig. 16.3 Overview (simplified) of the different com-
monly used assays for the analysis of 5hmC. Details are
given in the text and in Table 16.3. CpGs are depicted as
lollipops, unmethylated CpGs are shown as empty

lollipops while filled ones correspond to methylated
CpGs, lollipops filled in red denote
5-hydroxymethylcytosines, while those in green depict
hydroxymethylated and glycosylated cytosines

In contrast to the bisulfite-based methods,
affinity-based enrichments such as MeDIP,
MIRA and several of the MBDs including
MBD1, 2, and 4 and MECP2 do not recognize
hydroxymethylated cytosines (Jin et al. 2010). A
variety of new affinity-based methods have been
devised to profile specifically
5-hydroxymethylation genome-wide using either
antibodies against 5hmC or an intermediate prod-
uct of its bisulfite conversion
(5-methylenesulphonate) or glucosylation of
5hmC followed by biotinylation (Fig. 16.3).

Similar to the above-described MeDIP-seq
protocols for the enrichment of methylated

cytosines, antibodies raised against
hydroxymethylated cytosine have been used to
profile 5-hydroxymethylation genome-wide
(Skvortsova et al. 2017; Williams et al. 2011;
Wu et al. 2011; Ficz et al. 2011). However,
despite the simplicity and cost-effectiveness of
the antibody-based enrichment, this protocol
was found to allow at best a semi-quantitative
profiling of 5hmC and to enrich preferentially
regions with a high density of hydroxymethylated
cytosines and to display large inter-laboratory
variations. In addition, there might be an enrich-
ment of some sequence contexts such as tandem
repeat sequences independent of the presence of
hydroxymethylation (Pastor et al. 2011; Matarese
et al. 2011; Thomson et al. 2013). The treatment
of 5hmC with sodium bisulfite yields
5-cytosinemethylenesulfonate (CMS) as an inter-
mediate product, which can be used to isolate
sodium bisulfite-converted 5hmC using anti-5-
methylenesulfonate antibodies (Pastor et al.
2011).

As an alternative strategy, the GLIB approach
involves the glucosylation of
5-hydroxymethylcytosines, oxidation with



periodate, and biotinylation of 5mhC (Pastor et al.
2011). A glucose moiety is added to 5hmC by a
glucosyltransferase, and the vicinal hydroxyl
groups are subsequently oxidized to aldehydes
by treatment with sodium periodate. Afterwards,
biotin molecules are added to the newly formed
aldehyde groups (Pastor et al. 2011). The GLIB
approach allowed for the effective pull-down of
>90% of fragments containing a single 5hmC,
while the anti-CMS-based enrichment was more
dependent on the density of 5hmC, but still
achieved lower background levels compared to
the conventional 5hmC-MeDIP (Pastor et al.
2011).
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In a similar approach to GLIB, the glucose
moiety containing an azide group can subse-
quently be used in a click-chemistry step to attach
biotin molecules to 5hmC positions and enrich
and sequence 5hmC-containing sequences
(hMeSeal (Song et al. 2011)). This approach
requires fewer steps and induces less DNA dam-
age when compared to GLIB (Song et al. 2011).
In direct comparisons, approaches based on
chemical labeling proved to be more specific
than antibody-based methods (Thomson et al.
2013) and have been successfully applied to min-
ute amounts of biological material (1000 cells
(Han et al. 2016)). For the quantification of the
global level of 5hmC, a similar approach transfer-
ring a radioactively labeled glucose moiety can be
used (Szwagierczak et al. 2010). The selective
chemical labeling (SLC) exonuclease protocol
combines the glycosylation and azide based
biotinylation with an exonuclease digestion,
where the exonuclease is blocked at the first
modified 5hmC (Serandour et al. 2016). While
this protocol allows the determination of
hydroxymethylation in all sequence contexts at
single CpG resolution, several replicates of this
multi-step procedure are required to obtain a reli-
able and comprehensive coverage.

However, most of the above-described
methods do not provide single-nucleotide resolu-
tion and due to the enrichment step do not allow
for precise quantification of the
hydroxymethylation level. The relative low abun-
dance of 5hmC requires sensitive and preferably

single-nucleotide resolution methods for its
detection. Currently, two approaches are
commonly used: TAB-seq and oxidative bisulfite
sequencing. Both technologies can be performed
at the genome-wide scale as well as for the
targeted sequencing of regions of interest.

The TET-assisted bisulfite sequencing
(TAB-seq) protocol uses also the differential
potential of hydroxymethylated and methylated
cytosines to glycosylation. Hydroxymethylated
cytosines can be glycosylated and are thus
protected from oxidation with recombinant
TET-enzyme, which converts methylated
cytosines to carboxymethyl-cytosines, which are
subsequently deaminated to uracils using a con-
ventional bisulfite treatment (Fig. 16.3) (Yu et al.
2012, 2018b). Of note, the glycosylation is not
complete and its efficiency has been estimated at
75–92% (Yu et al. 2012), thus leading to an
underestimation of the hydroxymethyl content
of a sample, which can be mitigated through
biological and technical replicates. TAB-seq
allows a positive readout of hydroxymethylation
at single-nucleotide resolution, as all remaining
cytosines in the bisulfite-converted sequences
should correspond to hydroxymethylated
cytosines. Of note, TAB-seq has also been com-
bined with Roche’s SeqCap Epi CpGiant capture
probes to sequence regions of interest to a much
higher depth (Li et al. 2015a).

ACE-seq provides an alternative bisulfite-free
method for the analysis of 5 hydroxymethylation
based on the glycosylation of 5hmC followed by
the enzymatic deamination of unmethylated and
5-methylated cytosines to uracil using the
APOBEC3A cytosine deaminase (Schutsky
et al. 2018). This method will only detect
hydroxymethylated cytosine as methylated
cytosines are deaminated with a similar efficiency
as unmethylated ones and thus allows similarly to
TAB-seq for a positive readout of DNA
hydroxymethylation. Enzymatic Methyl (EM)-
seq can be adapted to the analysis of
hydroxymethylation using a similar principle by
protecting hydroxymethylated cytosines through
glycosylation followed by APOBEC mediated
deamination (Vaisvila et al. 2021). Global



hydroxymethylation levels as assessed by
EM-seq correlated with mass spectrometric
measurements (Sun et al. 2021)
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Oxidative bisulfite (OxBS-seq) sequencing
is based on the selective and efficient
oxidation of 5-hydroxymethylated cytosines to
5-formylcytosines using potassium perruthenate,
while 5-methylcytosines are resistant to this oxi-
dation reaction (Fig. 16.3) (Booth et al. 2012,
2013). In a subsequent bisulfite conversion,
5-formylcytosines are deaminated to uracils, like
unmodified cytosines, and only methylated
cytosines appear as cytosines in the sequence
readout. Levels of hydroxymethylation can there-
fore be deduced by subtracting methylation levels
of the OxBS-seq reaction from a standard bisulfite
sequence which can be performed with the help of
a number of specialized bioinformatic packages
based on different statistical approaches (Kiihl
2021; Xu et al. 2016; Houseman et al. 2016).
This approach has created considerable interest,
as it allows adapting current workflows for
whole-genome bisulfite sequencing for the detec-
tion of 5-hydroxymethylcytosine. However, it
should be underlined that OxBS-Seq necessitates
a standard bisulfite-treated reference sequence,
which requires that two whole-genome bisulfite
sequencing analyses have to be performed. Fur-
thermore, due to the low abundance of
5-hydroxymethylation in most tissues an
increased coverage might be required to reliably
identify changes in hydroxymethylation for both
TAB-seq and oxBS-seq, especially in regions
with a low level of 5hmC, imposing significant
cost challenges on the use of both protocols for
the routine analysis of 5hmC for complete
genome analyses. Approaches targeting the
selected regions of the genome by either RRBS
and/or amplicon sequencing have therefore been
combined with the TAB and oxBS chemistry
(Rydbirk et al. 2020; Skvortsova et al. 2017;
Booth et al. 2012).

As described above in the paragraph on
technologies for the genome-wide analysis of
DNA methylation patterns, the Illumina Infinium
BeadChips have become a very popular technol-
ogy for the analysis of DNA methylation patterns
in humans, especially for studies analyzing large

cohorts. Two different approaches have been
devised to use this platform also for the analysis
of hydroxymethylation. The 450K/EPIC
BeadChips also allow for a genome-wide analysis
of hydroxymethylation at a fraction of the cost of
the whole-genome sequencing and bioinformatic
analysis is simplified. In the TAB-array approach,
the TAB-seq principle (Yu et al. 2012) is trans-
ferred to the 450K BeadChip (Nazor et al. 2014;
Chopra et al. 2014). Hydroxymethylation is
analyzed on the methylation BeadChips using
the standard experimental procedure following
after glucosylation, oxidation, and bisulfite
conversion. The TAB array yields a positive
readout of hydroxymethylation, but with
hydroxymethylation being a relatively rare DNA
modification, the distribution of the observed
beta-values is profoundly different from the one
obtained by the conventional bisulfite-based anal-
ysis with a nearly complete unimodal distribution
close to a beta value of zero. Therefore, separate
normalizations for beta-values obtained by bisul-
fite and TAB array need to be performed. The
450K/EPIC BeadChips have also been combined
with oxidative bisulfite sequencing using the
bisulfite-converted and OxBS-converted DNA
as input into the standard Illumina workflow
(Skvortsova et al. 2017; Stewart et al. 2015;
Field et al. 2015). Technical replicates show
high reproducibility as for standard DNA methyl-
ation analysis (Spearman correlation >0.98,
(Skvortsova et al. 2017)) About 40% of the
probes on the 450K array and 48% on the EPIC
array, with its increased content of intergenic and
enhancer sequences, carry detectable 5hmC
levels when brain samples are analyzed (Rydbirk
et al. 2020; Skvortsova et al. 2017). The overall
levels of hydroxymethylation correlated well with
the hydroxymethylation levels measured by liq-
uid chromatography coupled with mass spec-
trometry, and the results obtained by qPCR in
conjunction with glycosylation and restriction
enzyme digestion (Stewart et al. 2015; Field
et al. 2015). Similarly, high correlation is
obtained for array data when compared to
sequencing technologies with single-nucleotide
resolution such as oxBS-pyrosequencing, oxida-
tive bisulfite or TAB amplicon sequencing



(Rydbirk et al. 2020; Skvortsova et al. 2017;
Stewart et al. 2015). There are nonetheless some
issues with the quantitative accuracy in regions
which contain very high levels of methylated
cytosines, which partly mask potential low
hydroxymethylation levels. On the other hand,
the sensitivity in regions with overall low DNA
methylation is increased for the arrays compared
to whole-genome sequencing approaches, as in
most cases the required sequencing depth to
detect the low levels of hydroxymethylation is
not achieved (Skvortsova et al. 2017). Depending
on the abundance of 5hmC in the analyzed tissue,
the low level of hydroxymethylation and the
inherent technical variability of the BeadChip
measurement require the use of multiple
biological and technical replicates to ensure the
reliable detection of hydroxymethylation (Field
et al. 2015). While too few samples have been
analyzed on the 450K BeadChip in any of the so
far published studies to draw definite conclusions,
the degree of correlation with other methods
seemed to be slightly higher for the studies
using the oxBS approach compared to the TAB
array. Due to the highly quantitative nature of its
readout (Tost and Gut 2007), the pyrosequencing
technology is also ideally suited for the analysis
of gene-specific patterns of hydroxymethylation
following oxidation and bisulfite treatment
(Stewart et al. 2015; Qui et al. 2015).
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Single-molecule real-time sequencing on the
Pacific Biosciences sequencer shows slight
variations in the kinetics of the incorporation of
nucleotides depending on DNA base
modifications and, consequently, the SMRT tech-
nology has been used to directly differentiate
5hmc from 5mC and unmodified cytosines (see
also Sect. 16.10) (Flusberg et al. 2010). As
genome-wide analyses of methylation and
hydroxymethylation by SMRT sequencing are
not yet feasible (the current output of a SMRT
cell is ~500 MB), SMRT sequencing has been
combined with the above-described glycosyla-
tion-mediated enrichment, to determine the local-
ization of 5hmC in about 150 MB of sequence
(Song et al. 2012) as well as with EM-seq(Sun
et al. 2021).

Hydroxymethylation can be further oxidized
to 5-formyl- and subsequently
5-carboxylcytosine by the TET enzymes.
Reduced bisulfite sequencing (redBS-seq),
enables the genome-wide identification of
5-formylcytosine at single base-resolution using
the chemical reduction of 5-formylcytosine to
5-hydroxymethylcytosine (Booth et al. 2014).
Similar to the above-described oxBS approach,
the level of 5fC is obtained by subtraction of the
methylation level at cytosines detected in stan-
dard BS-seq, which includes, of course, both
5mC and 5hmC marks from the methylation
levels obtained by redBS-seq. Combination of
OxBS-seq, standard WGBS, and redB-seqS
allows thus the identification of 5mC, 5hmC,
and 5fC in the same sample, but requires a signif-
icant amount of sequencing. The same chemistry
has also been combined with an enzymatic
approach using the above-described PvuRts1I
restriction enzyme, thus avoiding bisulfite con-
version (Sun et al. 2015), and selective chemical
labeling whereby 5hmC is modified prior to
reduction of 5fC. Then, the newly created 5hmC
are glycosylated, biotinylated, and sequenced as
described above (Song et al. 2013).

16.10 Direct Readout of DNA
Methylation

The direct readout of CpG methylation has been
demonstrated as a proof-of-principle for two
amplification-free single-molecule sequencing
technologies. These technologies bear the prom-
ise of sequencing longer DNA molecules at a
single-molecule level, at lower cost and higher
speed than existing methods. They can provide
information on DNA methylation,
hydroxymethylation, and other DNA
modifications in the same experiment, at the
same time abolishing some of the biases that are
inherent to the second-generation sequencing
approaches, such as the GC content bias.

The single-molecule real-time (SMRT)
sequencer from Pacific Biosciences performs
sequencing with an immobilized polymerase at



the bottom of zero-mode waveguide wells in
zeptoliter volumes, monitoring the incorporation
of phospholinked nucleotides through the detec-
tion of fluorescent pulses (Song et al. 2012;
Flusberg et al. 2010; Ardui et al. 2018). SMRT
sequencing on the Pacific Biosciences sequencer
displays slight variations in the kinetics of the
incorporation of nucleotides depending on the
DNA base modifications and the SMRT technol-
ogy has been used to directly differentiate 5hmC
from 5mC and unmodified cytosines (Flusberg
et al. 2010). As the kinetics, i.e. the interval
between the end of a sequencing pulse and the
beginning of the subsequent sequencing pulse,
does also depend on the sequence context, an
unmethylated template generated through
whole-genome amplification is required to define
a baseline. While this first report has raised a great
interest, very few other reports of direct detection
of methylation or hydroxymethylation in mam-
malian genomes have been published since. Due
to the particularly low signal-to-noise ratio for
5-methylcytosine compared to other DNA
modifications like 6-methyladenine, the
deconvolution of the kinetic profile has proven
to be much more challenging than initially
anticipated, especially for regions with high CG
content, which are of course of particular interest
for DNA methylation analysis. As carboxymethyl
cytosine shows an increased signal compared to
5mC, a protocol using enzymatic oxidation using
TET1 has been devised to facilitate detection, but
will rely strongly on the completeness of the
conversion (Clark et al. 2013). Nonetheless,
SMRT sequencing has been used for the detection
of epigenetic modifications in bacteria and
prokaryotes, where 5-methylcytosine occurs
along with 6-methyladenosine and
4-methylcytosine (Blow et al. 2016; Beaulaurier
et al. 2015). Due to the small genome size,
exhaustive coverage of > 100 X increases the
confidence in the kinetic data and allows accurate
assessment of the methylation status. In a recent
example, SMRT sequencing-based DNA methyl-
ation analysis was combined with restriction
enzyme-based enrichment of a CGG-repeat
region of the human FMR1 gene causing fragile
X syndrome (Pham et al. 2016). The accurate

methylation analysis of these repeats, which are
expanded in disease, was hitherto not possible
due to lack of technologies providing sufficiently
long reads. However, the protocol requires large
amounts of starting material and employs a com-
plicated multi-step enrichment procedure for the
selection of locus of interest due to the necessity
of avoiding amplification prior to sequencing.
Furthermore, only relative and semi-quantitative
DNA methylation levels could be obtained and
only one of the sequenced strands gave interpret-
able results, demonstrating that the method has
not yet reached maturity for the analysis of human
and other mammalian genomes.
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SMRT sequencing has been combined with
amplicon bisulfite sequencing thus not making
use of the potential capacities for direct readout
of methylation marks, but allowing for sequenc-
ing of much larger amplicons (1.5 kb) instead of a
maximum of 300–600 bp with standard Illumina
sequencing (Yang et al. 2015b; Yang and Scott
2017). The analysis of CpGs overlapping
between amplification products showed high
reproducibility of the levels of DNA methylation
and a high correlation to Sure Select Human
Methyl-seq capture sequencing and Infinium
arrays. However, the degradation induced by the
bisulfite conversion substantially restricts the read
length. As genome-wide analyses of methylation
and hydroxymethylation by SMRT sequencing
are not yet feasible (the current output of a
SMRT cell is ~500 MB), SMRT sequencing has
been combined with the above-described glyco-
sylation-mediated enrichment, to determine the
localization of 5hmC in about 150 MB of
sequence (Song et al. 2012) as well as with
EM-seq (Sun et al. 2021), allowing for the identi-
fication of 5mC and 5hmC in amplicons with a
length up to 5 kb.

Nanopores are an alternative approach and
make use of ionic current spectroscopy (Clarke
et al. 2009; Jain et al. 2016). The current is very
sensitive to subtle structural changes in the
interrogated DNA—such as DNA methylation.
Nanopore sequencing has the potential to change
profoundly the way DNA methylation is
analyzed, as besides the absence of potentially
artifact prone steps, such as bisulfite conversion
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and PCR amplification, it should allow for the
direct detection of DNA methylation and its oxi-
dative derivatives and provide longer sequencing
reads at lower cost and higher speed. Both solid-
state and mutated MspA nanopores have been
used for the detection of methylcytosine and its
differentiation from hydroxymethylcytosine
(Simpson et al. 2017; Wanunu et al. 2011; Shim
et al. 2013; Laszlo et al. 2013; Manrao et al. 2011;
Wescoe et al. 2014). Due to their different polar-
ity, DNA flexibility, and duplex stability, solid-
state nanopores are capable of differentiating
between cytosine, methylated cytosines as well
as its oxidative derivatives in synthetic templates
(Wanunu et al. 2011). However, depending on the
nanopore employed, repeated reads might be
required to accurately differentiate between 5mC
and 5hmC (Laszlo et al. 2013). Depending on the
sequence context surrounding the CpG
dinucleotides of interest, error rates between
2 and 12% were observed, suggesting that accu-
rate methylation estimates can be achieved with
read numbers of less than 20 molecules of the
same locus (Schreiber et al. 2013). In addition,
exonuclease-assisted nanopore sequencing of sin-
gle molecules, for which a processive exonucle-
ase produces nucleoside monophosphates
subsequently presented to an alpha-hemolysin
protein nanopore with a cyclodextrin adapter,
has been shown to detect cytosine modifications
in synthetic templates (Clarke et al. 2009;
Wallace et al. 2010).
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An alternative strategy to increase the ionic
blockage induced by the methylation group is
the selective labeling of methylcytosine with
MBD1 or Kaiso zinc finger proteins, which
form a small non-covalent complex with
methylated cytosines (Shim et al. 2013; Shi
et al. 2015). The binding of these proteins leads
to a threefold increase in the blockage current
compared to unmethylated DNA, allowing
thereby the simultaneous detection of methylated
or unmethylated DNA as well as a rough quanti-
fication of the methylation degree of the analyzed
DNA fragment by counting the molecules with
bound proteins. Similarly, mercury ions can form
a reversible bridge between two mismatched
DNA bases containing a thymine-thymine or

thymine-uracil mismatch between the analytical
target and a synthetic probe (Kang et al. 2013).
When passing through a solid-state (graphene)
nanopore, changes in the ion current due to the
passage of the mercury ion can be recorded.
(Methyl)cytosines are however not able to form
this reversible interstrand MercuLock, thereby
allowing to distinguish methylated cytosines
from cytosines after bisulfite conversion (Kang
et al. 2013). As the method requires specific
probes to be designed for each target, it is more
suited for locus-specific analyses rather than
potentially genome-wide analysis and the use of
bisulfite conversion does prohibit the differentia-
tion of methylcytosine and
hydroxymethylcytosine.

There has been tremendous progress in recent
years for Nanopore sequencing, especially in
terms of throughput and associated costs which
were prohibiting its use for DNA methylation
analysis in complex genome, nonetheless accu-
racy needs still to be improved. In addition, sig-
nificant progress has been made for the reliable
detection of epigenetic modifications from
Nanopore sequencing data using improved
methods for signal detection and deconvolution
(Simpson et al. 2017; Rand et al. 2017). In a
recent benchmark study, DNA methylation calls
correlated well with bisulfite and enzymatic con-
version methylation data and a high precision for
detecting differential DNA methylation
differences (>20%) was confirmed, albeit at
much lower sensitivity compared to the second-
generation sequencing approaches (Foox et al.
2021). As the complexity of the human genome
still remains a challenging task for genome-wide
DNA methylation analysis, Nanopore sequencing
for DNA methylation analysis is commonly
focused on specific regions of interest, especially
transposable elements and those associated with
repeat expansion, or the mitochondria (Ewing
et al. 2020; Luth et al. 2022; Giesselmann et al.
2019; Bicci et al. 2021). Enrichment strategies
comprise Cas9 or Cas12a targeted sequencing,
by which specific genomic regions are enriched
by two orders of magnitude through targeting
with guide RNAs and subsequent adaptor ligation
to achieve an amplification-free workflow



preserving DNA methylation patterns
(Giesselmann et al. 2019; Gilpatrick et al. 2020).
An alternative strategy relies on amplification of
large genomic regions (5kb) following, for exam-
ple, EM-seq (Sun et al. 2021) for the analysis of
5mC and following glycosylation 5hmC. In direct
comparison between SMRT sequencing and
Nanopore sequencing, SMRT sequencing gave
5mC estimates close to those obtained by
Illumina sequencing, while Nanopore more fre-
quently called inaccurate DNA methylation in
line with the known shortcoming of Nanopore
sequencing (Sun et al. 2021).
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16.11 Combined Analysis of DNA
Methylation and Other
Epigenetic Modifications

16.11.1 Histone Modifications

The different layers of epigenetic modifications,
post-transcriptional histone modifications, his-
tone variants, and DNA methylation, are closely
intertwined and stabilize each other to ensure the
faithful propagation of epigenetic states over time
and especially through cell division. Studies
analyzing several layers of epigenetic
modifications are still scarce and due to the
requirement of a large amount of biological mate-
rial often restricted to cell lines and cellular
models. Furthermore, the combination of the
data is performed rather at the analysis level by
overlaying the profiles obtained in distinct
experiments and developing probabilistic models
on the occurrence of the epigenetic marks, rather
than by a direct molecular readout. While many
technologies have been developed for the com-
prehensive analysis of a single type of epigenetic
modification, few can address the co-occurrence
and interaction of different modifications.

Nucleosomes consist of ~147-bp-long DNA
stretches wrapped around an octamer of histone
proteins, and are connected through “linker
DNA.” The N-terminal tails of the histone
proteins are the targets of many posttranslational
modifications. The combinations of the different
modifications and their multivalency determine

the regulatory landscape of a genomic region
and its effect on gene expression, giving rise to
the concept of the “histone code” (Ernst and
Kellis 2012; Hoffman et al. 2013; Rothbart and
Strahl 2014). Chromatin immunoprecipitation
(ChIP (Gilmour and Lis 1984)) is a well-
established method in cellular biology to study
the specific interaction between a protein of inter-
est and genomic DNA and has been extensively
used to identify transcription factor and regu-
latory protein binding sites in the genome
(Gerstein et al. 2012).

Chromatin, which might be crosslinked to
DNA, is extracted and randomly fragmented by
sonication into 200–600 base pair fragments.
Then, DNA–protein complexes are immunopre-
cipitated using an antibody against a specific pro-
tein or histone modification and protein A/G
agarose resin. Finally, covalent cross-links are
reversed by heating and DNA is purified after
RNase A and Proteinase K treatment. At this
point, a small amount of purified DNA is avail-
able that can be subsequently analyzed by qPCR
for the detection and quantification of the
analyzed modification at a locus of interest
using specific primers. Alternatively, DNA can
be analyzed by microarrays (ChIP-on-chip) or
NGS (ChIP-seq,) for a genome-wide picture of
the DNA-protein binding events (i.e., identifica-
tion of all binding sites of a transcription factor;
mapping of an histone modification on the entire
genome at very high resolution) (Gerstein et al.
2012; Barski et al. 2007; Mikkelsen et al. 2007).
ChIP-seq has since been performed at production
scale in the ENCODE, modENCODE, and
Roadmap epigenomics mapping projects
(Roadmap Epigenomics et al. 2015; Landt et al.
2012; Partridge et al. 2020) and has become the
workhorse for the genome-wide mapping of the
occupancy of DNA by transcription factors and
posttranslationally modified histones.

The combination of ChIP with DNA methyla-
tion analysis enables determination if a protein is
(on average) bound to methylated DNA or
unmethylated DNA at a given genomic locus.
This approach permits studying a putative
methyl-binding protein or the association of a
specific histone modification with methylated or



non-methylated DNA by analyzing the methyla-
tion levels of ChIPed DNA at single-nucleotide
resolution using bisulfite conversion followed by
NGS or pyrosequencing (Moison et al. 2013,
2014; Kagey et al. 2010; Thomson et al. 2010).
For a more qualitative analysis, methylated DNA
can also be specifically detected combining ChIP
with methylation-specific PCR (Zinn et al. 2007).
Other studies have combined ChIP with genome-
wide sequencing methods to address the genome-
wide relationship between DNA methylation and
specific histone modifications (ChIP-BS-seq or
BisChIP-seq; (Brinkman et al. 2012; Statham
et al. 2012)). For this approach, a relatively
large number of cells are used for immunoprecip-
itation to obtain sufficient material for the bisul-
fite conversion reaction, as well as the ChIP-seq
reaction, or several ChIP reactions are pooled
prior to library generation. After library prepara-
tion with methylated adaptors, part of the library
is bisulfite converted, PCR amplified, and the
DNA methylation patterns of the immunopre-
cipitated fragments are analyzed using second-
generation sequencing. This analysis permits the
simultaneous analysis of DNA methylation
associated with histones marked with a set of
specific posttranslational modifications on the
same pools of cells, but not on the same nucleo-
some. One of the major drawbacks of ChIP is the
requirement for relatively large amounts of input
material as well as a relatively low signal-to-
noise-ratio. Therefore, alternative approaches
relying mainly on enzymatic methods have been
developed, including DamID (DNA adenine
methyltransferase identification), ChEC (chroma-
tin endogenous cleavage), ChIC (chromatin
immune cleavage), or CUT&RUN, all of which
use various enzymes to specifically cleave the
genome next to a binding site of a protein of
interest (van Steensel and Henikoff 2000; Schmid
et al. 2004; Skene et al. 2018; Meers et al. 2019).
CUT&Tag is based on an antibody-directed
tagmentation by a protein A-Tn5 transposase
fusion (Kaya-Okur et al. 2019, 2020). Following
the tagmentation, DNA fragments are released
and purified, followed by PCR amplification to
obtain libraries ready for sequencing, simplifying

largely the protocol of ChIP-seq and making it to
amenable to the analysis of very few cells and
even single cells. In contrast to ChIP-seq, which
is restricted to the use of a single antibody, this
approach can also be used to profile several
targets in parallel using antibody specific
barcoded sequencing adaptors (Gopalan et al.
2021). In analogy to the ChIP-BS-seq
approaches, CUT&Tag has been combined with
bisulfite conversion of the transposed fragments,
allowing the correlation of DNA methylation
with ChIP modification profiles (Li et al. 2021).
Similar protocols making use of the Tn5
transposase include ChIL-seq, ACT-seq, or
CoBATCH (Harada et al. 2019; Carter et al.
2019; Wang et al. 2019), but have not yet
been used for simultaneous DNA methylation
analysis.
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The above-described SCAN approach
(Cipriany et al. 2010, 2012) allows isolating sin-
gle methylated or unmethylated DNA molecules
and enables characterization of epigenetic states
analyzing the co-occurrence or absence of DNA
methylation and histone modification using fluo-
rescently labeled antibodies against the targeted
histone modifications in combination with MBD1
for the detection of DNA methylation (Murphy
et al. 2013). H3K9me3 was detected together
with DNA methylation on the very same nucleo-
some, while DNA methylation and H3K27me3
were mutually exclusive under normal physiolog-
ical conditions, but this epigenetic regulation
became deregulated in cancer or upon cell trans-
formation (Murphy et al. 2013). The use of quan-
tum dots instead of fluorescent dye and a potential
parallelization of the nanofluidic devices will
allow a higher throughput of single-molecule
analysis with increased multiplexing capabilities.
Furthermore, due to the advances in low-input/
single-cell sequencing described in Sect. 16.8,
sequencing of the molecules with a given combi-
natorial pattern of epigenetic modifications for
their identification has already become feasible
as shown for the combinatorial decoding of his-
tone modifications on single molecules using
fluorescently labeled antibodies and total internal
reflection microscopy (Shema et al. 2016).
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16.11.2 Nucleosome Positioning

Positioning of nucleosomes and remodeling of
chromatin play key roles in the coordination of
the correct gene expression program. Positioning
of nucleosomes depends on (among others) the
underlying DNA sequence, ATP-dependent
nucleosome remodelers, DNA-binding proteins,
the RNA polymerase II transcription machinery,
and their interactions. As a result, the core
enhancer, promoter, and terminator regions of
genes are typically depleted of nucleosomes,
whereas most of the genomic DNA is occupied
(Struhl and Segal 2013). Consequently, the anal-
ysis of chromatin accessibility and nucleosome
positioning is essential for the understanding of
transcriptional regulation and can be used for the
analysis and identification of gene regulatory
elements and their changes in disease. In most
cases, information on nucleosome positioning is
obtained by enzymatic digestion (MNAse-seq),
chemical cleavage (CC-seq), or immunoprecipi-
tation of chromatin followed by next-generation
sequencing of the resulting DNA fragments or
derived from chromatin accessibility profiles
obtained with DNAseI-seq or ATAC-seq. While
well suited for their purpose, these methods do
not yield any information on DNA methylation
patterns. The DNA Methyltransferase Accessibil-
ity Protocol for individual templates (MAPit) or
Nucleosome occupancy andMEthylome sequenc-
ing (NoME-seq) makes use of DNA
methyltransferase footprinting to determine the
nucleosome positioning, while at the same time
retaining the original DNA methylation patterns,
thereby enabling the correlated analysis of these
two epigenetic hallmarks and the corresponding
chromatin configurations (Kelly et al. 2012;
Pardo et al. 2011). These approaches use the
GpC methyltransferase (M.CviPI (Xu et al.
1998)) in the presence of the universal methyla-
tion donor S-adenosyl-L-methionine that
methylates accessible GC dinucleotides,
i.e. sequences that are not protected by
nucleosomes or other tight binding proteins.
Methylation at CpG dinucleotides yields

information about the DNA methylation
patterns, while methylation at GpC dinucleotides
informs on the chromatin accessibility at the same
locus (Jessen et al. 2004). Locus-specific
analyses can subsequently be performed by clon-
ing and sequencing after GC methyltransferase
treatment (Pardo et al. 2011; You et al. 2011;
Taberlay et al. 2011). Genome-wide analyses
can also be performed by ligating adaptors to
the fragmented and methylated DNA followed
by bisulfite conversion and sequencing (Kelly
et al. 2012).

16.12 Conclusions

Sequencing-based approaches have
revolutionized the analysis of the epigenome
allowing the investigation of multiple gene regu-
latory levels including DNA methylation, coding
and non-coding RNA expression and its nascent
production, location of RNA polymerases, tran-
scription factors and other DNA-binding proteins,
histone modifications, chromatin accessibility, as
well as the spatial organization of the genome.
Many kits for library preparation for DNA meth-
ylation analysis have been commercialized, but
benchmark studies have revealed inherent biases
of many of the protocols. While still expensive,
the deployment of new sequencing platforms with
the possibility to perform whole-genome bisulfite
sequencing will further decrease the cost and
turn-around time. New protocols replacing bisul-
fite conversion with enzymatic methods might
overcome some of the challenges associated
with the strong DNA degradation and allow the
analysis of DNA methylation from decreased
amounts of input. In fact, the challenge of DNA
methylation analysis has shifted from the data
generation to the data analysis. Integration of
molecular data with other publicly available
genomic and epigenomic large-scale data sets to
analyze the functional consequences of
alterations at one molecular level, as well as
appropriate statistical analysis to decipher
higher-order regulatory circuits and the spatial



and temporal organization of the genome is cur-
rently the major challenge. In addition, expected
continued improvement in sequencing technol-
ogy and reduction in sequencing costs will enable
the routine analysis of methylomes in combina-
tion with genomic data. Furthermore, the possi-
bility to determine the methylome of cell-free
circulating DNA might be a powerful tool for
the early detection of cancers and determination
of their origin, but might also be useful for the
prediction of treatment response in many com-
plex diseases of several organs without disease
causing mutations, such as autoimmune and
inflammatory diseases.
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Direct readout technologies of epigenetic
modifications have been devised and are actively
investigated in many laboratories. Although the
data analysis has been largely improved and
solutions for targeted sequencing using third-
generation sequencers have been developed,
their time to full technical maturity is difficult to
estimate. They promise further decrease in cost
and differentiation of methylcytosine from its
oxidative derivatives.

The implementation of the first DNA
methylation-based biomarkers has been signifi-
cantly slowed down due to the use of methods
with varying sensitivity and readouts with arbi-
trary cut-offs leading to results that were difficult
to integrate and combine between studies. How-
ever, the recent concentration on a few powerful
methods with quantitative and often single-
nucleotide resolution, will enable a much fast
progress for the use of locus-specific DNA meth-
ylation technologies for clinical diagnosis and
prognosis.
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Abstract

DNA methylation is involved in numerous
biological processes and is deregulated in
human diseases. The modulation of the activ-
ity of the enzymes and proteins in charge of
DNA methylation, for example, DNA
methyltransferases (DNMTs), can represent a
powerful strategy to alter DNA methylation
patterns and restore biological processes that
are aberrant in diseases. In this chapter, we
present examples of inhibitors of DNMTs
(DNMTi). We review their fields of applica-
tion either as therapeutic molecules, for exam-
ple, in cancers, cardiovascular, neurological,
and infectious diseases or as bioengineering

tools. Finally, novel strategies to target DNA
methylation and overcome the limits of single
DNMT inhibitors will be described. These
strategies consist in either targeting the methyl
group reader proteins rather than targeting
directly DNMTs or to combine within the
same molecule a DNMT inhibitor with an
additional active moiety, e.g., HDAC inhibi-
tor, to improve efficacy and lower secondary
effect of such drug.
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5aza 5-azacytidine
5azadC 5-aza-20-deoxycytidine
AD Alzheimer’s disease
ALI Acute lung injury
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AML Acute myeloid leukemia
Ara-C Cytarabine
ASMA Alpha-smooth muscle actin
ATRA All-trans retinoic acid
BBB Blood-brain barrier
BDNF Brain-derived neurotrophic factor
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BM Bone marrow
CMML Chronic myelomonocytic leukemia
CNS Central nervous system
COMT Catechol-O-methyltransferase
CpG Cytosine-guanine dinucleotide
CVD Cardiovascular disease
DNMT DNA methyltransferase
DNMTi DNMT inhibitor
EC Endothelial cells
EGCG (–)-epigallocatechin-3-gallate
EMA European Medicines Agency
ER Estrogen receptor
ESC Embryonic stem cells
FDA U. S. Food and Drug Administration
GABA γ-aminobutyric acid
GAD Glutamic acid decarboxylase
HCV Hepatitis C virus
HDAC Histone deacetylase
HDACi HDAC inhibitor
HIV Human immunodeficiency virus
HPV Human papilloma virus
HTS High-throughput screening
INFγ Interferon-γ
IVF In vitro fertilization
LPS Lipopolysaccharide
LTP Long-term potentiation
MDS Myelodysplasic syndrome
MeCP2 Methyl-CpG-binding protein 2
mPFC Medial prefrontal cortex
MSC Mesenchymal stromal cells
NHL Non-Hodgkin’s lymphomas
NMS Neonatal maternal separation
NSC Neuronal stem cell
PARP Poly-(ADP-ribose) polymerase
PARPi PARP inhibitor
PD Parkinson’s disease
PTSD Post-traumatic stress disorder
SAH S-adenosyl-L-homocysteine
SAHA Suberoylanilide hydroxamic acid,

vorinostat (Zolinza®)
SAM S-adenosyl-L-methionine
SAR Seasonal allergic rhinitis
SFRP4 Secreted frizzled-related protein
SHS Second-hand smoke
Th T-helper
TSA Trichostatin A
TSG Tumor suppressor gene

VPA Valproic acid
XRCC1 X-ray repair cross-complementing

protein

17.1 How to Inhibit DNA
Methyltransferases

The DNA methylation mechanism involves three
main actors: DNA, DNA methyltransferase
(DNMT) and the co-factor S-adenosyl-L-methio-
nine (SAM). DNMTs scan the DNA, recognize
CpG sites and flip out 20-deoxycytidine into the
catalytic pocket of the enzyme. A cysteine residue
(C1226 in human DNMT1, C711 in human
DNMT3A and C652 in human DNMT3B) binds
to position 6 of the cytosine (Fig. 17.1 top), then
transfer of the methyl group from the SAM occurs
on the C5 position of the cytosine (Fig. 17.1, gray
arrow), the cysteine is released by β-elimination
and the enzyme is ready to start a new catalytic
cycle (Fig. 17.1 top).

DNMTs can be inhibited by targeting different
parts of the catalytic pocket (the deoxycytidine
binding site, the SAM binding site or both), by
targeting allosteric sites or by interfering with
their binding to DNA. When the DNA is the
target, for example, by DNA binders, it is impor-
tant to design specific compounds that do not
inhibit other enzymes acting on DNA. A possibil-
ity is to use DNA ligands specific for CpGs sites.
An interesting alternative are compounds that
recognize the cytidine binding site in the DNMT
catalytic pocket and, in addition, bear a chemical
moiety able to react with the catalytic cysteine.
Cytidine analogs, leading to a suicidal covalent
complex targeting, are the best example and are
described in Sect. 17.2. Another strategy is to
target the co-factor binding pocket by SAM
analogs, for example. Since SAM is the most
widely used enzyme co-factor after ATP (Struck
et al. 2012), a challenge lies in the design of
compounds specific for the DNMT
SAM-binding site and not binding to other
methyltransferases. The design of SAM analogs
that also bind to the 20-deoxycytidine binding site,
such as bisubstrate inhibitors (Bon et al. 2020),
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could confer this specificity and in addition it
could potentially give higher affinity compounds
and more potent inhibitors. Below, we list the
principal inhibitors representing the different pos-
sible mechanisms of inhibition of DNMTs.
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17.2 Chemistry and Structure
of DNMT Inhibitors

DNMT inhibitors (DNMTi) are grouped in two
families: the nucleoside inhibitors and the
non-nucleoside ones (Fig. 17.2). To date, two
compounds, 5-azacytidine (5aza, azacytidine,
Vidaza®) and 5-aza-20-deoxycytidine (5azadC,
decitabine, Dacogen™ and in combination
Inqovi®) (Fig. 17.2), are approved by the FDA
for the treatment of hematological cancers. 5Aza
and 5azadC were the first DNMTi and their story
began with their synthesis in 1964 (Sorm et al.
1964). They were initially tested as anti-
metabolite agents against acute myelogenous leu-
kemia (AML) (Cihak 1974; Sorm et al. 1964),
showing anticancer properties (Evans and Hanka
1968). However, it was in the late 1970s–early
1980s that a big turn was taken in their use when
Jones and Taylor showed that non-toxic doses of
5aza and 5azadC induced cell differentiation by
DNMT inhibition (Jones and Taylor 1980; Taylor
and Jones 1979).

A new paradigm was found, as these
compounds were shown to be able to reprogram
cells, i.e., induce silenced genes expression and
thus restore normal cell functions. The aza-
nucleosides, once phosphorylated in cells and
incorporated into DNA, replace the cytosine in
the catalytic pocket of the enzyme and act as
suicide substrates of DNMTs (cf. Fig. 17.1). In
DNA, at the CpG sites, 5azadC is flipped out from
the double-helix into the catalytic pocket, the
catalytic cysteine binds covalently to the C6 posi-
tion, but the β-elimination, essential to release the
enzyme, cannot occur after the methyl group
transfer because of the presence of a nitrogen
atom at the C5 position. The enzyme is thus
irreversibly trapped on the DNA and further
degraded by the proteasome (Santi et al. 1984),
inducing DNA demethylation.

Based on these findings, 5aza (Vidaza®) and
5azadC (Dacogen™) were approved in 2004 and
2006, respectively, by the FDA for the treatment
of acute myelodysplastic syndrome (MDS), and
chronic myelomonocytic leukemia (CMML).
However, these drugs are chemically and meta-
bolically unstable, present a low bioavailability
(Chan et al. 1979; Notari and Deyoung 1975),
and, as they are incorporated at every
deoxycytidine, are not selective (Karahoca and
Momparler 2013). Nevertheless, the proof of con-
cept for DNMTi as a therapeutic target was
established, and since then many efforts have
been dedicated to identify novel DNMT
inhibitors.

First, the chemical instability of 5aza and
5azadC was addressed. The 5-azacytosine moiety
was shown to be sensitive to rapid hydrolysis
under mild conditions over two steps; a reversible
ring opening to the N-formylguanylribosylurea,
followed by an irreversible formation of guanylri-
bosylurea specie (Chan et al. 1979). More stable
analogs were designed, like 5,6-dihydro-5-
azacytidine, 20-deoxy-5,6-dihydro-5-
azacytidine, 20-deoxy-5-fluorocytidine and
zebularine (cf. Fig. 17.2). 5,6-Dihydro-5-
azacytidine showed weak inhibition of DNA
methylation and was withdrawn from clinical
trials (Yogelzang et al. 1997). Its analog 20-
deoxy-5,6-dihydro-5-azacytidine was shown
not to bind covalently to DNMTs, but simply to
occupy the cytidine pocket (Sheikhnejad et al.
1999), resulting in methylation inhibition in sev-
eral cell lines (CRF-CEM and HL60) with very
low cell toxicity (Matoušová et al. 2011). 20-
Deoxy-5-fluorocytidine was described as more
stable in aqueous media and as potent in vitro,
but it is currently rather recognized as a pro-drug
of a thymidylate synthase inhibitor, because it is
metabolized into 5-fluorouridine (Boothman et al.
1989). Zebularine is also a stable compound
with a weaker inhibition activity and cytotoxicity
than azacytosine analogs (Flotho et al. 2009). Its
mode of action is different from 5aza and 5azadC,
since it forms a very stable, but reversible com-
plex with DNMTs that showed a slow dissocia-
tion kinetic (Champion et al. 2010; van Bemmel
et al. 2009).
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Fig. 17.2 Selection of compounds described as DNMT inhibitors

Second, a pro-drug approach was chosen
aiming at releasing the active molecule in the
organism. This approach resulted in the genera-
tion of NPEOC-DAC (Byun et al. 2008),
CP-4200 (Brueckner et al. 2010) and SGI-110
(Chuang et al. 2010; Yoo et al. 2007). SGI-110 or

guadecitabine, composed of a 5azad-CpG dinu-
cleotide, is a pro-drug of 5azadC, it entered clini-
cal trials and is the most promising pro-drug with
a comparable in vitro and in vivo DNMT inhibi-
tion activity. The advantage of SGI-110 is that it
is less sensitive to cytidine deaminase than



5azadC, which improves its metabolic stability.
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Third, non-nucleoside compounds were
investigated. However, most of them lack speci-
ficity, show weak activity against the enzyme or
do not induce a strong DNA methylation inhibi-
tion in cellular models. Several natural products
were reported as DNMTi (Fig. 17.2), for exam-
ple, (–)-epigallocatechin-3-gallate (EGCG)
(Fang et al. 2003) and laccaic acid (Fagan et al.
2013). These natural products lack specificity and
their mode of action as direct DNMT inhibitor
was afterwards questioned, as the one of genis-
tein (Fang et al. 2005), psammaplin A (Baud
et al. 2012; Pereira et al. 2012) and curcumin
(Liu et al. 2009). Indeed, indirect or off-target
effects seem to be responsible for the observed
inhibition of DNA methylation. All these
compounds are known as multitarget compounds
(Lopez et al. 2015; Pechalrieu et al. 2017). Simi-
larly, Hann’s team highlighted an indirect
decrease in DNMT1 expression in cancer cells
(lung cancer and hepatocarcinoma) via ERK1/2-
and AMPKa-mediated inhibition of the transcrip-
tion factor Sp1 after treatment with two natural
products, β-elemene (Zhao et al. 2015) and
ursolic acid (Yie et al. 2015). Nanaomycin A is
a more specific compound, because it was found
to target specifically DNMT3B, and shown to
induce genomic DNA methylation inhibition in
colon cancer cell line (Kuck et al. 2010a). Never-
theless, in a recent study, Penter et al. did not
observe any DNA methylation inhibition by
nanaomycin A in four neuroblastoma cell lines,
although they observed an interesting synergistic
activity when used in combination with doxoru-
bicin (Penter et al. 2015). To conclude, none of
the natural products described to date clearly
targets the DNMTs directly in cells and their
mechanism of action is controversial (Li and
Tollefsbol 2010; Medina-Franco et al. 2011;
Suh and Pezzuto 2012).

The same difficulty to identify potent and spe-
cific non-nucleoside DNMTi is found among the
synthetic compounds. For example, drug
repurposing showed that hydralazine and
procainamide are week DNMTi (Candelaria
et al. 2012; Chuang et al. 2005). These two
FDA-approved drugs are vasodilator and anti-

arrhythmic compounds, respectively, that were
described as DNMTi because patients developed
autoimmune disease (lupus erythematosus)
correlated to an abnormal DNA methylation pat-
tern of T-cells (Cornacchia et al. 1988). Despite
the weak DNMT inhibition activity of hydral-
azine, a molecular modeling study (Singh et al.
2009a) showed that hydralazine could be
involved in a complex network of hydrogen
bonds into the cytidine pocket. Today, hydral-
azine is still extensively studied, especially in
combination with valproic acid (VPA), an
HDAC inhibitor (Dueñas-Gonzalez et al. 2014).
Procainamide was also described to potentially
interact within the catalytic side by molecular
modeling (Singh et al. 2009a), while biophysical
studies previously demonstrated that it acted as
DNA ligand and decreased the processivity of
DNMTs (Lee et al. 2005). Procainamide and pro-
caine were indeed described as DNA ligands with
a certain specificity for CG-rich regions, poten-
tially targeting the DNA binding of the DNMT as
described above in Sect. 17.1 (Villar-Garea et al.
2003). Procainamide was an interesting starting
point for drug design and several constrained
derivatives were synthesized and tested
(Castellano et al. 2008, 2011). In parallel,
procainamide conjugated to RG108, an in silico
identified pharmacophore (see paragraph below),
induced a synergy in the inhibition of the enzy-
matic activity of DNMT3A and DNMT1 (Halby
et al. 2012). Initially, it was hypothesized that the
procainamide moiety of these compounds would
bind to DNA and RG108 moiety would bind to
DNMT catalytic pocket. Later, a molecular
modeling study suggested that the conjugates
could occupy both SAM and cytidine pockets
(Yoo et al. 2013), explaining the increased activ-
ity (cf. Sect. 17.1).

In parallel, virtual screening-based studies led
to the identification of RG108 (Brueckner et al.
2005; Siedlecki et al. 2006; Stresemann et al.
2006), DC_517 (Chen et al. 2014), thienoquina-
zolinone-adenine 33h (Newton et al. 2020) and
pyrazolone/pyridazine derivatives (Huang et al.
2021). Recent experimental studies revealed that
RG108 has only a weak activity against human
DNMTs (Halby et al. 2012; Suzuki et al. 2010)



and more potent derivatives were since
synthesized, such as maleimide (Suzuki et al.
2010), constraint analogs (Asgatay et al. 2014),
and other derivatives (Rotili et al. 2014; Rondelet
et al. 2017). Nevertheless, their ability to inhibit
genomic DNA methylation has still to be
established for all these inhibitors. New genera-
tion compounds seem to be more promising, as
they showed DNA methylation inhibition and/or
gene re-expression in cells. DC_517 and Cpd
33h showed micromolar inhibition activity
against DNMT1 (IC50 ¼ 1.7 μM) (Chen et al.
2014) and DNMT3B (IC50 ¼ 8 μM) (Newton
et al. 2020), respectively. DC_517 reduced pro-
liferation and induced apoptosis in HCT116 colo-
rectal cancer cell line (Chen et al. 2014).
Regarding pyrazolone/pyridazine derivatives,
enzymology studies interestingly suggested that
they act as allosteric inhibitors with high-
micromolar range activity on purified DNMTs
(Huang et al. 2021) but their efficacy in cells
needs to be confirmed. Virtual screening followed
by structure optimization also led to the discovery
ofGSK3484862 (Pappalardi et al. 2021), a highly
potent DNMT1-selective inhibitor with IC50 ¼
0.23 μM vs. IC50 > 50 μM for DNMT3A/B.
In cells, GSK3484862 decreased promoter meth-
ylation and reinduced expression of VIM gene,
and it also induced global decrease of DNA meth-
ylation levels in murine embryonic stem cells
with limited toxicity (Azevedo Portilho et al.
2021).
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Several High-Throughput Screening (HTS)
campaigns were performed and allowed to iden-
tify new families of DNMTi. 3-Chloro-3-
nitroflavanones were identified (Ceccaldi et al.
2011) with sub-micromolar activity against
Dnmt3a/3L complex and exhibited a phenotype
in zebrafish embryos similar to the one observed
with the 5aza. This scaffold was further optimized
and 3-bromo-3-nitroflavanones showed
improved stability and cellular activity in several
cancer models in vitro and ex vivo (Lobo et al.
2021; Marques-Magalhães et al. 2021; Pechalrieu
et al. 2020). A naphtoquinone, diclone, and other
flavonoids were identified in another screening

campaigns, opening the path to study the impact
on the epigenome of plants, animals and humans
when addressing the toxicology of pesticides
(Ceccaldi et al. 2013). Molecular modeling stud-
ies suggested that the most potent compounds
occupy both the cytosine and SAM pockets
(Ceccaldi et al. 2011). SW155246, an aromatic
sulfonamide, was also identified by HTS (Kilgore
et al. 2013). Interestingly, this compound was
able to induce a weak methylation inhibition and
reactivation of tumor suppressor genes (TSGs) in
human lung carcinoma. Acridine derivatives,
known to intercalate into DNA, were described
to modulate DNA methylation (Hossain et al.
2013). Among them, derivative 517328 was the
most potent analog inhibiting DNMT1 in vitro
(~30% inhibition at 10 μM) and DNA methyla-
tion of TSGs in colon and pancreatic cancer cell
lines. This compound demonstrated that DNA
binders inhibit DNMTs, however, the specificity
of such inhibitors remains an important limitation
to their use. SGI-1027 is another weak DNA
ligand that was identified to be a DNMT1 inhibi-
tor (Datta et al. 2009). Molecular modeling stud-
ies suggested that SGI-1027 could inhibit
DNMTs by occupying both cytidine and SAM
pockets (Yoo et al. 2013) and Gros et al. (2015)
confirmed by biophysical studies that it interacts
with DNA and functions as a SAM
non-competitive but DNA-competitive inhibitor.
SGI-1027 was described to induce DNMT1 deg-
radation and TSG re-expression in colon cancer
cell lines and was quickly considered as the most
promising starting point for DNMTi design. Sev-
eral derivatives (Gamage et al. 2013; Rilova et al.
2014; Valente et al. 2014) succeeded in increas-
ing significantly DNMT inhibition potency with
the meta/meta analog, but no potent inhibition of
genomic DNA methylation or TSG re-expression
has so far been shown. Further investigations to
characterize the mode of action of this compound
family indicated that the meta/meta analog
strongly interacted with DNA and inhibited
DNMT by DNA interaction and destabilization
of the DNMT/DNA/SAM complex (Gros et al.
2015).
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Finally, Halby et al. carried out a rational
design based on bisubstrate analogs and identified
quinoline-quinazoline DNMTi with compound
68 as their lead compound. This DNMTi strongly
inhibits DNMT3A (EC50 ¼ 1.1 μM) with a good
selectivity over DNMT1 (EC50 ¼ 100 μM).
Besides it potently reduced promoter methylation
of CDKN2A together with an increase of its
expression level (Halby et al. 2017).

To conclude, to date only nucleoside DNMTi
were FDA-approved and SGI-110 is a promising
pro-drug of 5azadC, evaluated in clinical trials
both in hematological and solid cancers. An
increasing number of new non-nucleoside
DNMTi was published in the last few years, but
most lack selectivity or demonstrated impact on
genomic DNA methylation and TSG
re-expression, except for GSK3484862, an allo-
steric inhibitor, that is to date the most promising
chemical probe for DNMT. Several strategies are
therefore implemented to discover more potent
DNMTi.

17.3 Potential Applications
of DNMT Inhibitors

DNA methylation is crucial for the control of
gene expression and cell proliferation. Indeed,
DNA methylation of the CpG islands of gene
promoters leads to the silencing of the
corresponding gene. This regulation participates
in the dynamics of the gene expression regulation
in cells and is crucial for normal cell functions.
However, many factors, including diet, stress,
environmental conditions, etc., can lead to abnor-
mal DNA methylation patterns. These
deregulations are often responsible for
dysfunctions and development of diseases such
as cancers, neurological and cardiovascular
diseases, and abnormal plant growth (Fig. 17.3).
As all epigenetic modifications, DNA methyla-
tion is reversible and therefore can be chemically
reversed. The main application of DNMTi is by
far their use as anticancer agents. However, the
importance of DNA methylation in various
biological contexts has led to increasing research
in the context of other pathologies, such as

neurodegenerative and cardiovascular diseases
and in other fields, such as plant growth
optimization.

17.3.1 DNMTi Application in Cancers

In cancer, hypermethylation of TSG promoter
regions is observed together with a global
hypomethylation (Esteller 2008). The
hypermethylation of promoters of genes, such as
P53, P16, P15, RARβ2, HIC1 and RASSF1A,
results in their silencing and participates in
tumor formation, maintenance, and proliferation.

17.3.1.1 Nucleoside Analogs

As Single Agent
As described above, 5aza and 5azadC are the
most extensively used DNMTi. These nucleoside
analogs are able to decrease TSG-promoter meth-
ylation levels in cancer cells and induce TSG
re-expression, resulting in cell reprogramming
and, eventually, cell cycle arrest and apoptosis
(Fahy et al. 2012). A historical overview of their
development and application is described in Issa
and Kantarjian (2009). As single agents, 5aza or
5azadC are FDA- and EMA-approved to treat
certain forms of leukemia. To date there is no
approval of 5aza or 5azadC monotherapies for
solid tumors and only phase I and II clinical trials
are ongoing, for example, for liver, colorectal,
breast prostate, pancreatic and non-small cell
lung cancers and head neck carcinoma, (https://
clinicaltrials.gov/ct2/home). Table 17.1 reports
some examples of current clinical trials.

As described above, to overcome 5aza and
5azadC drawbacks (i.e., chemical instability,
poor delivery and side effects), other nucleoside
analogs were developed (Fig. 17.2), but they need
to be used at higher doses due to their lower
efficacy and up to date no clinical trials have
been undertaken with these compounds.

Despite their promise for non-solid tumor
treatment, the direct use of nucleoside analogs
as a single therapeutic agent is quite limited con-
sidering their instability, their side effects and
their lower therapeutic index in solid tumors.

https://clinicaltrials.gov/ct2/home
https://clinicaltrials.gov/ct2/home
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Pro-drugs of Nucleoside Analogs
Pro-drugs of 5aza and 5azadC, which delay the
release of the active molecule in the organism and
lower its degradation, showed a real improvement
of the drugs. CP-4200 is a lipophilic ester of 5aza
patented for its better cellular uptake and activity
in vivo in an orthotropic acute lymphoblastic
leukemia (ALL) mouse model (Silverman et al.
2009), but no clinical trial was undertaken up to
date. SGI-110 (guadecitabine) is a 5azadC
pro-drug, which avoids its decomposition by
deaminase (Chuang et al. 2010). In the last few
years, many clinical trials were started with
SGI-110 alone (for example, in phase III clinical
trials for AML (Acute Myeloid Leukemia), MDS
(Myelodysplastic Syndrome) and CMML
(Chronic Myelomonocytic Leukemia), in phase
II for gastrointestinal cancer and in phase I for
testicular cancer) and in combination with
immunotherapies (for example, in phase II for
kidney, ovarian, melanoma and (non-) small cell
lung cancers).

Nucleoside DNMTi in Combination
with Other Drugs

With Other Epidrugs
Nucleoside DNMTi were studied in combinations
with other epidrugs, for example, 5azadC was
combined with trichostatin A (TSA), an HDACi,
in colorectal carcinoma cell line. Whereas TSA
alone was not able to cause re-expression of
MLH1, TIMP3, P15 and P16 genes, a
pre-treatment with a low dose of 5azadC led to
their re-expression (Cameron et al. 1999). The
combination of 5azadC and valproic acid
(VPA), another HDACi, was evaluated in AML
and MDS (Yang et al. 2005) and tested in phase II
clinical trials (NCT00414310). However, no
improvement in outcome was reported. The asso-
ciation of 5aza or 5azadC with the FDA-approved
HDACi vorinostat (SAHA) was proven to be of
interest in hematological cancers (Silverman et al.
2008), in colorectal cancer cells (Najem et al.
2019) and in vivo in a colon carcinoma CT26



experimental lung metastasis mouse model (Yang
et al. 2012). In addition, 5aza was reported to be
active in combination with entinostat and
mocetinostat, benzamide inhibitors of HDACi
(Fandy et al. 2009) and these combinations are
tested in phase I and II clinical trials in hemato-
logical cancers. 5aza/entinostat combination is
also studied in solid cancers, such as advanced
non-small cell lung cancer (NCT01886573)
(Juergens et al. 2011), advanced breast cancer
(NCT01349959) and metastatic colorectal cancer
(NCT01105377) (see Table 17.1 for some
examples). Combination of 5aza/pracinostat, an
hydroxamic acid-based HDACi, is in phase III for
the treatment of AML (NCT03151408).
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Table 17.1 Examples of DNMTi FDA-approved and in phase II and III clinical trials as a single drug or in combination

Status Drugs Type of cancer targeted (phase of study)

tnega
elgnis

a
sa

FDA-approved
5aza (Vidaza ) AML, MDS

5azadC (Dacogen ) AML, MDS, CMML

in clinical trials

Guadecitabine AML (III), MDS (III), CMML (III),
Gastrointestinal Stromal Tumors (II)

5Aza T-cell lymphoma (III), DLBCL (III)

Disulfiram (DSF) + Copper
Metastatic breast (II) and pancreatic (II) 
cancers, Glioblastoma (III), Non-small Cell 
Lung Cancer (III)

noitanib
moc

ni

with other epi-drug

5AzadC + SAHA haematological cancers (II)

5AzadC + VPA AML (II), MDS (II)

5Aza + entinostat Colon and rectal cancer (II), non-small lung 
cancer (II)

with chemotherapies

5AzadC + cedazuridine (Inqovi ) MDS (FDA-approved)

5Aza or 5AzadC + ATRA AML (II), MDS (II), prostate cancer (II)

5Aza or 5AzadC + Venetoclax AML (III), MDS (III), NHL (II)

5Aza + Glasdegib AML (III), MDS (III), CMML (III)

5AzadC + Ivosidenib AML (III)

with immunotherapies

5Aza + Magrolimab (anti CD-47) AML (III), MDS (III)

5AzadC + Talacotuzumab (anti CD-123) AML (III), MSD (II)

5AzadC + Camrelizumab (anti PD-1) Hodgkin Lymphoma (III)

Phase of clinical trials are mentioned in brackets

With “Classical” Chemo- and Immunotherapies
Great promises arise from the use of nucleoside
DNMTi in combination with chemotherapies or
immunotherapies in tumors (Table 17.1). The

rational of these combination approaches relies
on the fact that, due to their capacity to globally
affect cells and restore cell functions, DNMTi can
increase the sensitivity to other anticancer agents,
resulting in higher efficacy (Ahuja et al. 2014,
2016; Azad et al. 2013; Cameron et al. 1999). A
plethora of clinical trials, involving multi-anti-
cancer agents in combination with both nucleo-
side DNMTi (5aza and 5azadC), are currently
ongoing, mainly in hematologic cancers with
39 phase III/IV active clinical trials. Many phase
III/IV trials have been undertaken in the last few
years. 5aza and 5azadC are in phase III in combi-
nation with “classical” chemotherapies such as
doxorubicin, all-trans retinoic acid (ATRA) or
cytarabine. Both nucleosides are also in phase
III and IV in combination with Venetoclax, a
Bcl2 inhibitor, Glasdegib, a Hedgehog pathway
inhibitor, Ivosidenib, an IDH1 inhibitor,
Eprenetapopt, a P53 reactivator, or the kinase



inhibitors Midostaurin, Gilteritinib, Clofarabine,
exclusively against hematological cancers, i.e.,
AML, MDS or CMML. Besides this, several
combinations of nucleoside DNMTi with mono-
clonal antibodies, such as anti-CD47
(Magrolimab), anti-CD3 (Visilizumab), anti-
CD123 (Talacotuzumab), anti-TIM-3
(Sabatolimab) or anti-PD-1 (Camrelizumab),
have reached phase III and IV. Finally, a combi-
nation of 5azadC and Cedazuridine, a cytidine
deaminase inhibitor, was approved in 2020 for
the treatment of MDS (Inqovi®).
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In parallel, several studies described an
enhancement of radiosensitivity by 5azadC treat-
ment in lung cancer A549 and glioblastoma
U373MG cells (Kim et al. 2012), SaOS2, HOS,
and U2OS osteosarcoma cells (Li et al. 2014) and
MDA-MB-231 and MDA-MB-435 breast cancer
cell lines (Wang et al. 2013a). In all cases, the
increase in radiosensitivity was correlated with
cell cycle-, apoptosis- and radiosensitivity-related
gene up-regulation and G2/M cell arrest.

In summary, nucleoside DNMTi are fre-
quently used for hematological cancers. New
clinical trials are ongoing to optimize the treat-
ment schedule using a low-dose strategy, and
evaluate DNMTi efficacy in solid tumors.
SGI-110 could eventually overcome the com-
pound stability limitation. In parallel, their use
in combination with other anticancer agents is
giving promising results increasing the efficacy
of the treatments and decreasing the side effects,
since lower doses of each drug are used.

17.3.1.2 Non-nucleoside DNMTi
As described above, several non-nucleoside
DNMTi have been reported, but none obtained
the same potency and validation as 5aza and
5azadC. Further studies and clinical trials are
required to better understand the therapeutic
potential of DNA methylation (Erdmann et al.
2015). Hydralazine (de la Cruz-Hernandez et al.
2011; Graça et al. 2014b) failed as single thera-
peutic agent in phase II for breast and rectal
cancer (Wang et al. 2009). Its combination with
VPA (Duenas-Gonzalez et al. 2008) was
completed in phase II against cervical cancer
(NCT00404326) and refractory solid tumors

(NCT00404508) more than 10 years ago and no
further studies had been started since.

Indirect effects on DNA methylation are also
of therapeutic interest. In the presence of disulfi-
ram, in vitro DNMT1 activity was shown to be
reduced, and global hypomethylation was
observed in prostate cancer cell lines with
decrease in APC and RAR-β promoter methyla-
tion accompanied by their re-expression. Xeno-
graft tumor volumes were shown to be reduced
under disulfiram treatment independently of the
dose (from 10 to 40 mg kg–1) (Lin et al. 2011).
However, a completed Disulfiram phase II study
prostate cancer showed a limited impact
(NCT01118741). Combination of disulfiram
with copper improved its potency in refractory
cancers (Li et al. 2020a). This combination is
currently in phase II against metastatic breast
(NCT03323346) and pancreatic
(NCT03714555) cancers and in phase III against
glioblastoma (NCT02678975).

RG108, found by virtual screening, was
shown to inhibit methylation in NALM6 (leuke-
mia cell line) and in HCT116 (colorectal cancer
cell line) inducing re-expression of P16 and
TIMP3 (Stresemann et al. 2006). In prostate can-
cer cell lines (LNCaP and 22Rv1), it decreased
DNMT activity together with cell growth inhibi-
tion and apoptosis (Graça et al. 2014a). However,
the mechanism by which RG108 treatment
resulted in a decrease of the methylation level in
cells remains to be understood. Nevertheless,
since it is commercially available, it was used as
a tool to inhibit DNA methylation in several cel-
lular models (see below).

17.3.2 DNMTi Application
in Neurological and Psychiatric
Disorders

DNA methylation, together with other epigenetic
modifications, is also deregulated in neurological
diseases and psychiatric disorders, such as schizo-
phrenia, epilepsy or bipolar disorder (for review,
Mohd Murshid et al. 2022). However, to date, no
DNMTi has been approved for these diseases, the
main hurdle being the poor capability of the



existing DNMTi to cross the blood-brain barrier
(BBB). Nevertheless, interesting results listed
here below highlight the great interest of targeting
DNA methylation in neurological and psychiatric
disorders.
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17.3.2.1 Memory Formation
Memory loss is involved in many neurodegenera-
tive diseases, such as Alzheimer’s and
Parkinson’s diseases, schizophrenia or post-
traumatic stress disorders. DNA methylation is
implicated in memory formation, as it regulates
gene transcription in central nervous system
(CNS) and is required in long-term memory for-
mation (Day and Sweatt 2010). Additionally,
DNA methylation was demonstrated to be
involved in synaptic plasticity as Dnmt1/Dnmt3a
double knockout in mice exhibit long-term poten-
tiation (LTP) deficiencies (Feng et al. 2010). To
better understand the implication of DNA meth-
ylation in various brain regions, rats were treated
with RG108 by using the object-in-place para-
digm, a test based on the memory of the position-
ing of objects in an enclosed space, which
requires both hippocampus and perirhinal cortex
brain regions. Using this model, Michnick et al.
demonstrated that DNA methylation was required
for long-term but not short-term memory
(Mitchnick et al. 2015). In parallel, expression
of Pp1, a memory suppressor gene, and Reln,
coding for reelin, a positive memory regulator,
was shown to be controlled by promoter methyl-
ation. Following fear conditioning, an increase in
Pp1 promoter methylation and a decrease in Reln
promoter methylation levels were observed in
adult rat hippocampus. Infusion of 5aza in adult
mouse brain inverted these effects, decreased Pp1
methylation and enhanced the low methylation
level of Reln, which inversely correlated with
the expression of both genes (Miller and Sweatt
2007). In rats trained for contextual fear memory,
the authors observed that intra-anterior cingulate
cortex infusions of 5aza or zebularine, 30 days
post-training, disrupted remote memory (Miller
et al. 2010). Reelin is also implicated in synaptic
plasticity that is involved in storage memory.
Levenson et al. demonstrated that zebularine
induced a significant methylation decrease in

one of the two CpG islands of the Reln promoter,
whereas the other CpG methylation level
remained steady (Levenson et al. 2006). The
impact of DNMTi in synaptic plasticity was stud-
ied by Nelson et al. in hippocampus slices, where
5azadC was reported to decrease the genomic
DNA methylation level, concomitantly with a
reduction of miniature excitatory post-synaptic
current frequencies in neurons, impacting neuro-
nal activity (Nelson et al. 2008). Tetrodotoxin,
known to decrease neuronal activity, also induced
a loss of methylation and the same effects were
observed both by using RG108 or by knocking
down Dnmt1 and Dnmt3a (Meadows et al. 2015).
Treatment of honeybees with RG108 also
induced relearning and bees were able to discrim-
inate between a known and a new odor (Biergans
et al. 2016).

Altogether, these studies show that DNA
methylation is implicated in memory regulation,
long-term memory and synaptic plasticity.
DNMTi were shown to interfere with the
long-term memory and to enhance synapse recep-
tiveness in neurons (synaptic upscaling). Conse-
quently, DNMTi were shown to impair memory,
suggesting a positive effect on post-traumatic
stress disorders (PTSD) caused by long-lasting
traumatic memory (see below). Animal studies
using 5azadC were in most cases carried out by
direct injection in brain regions or on slice
cultures. However, 5azadC injected intraperitone-
ally in mice led also to an increase of Bdnf expres-
sion and a lower global DNA methylation in the
hippocampus (Sales et al. 2011). These effects on
memory functions were hypothesized as limiting
factor for the use of decitabine in MDS patients
(Aydin et al. 2012).

17.3.2.2 Schizophrenia
Schizophrenia is a cognition disorder often
characterized by hallucination, paranoia and fail-
ure to adopt a “normal” behavior in social
situations. It is now quite clearly established that
a deregulation of the GABA ((γ-aminobutyric
acid)ergenic/glutamatergic) network in the hippo-
campus and cortex is characteristic of psychotic
disorders, including schizophrenia (Lewis et al.
2005). More specifically, a down-regulation of



GABAergic genes, such as glutamic acid decar-
boxylase67 (GAD67) and RELN, was measured in
post-mortem samples of schizophrenia patients
(Guidotti et al. 2000). This down-regulation was
correlated with an hypermethylation of their CpG
island promoter regions (Chen et al. 2002;
Grayson et al. 2005) and with an increase in
DNMT1 (Veldic et al. 2004) and DNMT3A
(Zhubi et al. 2009) mRNA expression in schizo-
phrenia post-mortem cortical GABAergic
neurons. In a model of prenatal-stress mice
exhibiting a schizophrenia-like behavior, high
levels of Dnmt1 and Dnmt3a expression occurred
in GABAergic neurons (Matrisciano et al. 2013).
Additionally, a knock-down of Dnmt1 in mouse
primary cortical cultures showed that Reln
expression is controlled by Dnmt1 (Noh et al.
2005).
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In this context, DNMTi were tested to
decrease the methylation level and restore a nor-
mal expression of GAD67 and RELN. 5aza,
zebularine, and procainamide were tested in cell
cultures and an increase in the expression of
GAD67 and RELN and a decrease in DNMT1
expression were observed (Kundakovic et al.
2007). However, 5aza and zebularine, the most
active molecules in the cellular context, present
limiting potential to cross the blood-brain barrier
(BBB).

17.3.2.3 Bipolar Disorders
Bipolar disorders are maniac-depressive disorders
characterized by a succession of elevated mood
and depression periods. Aberrant DNA methyla-
tion patterns are implicated in the etiology of
bipolar disorders and, very similarly to schizo-
phrenia, patients with bipolar disorders show a
down-regulation of GAD67 and RELN (Guidotti
et al. 2000). Because of the lack of relevant ani-
mal models to study bipolar disorders, very few
studies involving DNMTi have been carried out.
Mainly, VPA, an HDACi, was showed to
decrease DNA methylation without decrease in
DNMT expression (Aizawa and Yutaka 2015).
VPA is FDA approved for bipolar disorders and
in clinical studies in combination with
antipsychotics.

17.3.2.4 Epilepsy
Epilepsy is a group of neurological diseases for
which causes are unknown in most cases. Epilep-
tic patients are subject to recurrent unprovoked
seizures, which are brief to quite long periods of
intense shaking.

In temporal lobe epilepsy, the most common
epilepsy syndrome in human, low levels of reelin
were observed in brain specimens (Heinrich et al.
2006) in correlation with a hypermethylation of
its promoter region (Kobow et al. 2009). A
genome-wide study revealed a global DNA
hypermethylation in chronic epileptic rat
correlated to a decrease in reelin gene expression
at the mRNA level (Kobow et al. 2013). More-
over, Gria2, a Glu2A subunit of ionotropic
glutamate receptor, has been identified to play a
role in epilepsy, and its hypermethylation and
corresponding decrease in mRNA expression
was correlated to the intensity and frequency of
seizure in rats (Machnes et al. 2013). In an equiv-
alent rat model of kainic acid-induced epilepsy,
bisulfite sequencing showed a hypermethylation
of Grin2b/Nr2b, resulting in a lower level of
the GRIN2B protein, another glutamate receptor
subunit, together with a hypomethylation of
the Bdnf gene in epileptic hippocampus (Parrish
et al. 2013). RG108 treatment on kainite-treated
hippocampal slice cultures showed an inhibition
of the Gria2 hypermethylation and a beneficial
increase in Gria2 activity (Machnes et al. 2013).
Zebularine also decreased the methylation
level of Grin2b/Nr2b, concomitantly with an
increase in GRIN2B protein level (Parrish et al.
2013). All these findings are in favor of applying
DNMTi to epilepsy treatment. It was also
demonstrated that treatment with RG108 led to a
lower methylation level of RASgrf1gene and
increase its expression, which was associated
with the suppression of epileptic seizure in epi-
leptic mice model (Chen et al. 2017).

17.3.2.5 Post-traumatic Stress Disorder
Post-traumatic stress disorders (PTSD) appear in
patients who experienced a psychologically trau-
matic event, such as violent death witnessing,
domestic violence, child abuse, etc. and result in



severe anxiety associated with memory avoid-
ance, flashbacks, nightmares and emotional
arousal. For example, war veterans commonly
suffer from PTSD.
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In PTSD patients, altered DNA methylation
was observed in the peripheral blood immune
cells. Together with other genes (Uddin et al.
2010), BDNFwas reported to be hypermethylated
(Smith et al. 2011). In rat models, epigenetic
modifications were identified to play a role in
fear memory and Miller et al. demonstrated that
Dnmt3a and 3b are up-regulated, whereas level of
Dnmt1 remains steady in rat hippocampus in
response to contextual fear conditioning (Miller
and Sweatt 2007). Models of maltreated rats com-
pared to normal animals also showed an increase
in DNA methylation levels of Bdnf, associated
with a decrease of Bdnf expression. This modifi-
cation is a lasting effect, which was observed in
adulthood and passed to the next generation (Roth
et al. 2009). DNA methylation of BDNF
contributes to learned fear and BDNF is important
for the persistence of the pathological fear. There-
fore, DNMTi could be envisaged to erase the
memory of the trauma in PTSD patients (Zovkic
and Sweatt 2013). Administration of DNMTi
(5aza or zebularine) induces Bdnf expression
even in adult animals. In PTSD, an over-
consolidation of the fear memory is observed
and nucleoside DNMTi and RG108 were able to
block the contextual fear memory formation.
RG108 was also tested directly in rat brains and
shown to abolish long-term fear memory (Miller
et al. 2010).

In rodent, neonatal maternal separation (NMS)
attenuates neuron differentiation and can lead to
stress-induced behavioral disorders. It results in a
decrease in RARα expression concomitant with an
increase in the RARα promoter methylation.
Dnmt1 was shown to be up-regulated, whereas
no change was measured in Dnmt3a and Dnmt3b
expression in adult dentate gyrus-derived neural
precursor cells (ADP). 5azadC was capable of
increasing the neuronal differentiation and
decreasing methylation of RARα (Boku et al.
2015).

17.3.2.6 Depression
Sadness, low mood, loss of motivation, and low
self-esteem characterize pathological depression,
which in the most severe cases can lead to suicide.
For example, 38,000 cases of suicide were
reported in 2010 in the USA, which represents
more than the number of human beings killed by
car accident (34,000) or twice more than victims
of homicide (16,000) (Nature Editorials 2014).
About 60% of the subjects who committed sui-
cide had depression or related mood disorders.

Until recently, the only epidrugs used to treat
depression were HDACi (Sun et al. 2013). How-
ever, a couple of years ago, DNA methylation was
proven to be involved in this disorder, and the
environment was shown to play a major role, par-
ticularly early-life environmental stress (Booij et al.
2013). Dnmt3a was identified in a mouse model as
regulating emotional behavior (LaPlant et al.
2010). In patients with severe depression and pre-
vious suicidal attempts, BDNF hypermethylation
was proposed as a biological marker of suicidal
behavior (Kang et al. 2013). Additionally, the
gene encoding for P11 protein, a modulator of
neuronal function involved in depression, was
demonstrated to be hypermethylated in rodent
and human depression. Interestingly, after treat-
ment with anti-depressant, such as escitalopram
(a serotonin reuptake inhibitor), the methylation
of P11 was shown to return to normal (Melas
et al. 2012). Hypermethylation of the promoter
region of TRKB, encoding for tropomyosin recep-
tor kinase B (TrkB), a BDNF receptor, was also
reported in suicide completers accompanied by a
decrease of mRNA expression (Ernst et al. 2009).

Sales et al. observed that 5aza, 5azadC and
RG108 possessed anti-depressant-like effects in
rats increasing the mobility in the tail suspension
test and decreasing the immobility time in the
forced swimming test (Sales et al. 2011). This
was correlated to an increase of BDNF expression
level. In a model of chronic ultra-middle stress
exposure in mice, representative of a depression-
like behavior, zebularine and RG108 reverted the
depression-like behavior with an increase in Gdnf
expression (Uchida et al. 2011).
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17.3.2.7 X-Chromosome-Related
Diseases and Autism Disorders

Patients with Rett syndrome, predominantly
occurring in women, show a normal development
for the first 6–18 months, then progressively
loose speech and hand use, associated with sei-
zure and autism. Rett syndrome is an X-
chromosome-related neurological disease caused
by a mutation in the MeCP2 (methyl-CpG-bind-
ing protein 2) protein (Amir et al. 1999; Guy et al.
2007). This protein is known to bind methylated
DNA, repress transcription, and to be involved in
gene regulation via the recruitment of the
co-activator CREB1 (Lyst and Bird 2015).
Although DNA methylation pattern is described
as crucial for MeCP2 recognition, no DNMTi was
used to treat Rett syndrome. However, treatment
of hippocampal cells of MeCP2 knockout mice
with methyl donor SAM was able to rescue neu-
rotransmission event frequencies and thus to par-
tially compensate MeCP2 loss of function
(Nelson et al. 2008).

Additionally, in X-fragile syndrome, another
related autism disorder, hypermethylation in the
promoter region of the FMR1 gene is observed
(Sutcliffe et al. 1992). The treatment of X-fragile
cell lines with 5azadC was reported to slightly
re-induce FRM1 expression (Tabolacci et al.
2005).

17.3.2.8 Parkinson’s and Alzheimer’s
Diseases

Parkinson’s disease (PD) is a CNS disease due to
the degeneration of dopamine-producing
neurons, and it affects more than 4 million people
worldwide. The movement-related symptoms
include shaking and dementia and can occur in a
later stage of the disease. Hypomethylation is
observed in PD patients in the CpG-rich island
of SNCA, gene coding for α-synuclein (Jowaed
et al. 2010). α-Synuclein is a protein involved in
aberrant soluble oligomers that lead to neurons
death. The reduced levels of SNCA methylation
were shown to result from a “sequestration” of
DNMT1 in the cytosol in an α-synuclein-trans-
genic mice and post-mortem PD brains (Desplats
et al. 2011). 5azadC was tested on dopaminergic

neurons and resulted in viability decrease and
increase of apoptosis associated with an
up-regulation of α-synuclein (Wang et al.
2013b). DNMTi can thus have deleterious effects
for PD patients.

Alzheimer’s disease (AD) is a neurodegenera-
tive disorder resulting in severe dementia. The
methylation profile of AD disease patients is con-
troversial as both hypo- and hypermethylation
were reported (Coppieters and Dragunow 2011).
Nuclear immunostaining of DNMT1 and other
component of the methylation complex such as
MBD2/3 was significantly diminished in neurons
(Mastroeni et al. 2010), where a loss of methyla-
tion of the amyloïd precursor proteins was
observed. A decrease in BACE and PSEN1
(encoding for presenilin 1) methylation was also
shown in AD patients and was associated with a
potential over-expression of amyloid β-peptides
(Mastroeni et al. 2010; Scarpa et al. 2003). A
cocktail of DNA methylation enhancers, such as
folate, is currently in phase III clinical trial
(NCT00056225). Moreover, a dramatic global
hypermethylation in the gray matter of post-
mortem human brain tissues was also observed
in AD patients (Coppieters et al. 2014) together
with the increase of methylation in certain regions
such as MCF2L and ANK1 genes (De Jager et al.
2014). Additional data are crucial to confirm the
hypermethylation profile of AD patient and to
potentially envisage the use of DNMTi for AD
treatment.

17.3.2.9 Aging-Related Senescence
and Amyotrophic Lateral
Sclerosis

In amyotrophic lateral sclerosis (ALS), motor
neurons death leads to muscle weakness and
evolves to breathing difficulties. This neurode-
generative disease, often associated with aging,
has a 3–5-year survival prognostic (Cleveland
and Rothstein 2001). In motor cortex tissues and
spinal cord motor neurons of ALS patients, levels
of DNMT1 and DNMT3A were shown to be
increased (Chestnut et al. 2011; Cho et al.
2010). Oh et al. reported an increase in DNMT1
and DNMT3A expression in ALS mesenchymal



stromal cells (ALS-MSCs) compared to normal
MSCs. RG108 treatment of ALS-MSCs isolated
form ALS patients’ bone marrow induced anti-
senescence factors (TERT, VEGF, ANG) together
with the down-regulation of senescence factors
(ATM, P21). Additionally, a significant improve-
ment in ALS-MSC migration and their differenti-
ation into neurons was observed (Oh et al.
2015b). Thus, RG108 treatment is promising for
a more efficient ALS treatment by autologous
cells therapies.
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In addition, Oh et al. evaluated the effect of
RG108 on human bone marrow mesenchymal
stromal cells (hBM-MSCs), which are used in
cell therapies. They confirmed the anti-
senescence effect of RG108 in in vitro cultures
with an increase in the expression of anti-
senescence factors (TERT, VEGF, bFGF and
ANG) and a decrease of senescence-related
factors (ATM, P21 and P53) (Oh et al. 2015a).
Thus, an optimized dose of RG108 (5 μM), for
which cell viability is maintained, could greatly
improve hBM-MSC potency, which could consti-
tute a real progress in the improvement of the
stem cell therapies.

17.3.2.10 Neuronal Stem Cell
Neuronal stem cell (NSC) cultures are potential
sources of transplantable cells to treat neurode-
generative diseases. DNA methylation was
proven to be essential for NSC differentiation
and proliferation. Folic acid was shown to stimu-
late neonatal rat NSC proliferation in vitro
(Li et al. 2013), whereas zebularine treatment
resulted in the attenuation of their proliferation
(Lin et al. 2014; Luo et al. 2013) and a reduction
of their migration (Singh et al. 2009b). Hence
DNMTi are deleterious for NSC growth, but the
use of DNMT activators can provide an interest-
ing way to optimize NSC cultures.

DNA methylation was shown to be implicated
in many neurological diseases and psychiatric
disorders. The consequences of DNAmethylation
depend on the disease and the use of DNMTi
can be, in a few cases, unfavorable, like in
Alzheimer’s disease, but it can also have a posi-
tive outcome in pathologies like schizophrenia,
depression and post-traumatic stress disorders.

Despite the high interest in controlling DNMT
activity, the path to use DNMTi as drugs to treat
neurological diseases and psychiatric disorders is
still long. First, it is made difficult by the lack of
animal models to study these pathologies. Sec-
ond, active molecules must cross the blood-brain
barrier, and, for example, 5aza or zebularine are
not able to do so. Additionally, toxicity is not
acceptable for psychiatric diseases, which often
require chronic and life-long treatment. Finally,
the specificity of action is also an issue as DNA
methylation is involved in biological processes in
all tissues and organs. Despite these limitations,
the better comprehension of DNA methylation in
neurological diseases will led to new therapeutic
strategies and new small molecule DNMTi are
urgently needed for neurodegenerative diseases
and psychiatric disorders (Szyf 2015).

17.3.3 DNMTi Application
in Cardiovascular Diseases

Cardiovascular diseases (CVDs) are the leading
cause of death in most of the developed countries
and environmental factors such as diet, smoking
habits, or impaired metabolism are critical risk
factors. Therefore, it is not surprising that epige-
netic modifications, including DNA methylation,
are involved in these pathologies.

DNA methylation patterns were reported to be
altered in several CVDs. In hypertension, the
hypermethylation of the HSD11B2 promoter, a
gene affecting blood pressure, was observed
(Friso et al. 2008). Hypermethylation was also
reported for the ATP-binding cassette transporter
A1 gene (ABCA1) in coronary heart disease
(Guay et al. 2014) and, in an atherosclerosis
Apoe–/– mouse model, the hypermethylation of
specific vascular homeostasis genes was
described (Zaina et al. 2014). A study on about
300 Singapore Chinese subjects also proposed
DNA methylation as CVD risk biomarker, specif-
ically the Alu/STAT2 methylation level (Kim
et al. 2010). In parallel, in the early-stage athero-
sclerosis Apoe–/– mouse model a global
hypomethylation was reported in peripheral
blood mononuclear cells (Lund et al. 2004).
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Concerning the use of DNMTi in CVDs, in the
context of norepinephrine-induced heart hyper-
trophy, a 6-days treatment with 5azadC restored
a normal protein expression profile of the whole
cardiac proteome and rescued the phenotype of
norepinephrine-treated rats (Xiao et al. 2014).
5azadC was also shown to facilitate inorganic
phosphorus mineralization of human aortic
smooth muscle cells (HASMCs) via
up-regulation of the alkaline phosphatase (ALP),
a risk factor for cardiovascular disease in patients
with chronic kidney disease (CKD) (Azechi et al.
2014).
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Atherosclerosis is characterized by an inflam-
mation of arterial wall and it is the major cause of
stroke and heart attack. Gene expression in endo-
thelial cells changes dramatically when submitted
to blood flow variations and disturbed flow is
pro-atherogenic. In mice, disturbed blood flow
induces Dnmt expression, moreover several
down-regulated mechano-sensitive genes were
identified and their expression was shown to be
under their promoter methylation control and
reversed by 5azadC (Dunn et al. 2014). Besides,
estrogen receptors (ERα, ERβ) are
artheroprotective and hypermethylation of ESR1
(ERα) and ESR2 (ERβ) promoters, associated
with their silencing, were shown in atheroscle-
rotic tissues and in senescing cells. Treatment
with 5azadC was carried out on smooth muscle
cells (SMCs) and endothelial cells (ECs),
resulting in the decrease of estrogen receptor
gene promoter methylation accompanied by an
increase of ER levels in both vascular cell lines.
Additionally, the combination 5azadC/TSA
showed some synergetic effect, while TSA alone
had no effect (Kim et al. 2007).

Ischemia is a decrease in blood supply to tis-
sue, which results in hypoxia and leads to cardiac
fibrosis. In hypoxia-induced pro-fibrotic state of
human cardiac fibroblast, an increase in DNMT1
and DNMT3B expression and a global
hypermethylation were reported. The expression
of pro-fibrotic genes, such as alpha-smooth mus-
cle actin (ASMA) or collagen 1, increased and this
was enhanced by treatment with TGFβ,
pro-fibrotic cytokine. Interestingly, treatment
with 5azadC significantly reduced TGFβ effects

and levels of ASMA and collagen 1, decreasing
pro-fibrotic effects and positioning DNMT as
potentially valuable therapeutic target in ischemic
heart disease (Watson et al. 2014). Finally,
exploring the influence of DNMTi on mouse
embryonic stem cells (mESCs), zebularine was
shown to re-express cardiac-specific genes, such
as Nkx2.5 and Gata4 (Horrillo et al. 2013).

DNA methylation is also implicated in heart
failure. Indeed, a higher level of homeobox gene
PITX2c promoter methylation accompanied with
increased DNMT1 and decreased PITX2 protein
levels was identified in heart disease atrium. In
the HL-1 cell line, 5azadC reversed PITX2c pro-
moter methylation and increased the PITX2 and
KIR2.1 protein level (Kao et al. 2013), which
could have a positive outcome in case of heart
failure.

Recently, DNA methylation and expression
levels of COX2 in human heart mesenchymal
stem cells (HMSCs) were shown to be involved
in the senescence and aging of HMSCs. Treat-
ment with 5azadC lowered COX2 methylation
level, restored its expression level, promoting
HMSCs proliferation and delating aging (Sun
et al. 2021b). This highlighted the potential role
of COX2 as a new therapeutic target against car-
diovascular diseases. Despite the evidence of the
role of DNA methylation in CVDs (Chaturvedi
and Tyagi 2014), no epidrug is currently in clini-
cal trial for CVDs.

17.3.4 DNMTi Application in Other
Human Pathologies

17.3.4.1 Obesity
Obesity has a high prevalence in industrialized
countries where high caloric diet is common. This
major public health problem can lead to diabetes
or cardiovascular diseases. Following a 5 days
high fat diet, DNA methylation changes of the
transcriptional co-activator PGC-1α involved in
oxidative energy metabolism were observed
(Brøns et al. 2010). Variations of DNA methyla-
tion were also reported by Wang et al. who
analyzed DNA methylation in peripheral blood
leukocytes and determined that UBASH3A



was hypermethylated, whereas TRIM3 was
hypomethylated in obesity cases (Wang et al.
2010b). Variability of DNA methylation in indi-
vidual adipose tissues was shown to influence
their response to caloric restriction in terms of
weight loss (Bouchard et al. 2010). A comparison
of methylation levels in abdominal adipose
tissues before and after gastric bypass and weight
loss showed a decrease of DNA methylation in
both tissues after gastric bypass (Benton et al.
2015). Expression of adiponectin, a protein
regulating glucose and lipid metabolism
(Yamauchi et al. 2002), was inversely correlated
with insulin resistance, type 2 diabetes and car-
diovascular diseases (Kadowaki et al. 2006). Kim
et al. established that adiponectin expression was
under epigenetic control by hypermethylation of
the R2 promoter region observed in high-fat diet
obese mice compared to normal-diet lean mice.
RG108 was tested in an obese mice model (db/db
mice) and increased adiponectin expression levels
were shown to lead to an improvement of glucose
intolerance and insulin resistance (Kim et al.
2015). These recent results are promising for
obesity-related disease therapeutics.
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17.3.4.2 Alcohol Addiction
Alcohol abuse with its associated diseases and
behaviors is responsible for about 6% of the
death worldwide (WHO 2014 Global status report
on alcohol and health). In the UK, alcohol was
classified as the most harmful drug for oneself
and others (Nutt et al. 2010). The influence of
alcohol consumption on DNAmethylation is con-
troversial and seems to be highly dependent on
the studied tissues. For example, DNA in post-
mortem human brains was reported to be
hypomethylated in alcoholics (Ponomarev et al.
2012). This hypomethylation was shown to result
in the increased expression of long-term repeat-
containing human endogenous retrovirus. A
decrease in DNMT3A and DNMT3B levels
was also shown in post-mortem alcoholic
patient brains compared to healthy individuals.
DNMT3B expression was reported to be
inversely proportional to blood alcohol concen-
tration, whereas no variation was reported for
DNMT1 expression level (Bönsch et al. 2006).

Genome-wide DNA hypermethylation in
lymphoblasts of 165 female subjects showed a
correlation of the increase in DNA methylation
with the drinking frequency (Philibert et al.
2012).

DNMTi were studied for the treatment of alco-
hol addiction and encouraging outcomes were
described. In an alcohol-exposed rat model sub-
mitted to the two-bottle choice test and treated or
not with 5aza, Warnault et al. found that for 5aza-
treated animals the rate of alcohol intake was
significantly lower compared to non-treated alco-
hol-dependent rats (Warnault et al. 2013). These
results also showed that inhibition of DNA meth-
ylation enabled to specifically reduce alcohol
consumption and preference but did not influence
other rewarding substance intake. DNA methyla-
tion was suggested to increase the expression of
endogenous factors interfering with alcohol
drinking behavior, such as BDNF (Logrip et al.
2009) and GDNF (Carnicella et al. 2008) that
prevent the escalation from moderate to excessive
consumption. Barbier et al. studied long-term
behavior in alcohol-conditioned rats after
3 weeks of abstinence and established a causal
relationship between DNA methylation, alcohol
intake and seeking behavior. They measured an
increase in Dnmt1 and no change in Dnmt3A and
Dnmt3B levels. Using intracerebroventricular
infusion of RG108, they lowered the DNA
methylation level in mPFC (medial prefrontal
cortex) of alcohol-conditioned rats, while no
change was observed in controls. DNMTi also
prevented escalation of alcohol consumption.
Seven genes involved in neurotransmission and
coding for synaptic proteins were down-regulated
in alcohol-dependent rats. Among them,
synaptotagmin 2 (Syt2) presented a higher meth-
ylation level in alcohol post-dependent rats and a
synaptic transmission deregulation was reported
in post-dependent mPFC neurons. A Syt2 knock-
down resulted in compulsive-like drinking behav-
ior. Interestingly, Syt2 normal methylation level
and expression were restored by RG108 treatment
(Barbier et al. 2015).

Although variations of DNA methylation
levels in the brain of alcoholic patients seem to
be heterogeneous, the results of DNMTi on
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preclinical animal models are an interesting
starting point for the use of DNMTi to limit
alcohol dependence.
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17.3.4.3 Inflammation and Allergy
Inflammation is a reaction of the immune system
to harmful stimuli. In allergy, also known as
hypersensitivity (e.g., hay fever, allergic asthma,
etc.), inflammation is triggered by an unsuitable
immune response to harmless environmental
cues. Similarly, in auto-immune diseases, an
abnormal immune response is directed towards
tissues normally present in the organism.
Among the CD4+ T-cells (T-helper (Th) cells),
T-helper 1 (Th1) express specifically interferon-γ
(INFγ) (Brand et al. 2012), whereas T-helper
2 (Th2) express interleukin 4 (IL4), IL5 and
IL13. The INFγ (Winders et al. 2004) and IL4
(Kwon et al. 2008) cytokine expression is under
DNA methylation control and differentiation of
naïve T-cell into Th1 or Th2 cells results in a
modification of the methylation levels of CpG
sites in INFG coding for INFγ (White et al.
2006). The level of INFG promoter methylation
in CD4+ lymphocytes of adults and children with
asthma was shown to depend on age, sex and
tissues (Lovinsky-Desir et al. 2014). However,
in this study, the authors hypothesized that the
increase of INFG promoter methylation might not
be the only reason of its lower expression and
further investigation is required. In mouse
models, Dnmt3a and Dnmt3b were more
expressed in Th2 cells compared to Th1 cells,
whereas no difference in Dnmt1 expression was
observed (Yu et al. 2012). Moreover, in the same
study, INFG and IL4 expression was lower in
mutant mice lacking Dnmt3a or Dnmt3a/3b but
not in mutants lacking only Dnmt3b. Altogether
these data highlight the importance of DNA
methylation in the regulation of cytokine expres-
sion in CD4+ T-cells and in inflammation
reactions.

In inflammation, the balance of T-cell sub-type
is disturbed with a shift from Th1 towards Th2
response. As a result, the ratio INFγ vs. IL4 pro-
duction is modified, which can be considered as
an indicator of inflammation risk (Shahid et al.

2002). In patients with bronchial asthma, T-cell
differentiation into Th2 sub-type and
IL4-associated cytokine are much higher than in
controls (Kwon et al. 2008). Although genetics
predispositions are involved in asthma (Lloyd and
Hawrylowicz 2009), environment such as pollu-
tion, cigarette smoke, etc., is also well-known to
have a crucial influence, which rises the impor-
tance of epimutations in asthmatic patients. A
comparison of 21 monozygotic adult twins dis-
cordant for asthma showed a decrease in INFG
and FOXP3 expression in the case of asthma with
a greater decrease for cases with second-hand
smoke (SHS) during childhood, which was
shown to significantly affect INFG and FOXP3
methylation levels (Kohli et al. 2012; Runyon
et al. 2012). A similar study with monozygotic
twins concluded the importance of DNA methyl-
ation of genes involved in immune response
associated with psoriasis, like TNFSF11, i
CD4+ T-cells (Gervin et al. 2012). It is important
to underline the significance and increased inter-
est in epidemiology studies on the epigenome of
monozygotic twins, starting from the seminal
paper of Fraga et al. in 2005 (Fraga et al. 2005).

Concerning seasonal allergic rhinitis (SAR),
peripheral blood mononuclear cells from SAR
patients and healthy controls were challenged
with allergen. Interestingly, the DNA methylation
profile of SAR patients varied during and outside
pollen season (Nestor et al. 2014). DNMTi were
tested in vitro and in vivo for their ability to
control inflammation. In asthma, upon allergen
sensitization/challenge by ovalbumin treatment a
comparison of sensitized and non-sensitized mice
showed an increase in INFG promoter methyla-
tion correlating with a decrease in INFγ level.
This increase was reversed by 5azadC treatment
(Brand et al. 2012).

In acute lung injury (ALI), an inflammatory
lung disease mainly caused by sepsis, the combi-
nation of 5azadC and TSA reduced mortality
level in LPS (lipopolysaccharide)-induced ALI
mouse mode with a 80% survival rate (Thangavel
et al. 2014). Primary bone marrow-derived
macrophages of LPS-treated mice expressed
higher levels of pro-inflammatory chemokines



and cytokines, which were decreased upon
5azadC/TSA treatment, resulting in cell survival
increase (Thangavel et al. 2015).
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Rheumatoid arthritis is a chronic inflammatory
auto-immune disease involving synovial inflam-
mation and causing joint pains. In fibroblast-like
synoviocytes (FLS) of arthritic rats, the methyl-
CpG-binding protein MeCP2 was selectively
over-expressed, whereas secreted frizzled-related
protein (SFRP4) was down-regulated. A knock-
down of MeCP2 resulted in an enhancement of
the SFRP4 level. SFRP4 is known to activate the
Wnt pathway, which is involved in FSL abnormal
proliferation. Treatment of FLS with 5azadC
resulted in an increased SFRP4 expression and a
decreased cell proliferation (Miao et al. 2013).
Finally, a strong increase in promoter methylation
of Th2 genes (IL4 and IL5) with an opposite
effect for Th1 genes (INFG and IL10) was
observed in PMBC of children allergic to cow’s
milk compared to healthy ones (Berni Canani
et al. 2015).

In combination, these studies described the
potential of DNMTi in the development of new
anti-inflammatory treatment in asthma, acute lung
injury, and rheumatoid arthritis.

17.3.4.4 Infectious Diseases

Viral Infections
In 2014, 35 million people were affected by HIV
(human immunodeficiency virus)-1 worldwide.
Most infected people have a normal quality of
life when treated with anti-retrovirus therapy,
but an interruption in the treatment can reactivate
latent viruses (Van Lint et al. 2013). Efforts have
been made to improve the anti-HIV therapies. It
was shown that methylation of proviral DNA of
HIV (Kumar et al. 2015) or human
T-lymphotropic virus (HTLV) (Saggioro et al.
1991) is involved in latency establishment and
in their escape from the immune system. In
HIV-infected cells, an increase of DNMT1
(Mikovits et al. 1998) and DNMT3A/3B levels
(Chandel et al. 2015) has been observed. How-
ever, the influence of DNA methylation is quite
controversial and a hypermethylation of HIV-1 50

long terminal regions (LTR) was reported in

latent HIV reservoirs of patients who did not
present viremia compared to viremic patients
(Blazkova et al. 2009). A strategic option could
be to activate HIV in their reservoir to kill
infected cells, while anti-retrovirals are used to
block new infections. In this context, Fernandez
et al. demonstrated that, in association with TNFα
known to activate HIV replication, the use of
5azadC activated HIV twice more than the single
use of TNFα in J-Lat cells. However, this seems
to be cell line specific, as in other cell lines, such
as J1.1 and U1, 5azadC inhibited HIV activation
(Fernandez and Zeichner 2010). This variability
highlights the complexity in the dynamic of DNA
methylation and the need of novel chemical
inhibitors to probe the role of DNA methylation
in different biological contexts.

HIV is also known to be associated with cer-
tain cancers such as non-Hodgkin’s lymphomas
(NHL). In HIV-positive NHL patients, a clear
up-regulation of DNMTs was observed. In
HIV-positive aggressive B-cell lymphomas, the
HIV-TAT protein was shown to be secreted by
infected cells and to result in cell proliferation. In
this context, an up-regulation of DNMTs was
observed and 5azadC treatment was able to
re-express P16 (Luzzi et al. 2014).

Similarly, human papillomavirus (HPV)-
positive lung cancers exhibited high levels of
DNMT3B (Lin et al. 2005) and treatment with
5azadC was able to restore normal levels of
E-cadherin expression in the presence of HPV
(D’Costa et al. 2012). These findings could be
exploited to improve the treatment of virus-
induced cancers like HIV-positive NHL, papil-
loma virus-positive cancers or Epstein-Barr
virus-positive Burkitt’s lymphoma (Paschos
et al. 2009).

Hepatitis C virus (HCV) was also shown to
lower E-cadherin levels and induce an
hypermethylation of the E-cadherin promoter,
which is known to induce morphological
changes, alter cell-cell adhesion and induce
epithelial-mesenchymal transition, critical in
tumorigenesis (Park and Jang 2014). DNA meth-
ylation was reported to be deregulated in HCV.
DNMT activity was shown to be essential for
HCV cell infection and the use of 5aza or



5azadC induced a significant decrease in HCV
infection (Chen et al. 2013). Therefore, DNMTs
can represent potential targets for HCV treatment.
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Bacterial Infections
Epigenetic changes regulate the bacteria-specific
innate immune response, as described for inflam-
mation (cf. Sect. 17.3.4.3). Alterations of DNMT
expression levels were measured in mice
provided with E. coli or E. coli-LPS contaminated
water compared to control mice. This highlighted
the role of bacterial LPS in the alteration of the
epigenetic response (Kovalchuk et al. 2013). In
E. coli-infected human uroepithelial cells, DNMT
activity was demonstrated to be more than
10-fold enhanced compared to non-infected cells
(Tolg et al. 2011). DNMT1 expression was also
altered following Porphyromonas gingivalis or
Fusobacterium nucleatum infection (Yin and
Chung 2011). In parallel, pre-treatment of
gingival epithelial cells with 5aza significantly
reduced the up-regulation of cytokine genes IL6
and CXCL1, observed upon P. gingivalis or
F. nucleatum exposure. However, no reduction
in bacterial invasion of gingival epithelial cells
was observed (Drury and Chung 2015). Hence,
although DNA methylation is involved in bacte-
rial infection, the use of DNMTi is still to be
studied.

Parasite Infections
DNA methylation was shown to be involved in
several parasite infections. Quinazoline-based
DNMTi, show oral efficacy in P. berghei infected
mice (Bouchut et al. 2019) and quinoline–
quinazoline DNMTi induced parasite death
including artemisinin-resistant pathogens
together with a decrease in methylation level
(Nardella et al. 2020). DNA methylation inhibi-
tion was also studied in Biomphalaria glabrata, a
mollusk, host of the pathogen Schistosoma
mansoni. In this invertebrate model, 3-bromo-3-
nitroflavanones were shown to reduce DNA
methylation in B. glabrata and its offspring
together with phenotype modification but with
no noticeable toxicity. Interestingly, identified

hypomethylated loci were associated with
reduced gene expression (Luviano et al. 2021).

The importance of the epigenetic modulation
of the host in case of infective disease starts to be
established and this could open the door to the use
of epidrugs as anti-infectious agents. This would
certainly be facilitated by the discovery of more
potent and selective small molecule DNMTi.

17.3.4.5 Embryo Growth
The establishment and maintenance of DNA
methylation patterns are crucial in the early devel-
opment of the human embryo (Guo et al. 2014).
Altered DNMT activity in the embryo can lead to
early pregnancy loss (Yin et al. 2012). Early DNA
methylation pattern establishment is also impor-
tant in the in vitro fertilization (IVF) process and
development of pre-implanted embryos was
shown to be dependent on correct methylation
(Dobbs et al. 2013). To better understand and
improve the success rate in IVF process, studies
were carried out on DNA methylation pattern in
animal model embryos. S-Adenosyl-L-homocys-
teine (SAH), a common inhibitor of
methyltransferase, was used to study in vitro
mouse embryo development. Administered at a
period of time preceding de novo methylation,
SAH results in a decrease of DNA methylation
and improvement of development competency of
in vitro cloned embryos compared to non-treated
ones (Jafari et al. 2011). Treatment of buffalo skin
fibroblast donor cells with the combination
5azadC/TSA decreased global DNA methylation,
apoptosis and improved the development of
cloned embryos (Saini et al. 2014). RG108 in
combination with an HDAC inhibitor showed
synergetic effects on somatic cell nuclear transfer,
a technique that is known to have limited effi-
ciency in mammalian cloning and in which the
DNA methylation profile was shown to be incom-
pletely reprogrammed (Peat and Reik 2012).
RG108 at high doses (500 μM) increased
embryoblasts compared to non-treated controls,
which could be promising for the improvement in
cloning efficiency (Li et al. 2011; Watanabe et al.
2013).
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17.3.5 DNMTi Application
in Metabolite Production

To date, no direct therapeutic studies targeting
DNAmethylation in fungal infection were carried
out. However, DNA methylation was found to be
involved in fungal biosynthetic genes repression.
When cultured in the presence of 50 μM of 5aza,
atlantic-forest-soil-derived Penicillium
citreonigrum produced fungal exudates, formally
known as guttates, secondary metabolites
strongly enriched in several specific components,
as the azaphilone family, and exhibited new sec-
ondary metabolites from the atlantinone family
(Wang et al. 2010a). Likewise, supplementation
of the Alternaria sp. fungus culture medium by
5aza induced the production of toxic metabolites,
such as alternariol, altenusin, alternariol-5-O-
methyl ether, 30-hydroxyalternariol-5-O-methyl
ether, which are known as plant-disease inducers
and that are dormant in normal culture conditions
(Sun et al. 2012).

Additionally, DNMTi and HDACi can be
added to bacterial cultures to diversify the metab-
olite production. For example, 5aza was added to
marine fungus Leucostoma perisoonii culture
medium to optimize the production of
cytosporones; two unknown cytosporones were
obtained, one of which exhibiting some activity
against Plasmodium falciparum (Beau et al.
2012). This modulation of the biosynthesis
pathways through DNA methylation tailoring
could lead to the production and identification of
novel molecules that can be therapeutically active
compounds

17.3.6 DNMTi in Plants

Variations in plant growth conditions, such as
temperature, induce epimutations, which can
lead to significant modifications in the phenotype,
as, for example, the variation of petal number of
the Rosa hybrid. This modification was related to
DNA hypermethylation of the RhAG promoter at
low temperature (Cortijo et al. 2014; Ma et al.
2015). In contrast to humans, cytosine

methylation in plants does not occur only in a
CpG context and 30% of the cytosines are
methylated compared to 5–8% in humans
(Finnegan et al. 1998). In Japonica rice (Oryza
sativa L.), 5aza or 5azadC (0.3 mM for 16 h to
3 days) were shown to decrease the DNA meth-
ylation level and to result in dwarfism. The effect
of 5azadC (70% dwarfism effect) was more pro-
nounced than with 5aza (30% dwarfism effect).
Unlike in mammals, the DNA methylation profile
is not erased during gametogenesis (Kinoshita
et al. 2004, 2007), which results in heritable
DNA methylation changes in progenies, thus
5aza induced dwarfism in rice was shown to be
maintained up to the third generation (Sano et al.
1990). Upon treatment with 5azadC, a lower
methylation at the Xa21G promoter was
measured. Xa21G is a resistance gene to the path-
ogenic bacterium, X. oryzae pv. Oryzae (Ronald
1997), and, indeed, the new rice line obtained
upon 5aza treatment was proven to possess a
resistance trait towards bacterial infection
(Akimoto et al. 2007).

Thus, DNMTi can program new features in
plants and cultures, like the disease-resistance
trait described above or flowering (Kondo et al.
2007). However, as long as no plant-specific
DNMTi is identified, attention must be taken
that these treatments do not affect the methylation
profile of animals and human beings.

17.4 Innovative Indirect
and Combined Approaches
to Better Target DNA
Methylation

Since direct targeting of DNMTs is highly chal-
lenging, other approaches can be envisaged.
Rather than targeting DNA methylation writers,
DNA methylation readers responsible for sensing
the presence of methylated DNA and triggering
signaling cascades can also be considered.
Besides, DNMTi can also be coupled with other
active moiety to lead to bifunctional inhibitors
(Fig. 17.4).
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Fig. 17.4 Alternative strategies to target DNA methylation

17.4.1 Methyl-CpG Binding Proteins:
Nature and Probes

In addition to the writers of DNAmethylation, the
DNMT enzymes, and the erasers, the TET
enzymes, the readers proteins, known as
Methyl-CpG Binding Proteins (MBPs), recognize
and bind to methylated cytosine and transform
this modification into a biological signal (Ludwig
et al. 2016). As DNA methylation is involved in
numerous biological processes and in diseases,
the MBPs play a global role as well (Sidhu and
Capalash 2017; Stirzaker et al. 2017; van Roy and
McCrea 2005). Indeed, abnormal MBPs
expressions and structures have been reported in
psychiatric disorders (Gigek et al. 2016), in dif-
ferent cancer types (Gigek et al. 2016; Li et al.

2020b; Prokhortchouk et al. 2006) and in inflam-
matory diseases (Robinson et al. 2019), for exam-
ple. Three different subfamilies of MBPs are
known at the date: Methyl-CpG Binding Domain
Proteins (MBDs), the SET and RING Associated
(SRA) proteins and the Kaiso proteins (Sidhu and
Capalash 2017).

17.4.1.1 Methyl-CpG Binding Domain
Proteins (MBD)

The Methyl-CpG Binding Domain Proteins
(MBD) subfamily is the largest group of MBPs
with seven members in total: MeCP2 (Lewis et al.
1992), MBD1 (Fujita et al. 1999), MBD2
(Hendrich and Bird 1998), MBD3 (Hendrich
and Bird 1998), MBD4 (Hendrich and Bird
1998), MBD5 (Baymaz et al. 2014), MBD6



(Baymaz et al. 2014). All of them are
characterized by an MBD domain comprising
approximately 70 amino acids, which mediates
their binding to methylated DNA (except for
MBD3). MBD4 has in addition an enzymatic
activity through its glycosylase domain (Hendrich
et al. 1999). Furthermore, four other proteins
possess an MBD binding domain in their struc-
ture (Du et al. 2015): SETDB1 and SETDB2,
which also have a SET domain bearing an histone
methyltransferase activity (Falandry et al. 2010;
Schultz et al. 2002), BAZ2A (also known as
TIPS5) and BAZ2B, which have a bromodomain
explaining their affinity for acetylated histones
(Jones et al. 2000).
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The MBD proteins are involved in several
protein regulatory complexes, such as the NuRD
complex, which mainly suppresses genes
transcription (Xue et al. 1998). Because of
their role in mediating the DNA methylation
signal, they constitute an interesting target for
chemical modulation, as, for example, the disrup-
tion of the binding of the MBD domain to
methylated DNA could potentially reactivate
silenced genes.

Currently, only three binders of the MBD
domain have been identified in the literature, all
are targeting MBD2: NF449, aurintricarboxylic
acid (Wyhs et al. 2014) and KCC-07 (Zhu et al.
2018) (cf. Fig. 17.5). The first two first
compounds were identified in an time-resolved
(TR)-FRET screening assay for compounds that
disrupt the interaction between the MBD domain
of hMBD2 and methylated DNA (IC50 of 290 nM
for NF449 and 2.7 nM for aurintricarboxilic acid)
(Tang et al. 2021). Previously, these compounds
were known as a P2X1 receptor antagonist and a
well-known inhibitor of multiple DNA-protein
interactions, respectively. However, both
compounds present features that are not favorable
for chemical probes or drugs as they interfere
with multiple process, lack complete selectivity
and bear reactive moieties (El-Ajouz et al. 2012;
Roos et al. 2017; Sun et al. 2014). Compound
KCC-07 was previously described to interfere
with the binding of MBD2-MBD domain to a
methylated 45mer DNA with an IC50 of
1.55 μM (determined by ELISA), while inhibition

of MeCP2-DNA binding was undetectable
(Reichert 2010). Interestingly, the compound
showed in vivo activity extending the lifespan of
medulloblastoma xenografted mice by 6 days and
restoring Brain-specific angiogenesis inhibitor
(BAI1) expression (Zhu et al. 2018). These
results are promising for the use of chemical
compounds that target MBDs.

In addition, two compounds have been
identified to bind an MBD2 Intrinsic Disordered
Domain (IDD) outside the MBD domain: ABA
and APC (Kim et al. 2019) (Fig. 17.5). These
compounds disrupt the recruitment of P66α by
MBD2, which is a key factor of the NuRD com-
plex formation (Gnanapragasam Merlin et al.
2011) with an IC50 of 1.93 μM for ABA and
1.75 μM for APC (determined by FRET) (Schultz
et al. 2002).

17.4.1.2 SET and RING Associated (SRA)
Domain Proteins

The SRA proteins are also able to bind
methylated and hydroxymethylated DNA, in par-
ticular hemimethylated DNA, through the SRA
domain. UHRF1 (Fujimori et al. 1998) and
UHRF2 (Fujimori et al. 1998) are the two
human members of this family. These proteins
can recruit epigenetic silencing factors such as
DNMT1 and HDAC1 and promote gene silencing
(Niinuma et al. 2019). It has been shown that they
play a key role in the recruitment of DNMT1 to
hemimethylated DNA (Felle et al. 2011). These
proteins act as “pivots” in the gene silencing
machinery since they are able to recruit different
types of proteins and enzymes to ensure epige-
netic DNA methylation, histone methylation and
acetylation and even ubiquitin-related actors
(Choudhry et al. 2018).

So far, no binder of UHRF1 and UHRF2 has
been identified that disrupts their interaction with
methylated DNA. The described inhibitors for
UHRF1 target mainly its Tandem Tudor Domain
and Plant Homeodomain (TTD and PHD, respec-
tively), which mediate the binding to silencing-
related proteins such as DNMT1 (Achour et al.
2008) and HDAC1 (Unoki et al. 2004). The most
relevant molecules are NV03 (Senisterra et al.
2018), NSC232003 (Myrianthopoulos et al.



2016), BPC (Houliston et al. 2017) and
2,4-lutidine (Chang et al. 2021) (Fig. 17.6) with
an affinity to the TTD domain of Kd ¼ 2 μM for
NV03 (determined by ITC and Fluorescence
polarization) (Senisterra et al. 2018); 50 μM for
BPC (determined by ITC and DSF) (Houliston
et al. 2017) and 29 μM for 1,4-lutidine (measured

by TR-FRET) (Chang et al. 2021). NSC232003,
which interacts with UHRF1, the global number
of methylated CpGs of a population of U251
glioblastoma cells by 50% (Myrianthopoulos
et al. 2016). However, the specificity of these
molecules towards UHRF1 over UHRF2 has not
been established.
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Fig. 17.5 MBD2 targeting compounds

Fig. 17.6 UHRF1 binders
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17.4.1.3 Kaiso Proteins
The Kaiso protein subfamily is composed of three
different members: Kaiso (Daniel Juliet and
Reynolds 1999), ZBTB4 (Filion et al. 2006) and
ZTB38 (Sasai et al. 2005). These are Zinc Finger
Domains (ZF) proteins that bind methylated and
unmethylated DNA in a sequence-specific man-
ner (Donaldson et al. 2012). They are known to
recruit HDAC-dependent transcriptional
repressors (for ZBTB4 and ZBTB38) (Sasai
et al. 2005) or the N-CoR repressive complex
(for Kaiso) (Yoon et al. 2003). The implication
of these proteins in diseases remarkably differs
from one another, going from oncogenesis (Buck-
Koehntop Bethany et al. 2012), to abnormal
inflammatory mechanisms (Ocskó et al. 2018)
and even cell cycle dysregulations (Blue et al.
2018). To this day, no inhibitor or probe has
been identified, even if in silico screening assays
and computational docking simulations have
been realized (Chikan and Vipperla 2015). This
subfamily is interesting since its members do not
share similar biological outcomes (Filion et al.
2006) and their depletion in mice has dramatically
opposite consequences between Kaiso (viable
and fertile) (Prokhortchouk et al. 2006) and the
two other members (cell damage and genomic
instability) (Marchal et al. 2018; Roussel-Gervais
et al. 2017).

As illustrated, chemical probes for MBPs are
still at an early stage with few active molecules
identified to date. Mostly they lack specificity and
are not potent enough for cellular or in vivo
assessments. Nevertheless, these proteins remain
an interesting chemical target since they could
allow studying complex epigenetic mechanisms
and widen the spectra of therapeutic approaches
for human pathologies.

17.4.2 Bifunctional Inhibitors
Involving DNMTi

Another strategy to address the lack of efficacy
and selectivity of DNMTi is the use of bifunc-
tional compounds. This promising strategy
consists in designing bifunctional inhibitors
formed by the connection of at least two different

pharmacophores in a single drug (Tomaselli et al.
2020). Such compounds have many advantages
compared to the use of drug combination. First,
selectivity might be improved, pharmacological
properties can be modulated and toxicity can be
lowered. Besides, both inhibitors are simulta-
neously present in the same tissue that can help
to reach greater efficacy against advanced-stage
disease. Bifunctional compounds also limit resis-
tance mechanisms (de Lera and Ganesan 2016).

Due to the lack of reported potent DNMTi, it is
only recently that a few bifunctional inhibitors,
including a DNMTi moiety, have been reported.
Synthesis and biological evaluation of four differ-
ent DNMT/HDAC and DNMT/G9a bifunctional
inhibitors have recently been described
(Fig. 17.7). Because of the co-location of these
two targets in the same protein complex
(Hervouet et al. 2018), their involvement in the
same diseases (Esteller 2008), and the synergic
effect of drug combinations, targeting these two
enzymes exhibit good potency. The biggest chal-
lenge in designing hybrid inhibitors is to maintain
or improve activity against both enzymes.

Histone deacetylases (HDAC) are a family of
18 enzymes, divided in 4 classes, which catalyze
deacetylation of histone-tail N-terminal lysines
leading to chromatin compaction (Ruijter et al.
2003). In some diseases, particularly in cancer,
histone hypoacetylation combined with DNA
hypermethylation, cause transcriptional repres-
sion (Kondo 2009). HDAC inhibitors have all
the same general structure characterized by a
Zinc Binding Group (ZBG) that chelate the
zincite ion in the catalytic pocket of the enzyme,
a hydrophobic linker and a cap group, which
interacts at the entrance of the catalytic pocket.
To date, four HDACi were approved: Vorinostat,
Belinostat, Panobinostat, and Chidamide, where
ZBG is a hydroxamic acid moiety (Ho et al.
2020).

In 2017, the first-in-class bifunctional DNMT/
HDAC inhibitor was described (Yuan et al.
2017). Its design was based on NSC-319745
DNMTi pharmacophore functionalized with a
hydroxamic acid moiety. NSC-319745 had been
previously identified by virtual screening as a
selective DNMT1 inhibitor with low activity



(34% inhibition at 100 μM on enzymatic assay)
(Kuck et al. 2010b). Interestingly, despite its low
efficacy, this DNMTi shares similarities with
hydroxamate HDAC inhibitors. Changing car-
boxylic acid in hydroxamic acid, more precisely
with an N-hydroxycinnamide moiety, and
optimizing its structure allowed to improve the
activity against target enzymes. The lead com-
pound finally showed 70%, 23%, and 49% inhi-
bition at 100 μM against DNMT1, 3A et 3B,
respectively and IC50 at nanomolar range against
two classes of HDAC in enzyme assays. Potent
antiproliferative activity was measured in K562
and U937 human cancer cell lines (IC50¼ 2.9 μM
and 1.1 μM, respectively) as well as an increased
H3K9 and H4K8 acetylation level. This

bifunctional inhibitor was shown to initiate P16
methylation inhibition and its re-expression and
to induce apoptosis in leukemia model cancer
cells U937.
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Fig. 17.7 Bifunctional epigenetic inhibitors containing DNMTi moieties

Another HDAC/DNMT bifunctional inhibitor
was described by Rabal’s team (Rabal et al.
2021). They first worked on a series of
quinoline-based analog as bifunctional DNMT/
G9a inhibitor, where G9a is a lysine
methyltransferase. Their hit compound exhibited
IC50 of 8 nM against G9a and 382 nM against
DNMT1 on purified enzymes (San José-Enériz
et al. 2017) and it was shown to act as substrate
competitive inhibitor of G9a and DNMTs (Rabal
et al. 2018). They then designed a multitarget
epigenetic inhibitor targeting HDAC, DNMT1



and optionally G9a. Based on structure design,
docking and structure activity relationship
SAR) analysis, they inserted a ZBG at the
solvent exposed area of their inhibitor. They
selected the pyrimidylhydroxamic acid moiety
of quisininostat since its cap group mimics a
quinoline base. Substitution of the quinoline moi-
ety increased activity against DNMT and G9a and
finally led to two potent compounds, one acting
as a trifunctional G9a/HDAC/DNMT inhibitor
and the second one as a bifunctional DNMT/
HDAC inhibitor obtained by removing the lysine
mimic moiety. Although they lost efficacy against
DNMT1, compared with their previous hit
compounds, these multifunctional compounds
exhibited IC50 in nanomolar range against
HDAC1, 2 and 3 and a potent antiproliferative
activity on MM.1S multiple myeloma cell line.
Due to their poor pharmacological property
profiles, these compounds should be optimized
to enable in vivo experiments.
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By fragment-based rational drug design,
Jiang’s group worked on a series of hydroxamic
acid derivatives of nucleoside bases. This work
was inspired by cytosine and hydroxamic acid
derivatives, FDA-approved DNMTi and
HDACi, respectively. In both studies, both
pharmacophores were linked through a triazole
with different linker lengths. The first bifunc-
tional inhibitor reported exhibited adenine as
DNMT pharmacophore (Ren et al. 2019), then
they completed the series varying the nucleobase
(Sun et al. 2021a). The most potent compound,
carrying a cytosine linked to the hydroxamic acid
moiety with a linear six-carbon alkyl chain
showed potent inhibitory activity against
DNMT1 with IC50¼ 6.39 μM and nanomolar
activities against HDAC1 and HDAC6,
comparable to Vorinostat. Western Blot in U937
lymphoma cell lines treated with this DNMT-
HDAC inhibitor, showed an increase of H3K9
and H4K8 acetylation levels and a weak decrease
of methylation levels in P16 promoter region that
led to an increase of P16 expression and antiproli-
ferative activity in a dose-dependent manner.
Even though these bifunctional inhibitors

displayed a good potency, they need further
investigations for cancer therapy, especially
regarding quantification of DNA methylation
inhibition in cells, pharmacological properties as
well as comparison with DNMTi and HDACi
combinations.

The most potent bifunctional inhibitor known
to date was described by Yuan et al. (2019). In
this study, DC-517, a selective DNMT1 inhibitor
described by Luo’s group composed of two car-
bazole groups and a side chain (Chen et al. 2014),
was selected as DNMTi. Previous docking
experiments on this molecule suggested the addi-
tion of the hydroxamic acid moiety at the end of
the side chain without removing the hydroxyl
group, which interacts by hydrogen bonding in
the DNMT1 catalytic pocket. Cell viability assays
in breast cancer and epithelial cell lines MCF-7,
A549, and MDA-MB-231, showed that the (S)-
enantiomer C02S has the strongest antiproli-
ferative effect, which was higher than compounds
SAHA and SGI-1027. C02S achieved DNMT
inhibition in the micromolar range against
DNMT1. Its activities against DNMT3A and 3B
were improved compared to DC-517. However, it
induced significant DNMT1 degradation only
after 24 h treatment in MCF-7 tumor cells. Mod-
erate HDAC inhibition activity was also reported
by hyperacetylation of H3K9 and H4K8 in
MCF-7 cell line. C02S also inhibited P16 and
P21 promoter methylation together with the
re-expression of these TSGs. By flow cytometry
assay and in PI-FITC/annexin assay, it was
shown that C02S induced G0/G1 cell cycle arrest
that led to apoptosis. It also possessed
antiangiogenetic activity, confirmed by the inhi-
bition of HUVEC tubule formation in a dose-
dependent-manner, and inhibited tumor cells
migration and invasion of MDA-MB-231 cells.
In in vivo model, using mice xenograft 4T1 breast
tumor models, C02S significantly reduced tumor
volume and mass at 5 and 15 mg/kg/day treat-
ment, that was comparable with the positive con-
trol group treated with a combination of SAHA
and decitabine. Despite low HDAC inhibition
activity (Yuan et al. 2019), C02S is the only



DNMTi-containing bifunctional inhibitor
evaluated in vivo, which exhibited a significant
effect on solid tumor.
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To conclude, development of hybrid
compounds that can inhibit simultaneously
DNMT and HDAC is a very recent strategy
which has a real potential in anti-tumor activity.

17.5 Limits and Hopes of DNMTi
Applications and New
Perspectives

The above examples illustrate the major role of
DNMTs in the normal and abnormal functioning
of cells and how their inhibition by DNMTi can
change phenotypes, revealing the high potential
of DNMTi both for therapeutic strategies and for
the bioengineering of organisms. It also
highlights how, depending on the context, the
effects can be inversed. This is related to the
dynamics of DNA methylation and its role in
controlling gene expression. As illustrated by
the above examples, DNMTi are just starting to
be applied to diseases other than cancer and these
strategies seem very promising. An increasing
number of clinical trials are starting to explore
epigenetic reprogramming by DNMTi in combi-
nation with other treatments, in particular, in solid
tumors. Time will show if these studies can vali-
date the interest of epidrugs beyond hematologi-
cal cancers, the only diseases they are
approved for.

Noteworthy, the only FDA-approved DNMTi
are 5aza and 5azadC, suicide substrates that are
incorporated into DNA and form an irreversible
covalent complex with the enzyme. This triggers
a subsequent DNMT degradation by the
proteasome, inducing a potent inhibition of
DNA methylation. It is not clear whether a
non-covalent inhibitor can induce this level of
demethylation (Erdmann et al. 2015). To obtain
the same potency as covalent nucleoside
inhibitors, non-nucleoside inhibitors could be an
alternative, but they would need to be very spe-
cific for the DNMTs and today this specificity is

lacking. Among non-nucleoside DNMTi,
GSK3484862 showed the most promising results
with high in vitro and in cell potency. Neverthe-
less, it is urgent to find novel compounds that are
very potent inhibitors of DNMTs and bind
strongly to the enzyme, in order to induce a strong
inhibition in cells and eventually a down-
regulation of the DNMTs.

Another feature of 5aza, 5azadC and their
analogs is the fact that they are globally
incorporated into the DNA instead of
deoxycytosine and thus they are not specific for
CpGs or certain genomic regions. This can hinder
their use by inducing non-desired secondary
effects. The use of low doses of the drugs has
diminished these effects, however, repeated
cycles are necessary for the epigenetic
reprogramming, increasing the probability of
their appearance. Non-nucleoside inhibitors have
the advantage of not needing incorporation into
DNA and thus potentially diminishing the side
effects. In conclusions, it is important to pursue
the search for new non-nucleoside inhibitors of
DNA methylation that are potent, specific for the
CpGs and of promoters silencing key genes in
pathologies. Several strategies are being explored
for the next generation of inhibitors, as allosteric
inhibitors, protein-protein ligands and dual
inhibitors (Erdmann et al. 2016).

An interesting alternative is to target the
proteins that recognize methylated DNA and trig-
ger the signaling pathways that silence DNA
(DNA methylation reader proteins). While his-
tone reader proteins are a well-explored target,
the chemical targeting of the MBP is still in its
infancy.

Finally, hybrid compounds bearing both a
DNMTi moiety and another inhibitor moiety is
also promising. Interestingly, targeting not a sin-
gle enzyme but cancer-specific protein complexes
can enable cancer cell selectivity. In addition, the
merging of two drugs in the same molecules can
facilitate the pharmacology compared to drug
combinations. Challenges remain in the design
of such compounds to maintain both scaffold
activity and efficacy.
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Abstract

DNA methylation is an essential epigenetic
mark, strongly associated with gene expres-
sion regulation. Aberrant DNA methylation
patterns underlie various diseases and efforts
to intervene with DNA methylation signatures
are of great clinical interest. Technological
developments to target writers or erasers of
DNA methylation to specific genomic loci by
epigenetic editing resulted in successful gene
expression modulation, also in in vivo models.

Application of epigenetic editing in human
health could have a huge impact, but clinical
translation is still challenging. Despite
successes for a wide variety of genes, not all
genes mitotically maintain their (de)-
methylation signatures after editing, and
reprogramming requires further understanding
of chromatin context-dependency. In addition,
difficulties of current delivery systems and
off-target effects are hurdles to be tackled.
The present review describes findings towards
effective and sustained DNA (de)methylation
by epigenetic editing and discusses the need
for multi-effector approaches to achieve highly
efficient long-lasting reprogramming.
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18.1 Introduction

The epigenetic concept was first described by
Conrad Waddington early in 1942, when he
conducted experiments to understand phenotypic
plasticity during embryonic development
(Felsenfeld 2014). The definition has evolved
over time to one of the current understandings
of epigenetics as “the study of heritable changes
in gene function that occur independent of
changes in the primary DNA sequence”
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(Nicoglou and Merlin 2017). The heritable
modifications that epigenetics refer to correspond
to biochemical changes on DNA and histone
proteins. These changes influence the chromatin
structure and thereby the expression of genes,
even when the initial trigger has gone, and with-
out underlying DNA sequence alterations. The
main covalent chemical modification on the
DNA molecule itself is methylation of cytosines,
mostly in the context of CpGs dinucleotides
(Petryk et al. 2021). Posttranslational
modifications (e.g., methylation, acetylation),
mainly on histone tails, provide another class of
epigenetic signatures (Huo et al. 2021).
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Strong observational evidence has been
obtained on how epigenetic modifications associ-
ate with gene expression. To pinpoint an actual
causative role of a particular epigenetic modifica-
tion at a given genomic site, epigenetic editing
tools have been exponentially exploited
(de Groote et al. 2012; Jurkowski et al. 2015;
Nakamura et al. 2021b). Epigenetic editing refers
to the technology of actively rewriting epigenetic
signatures at a genomic locus of interest. Towards
this end, molecular tools have been generated
(Jurkowski et al. 2015) consisting of a
DNA-binding platform, which can be engineered
to achieve locus-specific targeting, fused to an
epigenetic effector domain (see Fig. 18.1). The
first programmable protein-based DNA-binding
platform used for endogenous gene targeting
exploited the modular zinc finger (ZF) protein
transcription factors, followed by transcription
activator-like effectors (TALEs), and more
recently the RNA-directed clustered regulatory
interspaced palindromic repeats (CRISPRs) sys-
tem (Stolzenburg et al. 2016).

ZF proteins, the largest group of naturally
occurring transcription factors in the human
genome, consist of approximately 30 amino
acid-sized modules, each recognizing 3–4 bps in
the major groove of double-stranded DNA (Sgro
and Blancafort 2020). Mechanistically, the alpha-
helix amino acids at positions -1, 3, and 6 can be
engineered to recognize the third, second, and
first base pair of a 50�30 target sequence. Fusing
together various of these modules resulted in
effective tools targeting numerous genes in

preclinical research and several ZF fusions have
been clinically tested for ex vivo (and were the
first tested in vivo (Ledhord 2018)) gene editing
purposes. Next to their use as “molecular scis-
sors” (when fused to nucleases), ZFs were used in
pioneering studies of gene expression modulation
by fusing transcriptional activators/repressors
(Artificial Transcription Factors) to target a wide
variety of endogenous genes (de Groote et al.
2012). The relatively compact size and scarce
immunogenicity of ZFs are a major advantage
compared to other DNA-targeting proteins.

TALEs provide another class of programma-
ble DNA-binding tools and are derived from
pathogenic bacteria that naturally modulate plant
gene expression (Becker and Boch 2021). TALEs
consist of individual protein modules that mediate
binding to the target DNA site. Subsequently,
transcriptional activators/repressors, or nucleases
can be fused to the TALE DNA-binding domain
for targeted gene expression modulation (Jain
et al. 2021).

The more recent introduction of the versatile
CRISPR-Cas9 system made gene targeting read-
ily available for any laboratory with cloning
facilities. CRISPR-Cas9 is derived from the bac-
terial defense system that recognizes foreign
DNA. The nuclease activity of Cas9 is guided to
a particular target sequence in the host genome
via single-guide RNA (sgRNA)-DNA base
pairing (see Fig. 18.1). As the DNA-binding
specificity of earlier platforms (e.g., ZFs or
TALEs) is provided by the engineered
DNA-binding part within the fusions, for every
new target sequence a new fusion protein needs to
be designed. Target specificity of CRISPR-Cas9
is provided by separate sgRNAs, which are also
simpler and less expensive to design, making this
system much more flexible.

All three systems have been successfully
exploited for epigenetic editing through the engi-
neering of fusion proteins with epigenetic effector
domains (Epi-editors) (Sgro and Blancafort
2020). In the case of CRISPR-Cas9, the
epi-editor is cloned as a fusion to Cas9 proteins
lacking the endonuclease activity (deactivated
Cas9, dCas9). Upon delivery into target cells,
the DNA-binding platform-fusion will bind to



the target sequence and exert its (enzymatic)
activity. Initially, the assumed inaccessibility of
heterochromatic genes, the unclear causative role
of epigenetic marks on gene expression, as well
as the unknown stability of edited marks was
thought to hamper successful expression modula-
tion of (silenced) genes. Pioneering studies and
the general acceptance of CRISPR as a straight-
forward DNA-targeting approach, set the stage
for the broad application of epigenetic editing as
a research tool, e.g., to assess causative roles of
epigenetic marks (Wang et al. 2021; Policarpi
et al. 2021) and as potential therapeutic approach
(Sgro and Blancafort 2020; Nakamura et al.
2021b).
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Fig. 18.1 Schematic representation of modular systems
used in epigenetic editing. Epigenetic effector domains are
recruited to the target DNA sequence by a DNA-binding
platform: ZFs zinc finger proteins, TALEs transcription
activator-like effectors or CRISPR-dCas the Clustered

Regulatory InterSpaced Palindromic Repeat platform
with dCas9 deactivated Cas9 protein, sgRNA single-
guide RNA, PAM proto-spacer adjacent motif.
Figure made in https://biorender.com

The first well studied epigenetic mechanism is
DNA methylation, predominately occurring on
cytosine in the context of CpG (5mC), although
methylation in non-CpG context has also been
described (Ehrlich 2019). This epigenetic modifi-
cation is important in stable (re)programming of
expression patterns during development and cell
differentiation, genome integrity and X chromo-
some inactivation, in health and disease (Ehrlich
2019; Petryk et al. 2021). In promoter regions,
CpG dinucleotides often cluster in so-called CpG
islands (CGIs), and more than half of the human
gene promoters contain a CGI. These CpG-rich
promoters are usually unmethylated, with a few
exceptions, including tissue-specific methylation
during development (Greenberg and Bourc’his

2019). Gene promoters with high levels of DNA
methylation are generally transcriptionally inac-
tive, while hypermethylated gene bodies gener-
ally associate with actively transcribed genes
(Jeziorska et al. 2017).

DNA methyltransferase enzymes (DNMTs)
generate this epigenetic mark. Specifically,
DNMT1 is responsible for the methylation main-
tenance process coupled to DNA replication
targeting hemimethylated strands (Petryk et al.
2021). DNMT3A and DNMT3B are capable of
establishing new methylation patterns on previ-
ously unmodified cytosines, mainly in the CpG
context. DNMT3L does not possess enzymatic
activity but works as a coactivator of DNMT3A
or 3B (Petryk et al. 2021). On the other hand, a
family of enzymes called ten-eleven translocation
proteins (TET1, TET2, and TET3) (Wu et al.
2018) possess dioxygenases activity that can con-
vert methylated cytosine to
5-hydroxymethylcytosine (5hmC), followed by
5-formylcytosine (5fC) formation, and then
5-carboxylcytosine (5caC). Finally, 5fC and
5caC are removed by thymine DNA glycosylase
(TDG), and cytosine is reestablished by base
excision repair (BER) mechanism (Onodera
et al. 2021).

Thanks to the programmable protein-based
DNA-binding platforms, targeting (de)-
methylation at specific loci is achievable and can
be applied in a huge variety of physiological and

https://biorender.com


pathological contexts. A better understanding of
factors that promote on-target epigenetic effects,
and induce the desired long-lasting transcriptional
states will facilitate further breakthroughs and the
clinical application of epigenetic editing. Here,
we will discuss findings on the use of epigenetic
editing in exploring causative roles of DNA
methylation and gene expression, with a specific
focus on in vivo models and on the understanding
of achieving long-lasting effects on gene expres-
sion levels.
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18.2 Locus-Specific DNA
Methylation Editing

18.2.1 Targeted DNA Methylation

Targeting DNA methyltransferases (MTase) to
given genomic loci by epigenetic editing provides
unique tools to investigate the causal role of DNA
methylation in the modulation of gene expression
(see Fig. 18.2), and to exploit this mechanism to
combat diseases (Sgro and Blancafort 2020). The
first proof of concept of targeted DNA methyla-
tion inhibiting gene expression was reported by
Xu and Bestor in 1997, who constructed a fusion
protein consisting of an engineered ZF and the
prokaryotic DNA MTase M.SssI to induce DNA
methylation on a p21 synthetic oligonucleotide
promoter target (Xu and Bestor 1997). Several
subsequent studies of targeted DNA methylation
using human or bacterial DNA
methyltransferases confirmed that induction of
DNA methylation results in transcriptional
repression in an exogenous system or
non-mammalian genomes reviewed by us earlier
(Stolzenburg et al. 2016). Genome-wide studies,
however, pointed out that not all genes are
equally permissive to methylation-induced gene
silencing (Galonska et al. 2018; Broche et al.
2021). Moreover, cell heterogeneity, with even
unexpected gene expression upregulation in
response to DNA methylation editing, is incom-
pletely understood (Vizoso and Van Rheenen
2021).

In 2012 and 2013, the endogenous repression
of human genes by targeted DNA methylation

was reported for the first time in two independent
publications, targeting the vascular endothelial
cell growth factor A (VEGF-A) promoter
(Siddique et al. 2013), and SOX2 and MASPIN
oncogenes (Rivenbark et al. 2012). These studies
used designed ZF proteins fused to the catalytic
domain of the murine or human DNA
methyltransferase 3A, respectively. The former
report also demonstrated a twofold enhanced
methylation activity by the fusion of DNMT3A
and DNMT3L single chain dual effector
(ZN-DNMT3A-3L) compared to ZN-DNMT3A
alone (28 versus 14%, respectively). The increase
is explained by the ability of the non-enzymatic
DNMT3L to not only enhance the activity of
other DNMTs, but also to recruit endogenous
DNMTs (O’Geen et al. 2019). This synergy
between DNMT3A and 3L was confirmed by
various subsequent studies (Stepper et al. 2017,
O’Geen et al. 2019, Tarjan et al. 2019; Nakamura
et al. 2021a). Although the DNTM3A/3L fusion
was frequently used in editing studies
(Saunderson et al. 2017; Shayevitch et al. 2018;
Hofacker et al. 2020), effective gene repression
was also obtained by targeting DNMT3A cata-
lytic domain (DNMT3A-CD) only (Bernstein
et al. 2015; Vojta et al. 2016; McDonald et al.
2016; Qu et al. 2018; Josipovic et al. 2019; Tiane
et al. 2021), or DNMT3A full length (Liu et al.
2016). Even targeting DNMT3L alone was suffi-
cient to induce gene repression (O’Geen et al.
2019; Nakamura et al. 2021b), although not in
all contexts (Amabile et al. 2016). Compared to
the effective targeting of the long isoform
(DNMT3A1) or the short isoform (DNMT3A2)
using the dCas9-SunTag system (see Fig. 18.3),
transient targeting of multiple copies of the cata-
lytic domain (DNMT3A-CD) alone, resulted in
no significant methylation or gene expression
changes on HOXA5 (Huang et al. 2017),
indicating context-dependent effects. Compared
to dCas9-DNMT3A, DNMT3B exhibited a
lower methylation activity when targeted to the
endogenous urokinase (uPA) promoter in
HEK293T cells. Also for DNMT1, although
DNMT1 recruitment had been shown to induce
DNA methylation (Van et al. 2021), Lin and
coworkers could not demonstrate changes in



methylation levels in cells transfected to express
dCas9-DNMT1 (Lin et al. 2018), suggesting that
DNMT1 is less suitable for methylation editing.
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Fig. 18.2 Gene expression regulation via CRISPR-dCas9
targeting (de)methylation. (a) Representation of dCas9-
DNMT (DNA methyltransferase) writing methylation at
the target promoter region to induce gene expression
downregulation. (b) Representation of dCas9-TET

(Ten-eleven translocation methylcytosine dioxygenase)
oxidizing (erasing) the methyl group at 5mC to induce
gene re-expression. SAM S-adenosylmethionine, SAH S-
adenosylhomocysteine, α-KG alpha-ketoglutarate, Succ
succinate. Figure made in https://biorender.com

The higher activity of DNMT3A was, how-
ever, also associated with off-target methylation.
Although off-target effects can be sgRNA-driven
(Zhang et al. 2015; McDonald et al. 2016), some
studies indicate sgRNA-independent
off-targeting (Lin et al. 2018; Galonska et al.
2018; Hofacker et al. 2020) via effector
overexpression and/or interactions with endoge-
nous de novo methylation enzymes. In this
respect, Galonska and coworkers confirmed that
increasing the pool of transduced sgRNAs span-
ning multi-loci regions to achieve simultaneous
dCas9 recruitment did not reduce off-target
effects (Galonska et al. 2018). Some reports
described that increasing the efficiency of induc-
ing local methylation (e.g., by dCas9-SunTag)
improved the specificity (Huang et al. 2017;
Pflueger et al. 2018). However, Hofacker and

coworkers did not confirm improved specificity
for the SunTag system when targeting ISG15,
using the endogenous VEGFA promoter as an
off-target reporter. Transfection of dCas9-
DNMT3A-DNMT3L (dC) or dCas9-SunTag-
DNMT3A/DNMT3L resulted in similar ISG15
methylation levels (around 80%), while
off-target VEGF-A methylation was higher for
dCas9-SunTag (53%) versus dC (36%) (Hofacker
et al. 2020). Therefore, constructs carrying differ-
ent single mutations affecting DNA binding
(K766E, K844E, R887E and R831E variants)
were evaluated to improve methylation targeting
specificity. Compared to wild-type dCas9-
SunTag-DNMT3A/DNMT3L, residual on-target
methylation activity of mutated effectors
remained high (56 to 77% on ISG15), while meth-
ylation on VEGFA dramatically decreased. The
R831E mutant provided the highest specificity
with approximately 5% off-target methylation at
the VEGFA promotor versus around 50% for the

https://biorender.com


wild-type enzyme, as confirmed using a genome-
wide approach.
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Fig. 18.3 Representation of enhanced CRISPR-dCas9
tools. At the top, three commonly used dCas9 tools.
dCas9 MS2-coupled: sgRNA is engineered to harbor
RNA motifs (MS2) that can be recognized by
RNA-binding proteins (MCP) fused to epigenetic effector
domains such as TETCD to synergize with, for example,
dCas9-PRDM9 writing H3K4me3 (Cano-Rodriguez et al.

2016). dCas9-SunTag: dCas9 is fused to GCN4 repeats
that can recruit effector domains (ED) fused to a GCN4
recognizing single chain antibody (scFv) (Pflueger et al.
2018). At the bottom, options in effector configuration
diversity (N/C-terminal orientation, different numbers/
combinations) are shown. Figure made in https://
biorender.com

Other strategies to reduce off-target methyla-
tion include the usage of the prokaryotic MTase
M.SssI variant MQ1Q147L that does not recruit
endogenous mammalian DNA methyltransferases,
and demonstrated less off-target effects compared
to wild type at endogenous loci (Lei et al. 2017).
Alternatively, a split version of theM.SssIMTase
was shown to generate efficient targeted DNA
methylation, with less off-target effects when
compared to dCas9 fused to full-length M.SssI
(Xiong et al. 2017). Recently, Ślaska-Kiss and
colleagues studied M.SssI variants fused to zinc
fingers or dCas9, and demonstrated in E. coli cells
that methylation specificity on plasmids was

predominantly influenced by mutations affecting
catalytic activity rather than DNA-binding affin-
ity of the MTase domain (Slaska-Kiss et al.
2021).

To further improve the toolbox of targeted
methylation, spatiotemporal control has been
exploited to enhance site specificity by cloning
light-inducible protein pairs to DNA-binding
modules and to a DNAmethyltransferase. Indeed,
Lo and coworkers engineered DNMT3A-CRY2-
EGFP and TALE-CINB1-mCherrry constructs to
control Ascl1 promoter methylation changes by
exploiting the optogenetic blue light inducible
dimerizing of cryptochrome-2 (CRY2) and its
interacting protein (CIB1). Upon blue light expo-
sure, DNMT3A-CRY2 paired to TALE-CINB1

https://biorender.com
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and effectively induced highly specific DNA
methylation and subsequent decrease in gene
expression (Lo et al. 2017).
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18.2.2 Targeted DNA Demethylation

To exploit the reversibility of DNA methylation
in a gene-targeted manner, Ten–eleven transloca-
tion (TET) dioxygenase enzymes offer unique
tools for DNA demethylation (see Fig. 18.2).
Using the ZF or TALE platforms, the first
TET-editing reports compared the potency of the
three different TET domains (Chen et al. 2014),
and demonstrated the improved efficacy of the
catalytic domain (CD) over full length (Maeder
et al. 2013), in inducing active DNA demethyla-
tion and subsequent transcriptional upregulation.
Using CRISPR-dCas9, effective demethylation
was further demonstrated for various genes
(Choudhury et al. 2016; Amabile et al. 2016; Xu
et al. 2016; Okada et al. 2017), and the approach
was rapidly translated to in vivo models as
described hereafter (Liu et al. 2016; Morita et al.
2016; Xu et al. 2018; Ou et al. 2019; Wang et al.
2019; Horii et al. 2020; Hanzawa et al. 2020).

The SunTag system (Morita et al. 2016) and
MS2 elements inserted into sgRNAs (Xu et al.
2016) were shown to enhance the effect of
targeted demethylation via dCas9-TET (see
Fig. 18.3). Also combining TET demethylation
activity with VP64 activation showed promise, as
demonstrated for CDKL5, a gene causative for an
infantile epilepsy in human neuronal-like cells
(Halmai et al. 2020). As known from literature,
a significant number of X-linked genes escape
from X chromosome inactivation and are
associated with a distinct epigenetic signature
like reduced DNA promoter methylation. Halmai
and coworkers created such escape by removing
DNA methylation on the promoter of the CDKL5
promoter. The dCas-TET1 targeting caused a sig-
nificant reactivation of the inactive allele (Halmai
et al. 2020), which was further improved by
dCas9-TET1 and dCas9-VP64 co-treatment
resulting in reactivation of the inactive allele to
levels of >60% of the active allele. This artificial
escape study confirmed earlier observations of

synergism between TET and transcriptional acti-
vation domains, such as VPR (VP64-p65-Rta).
Interestingly, despite a more effective demethyla-
tion by TET alone compared to the combination,
a synergism with respect to increased
re-expression of Hnf1a was observed (Josipovic
et al. 2019).

Targeted demethylation of DNA can also be
induced using the plant-derived ROS effector
(Devesa-Guerra et al. 2020) or Thymidine DNA
Glycosylase (Gregory et al. 2013) or even by
dCas9 alone or with an inactive enzyme as
recently demonstrated (Sapozhnikov and Szyf
2021). The latter authors studied several proximal
promoters, including the hypermethylated IL33
gene. After transient transfection experiments,
dCas9-TET or a catalytically inactive mutated
version (dCas9-dead-TET) caused
hypomethylation and induction of IL33 gene
expression, suggesting a mechanism independent
of TET oxygenase activity. The authors
demonstrated that hypomethylation was related
to DNMTs blockage, which is consistent with
previous reports that showed mild
hypomethylation induced by binding of dCas9-
TET catalytically inactive mutants (Maeder et al.
2013; Xu et al. 2016; Morita et al. 2016), as is
also known to occur upon binding of some tran-
scription factors (Suzuki et al. 2017). Similarly,
for engineered ZFs, hypomethylation was
observed for targeted CpGs (Chen et al. 2014;
Huisman et al. 2016). Sapozhnikov and Szyf
also highlighted some important aspects with
respect to promoter methylation and gene activa-
tion: demethylation of CGG repeats in the IL33
promoter region resulted in gene re-expression,
while demethylation in the proximal promoter
region of other genes was not enough to induce
their expression (e.g., SERPINB5, TNF). These
genes required demethylation also of other
regions (cis or trans) to induce gene expression.
Such data illustrate the importance of studying
demethylation of specific sites to better under-
stand their relative contribution to gene expres-
sion and cause-effect dynamics. Moreover,
despite effective demethylation and
re-expression, the cellular functional effects
might not be as expected, as was the case for



dCas-TET1 induced re-expression of FoxP3:
despite an effective increment in FoxP3 gene
expression, no increase in the functional regu-
latory T cell population was observed (Kressler
et al. 2020).
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18.3 Sustained Transcriptional
States upon DNA Methylation
Editing

18.3.1 Long-Lasting Transcriptional
Repression

Given the maintenance of DNA methylation dur-
ing cell division (and the for a long time pre-
sumed absence of active DNA demethylases),
CpG methylation was initially considered a stable
epigenetic mark associated with persistent silenc-
ing (Petryk et al. 2021). Currently, it is generally
accepted that also this epigenetic signal is highly
dynamic.

To evaluate the long-term effect of dCas9-
DNMT3A without interference from the endoge-
nous DNMT enzymes, Galonska and coworkers
made use of DNMT3A/B double knockout
(DKO) embryonic stem (ES) cells and DNMT1
transient repression (Galonska et al. 2018). Tran-
sient induction of dCas9-DNMT3A increased
global methylation in DKO cells with a prefer-
ence for hypermethylated elements or H3K27ac-
enriched regions in wild-type ES cells, such as
exons and repetitive elements. In contrast,
unmethylated sites, such as CpG islands
associated with transcription start sites, remained
generally hypomethylated (Galonska et al. 2018).
In these maintenance competent cells, methyla-
tion was only retained at a subset of lowly tran-
scribed genes after 7 days post-transfection at
regions devoid of histone 3 K4me3 (Galonska
et al. 2018). Also in wild-type HEK293 cells,
where DNA methylation was written at thousands
of CGIs upon 3 days of doxycycline-induced
ZN-DNMT3A expression, the introduced meth-
ylation was rapidly lost at most of them (90%)
(Broche et al. 2021). The partially stable
methylated CGIs (�1000) were enriched in
H3K27me3, reduced in H3K4me3 and

H3K27ac, and without differences in K9me3,
confirming a role for the native chromatin
contexts determining permissiveness for stable
editing (see Fig. 18.4).

The first pioneering studies already indicated
the context-dependency of maintenance of DNA
methylation (Stolzenburg et al. 2015;
Kungulovski et al. 2015; Vojta et al. 2016).
Stolzenburg and coworkers reported a persistent
tumor repression linked to sustained DNA meth-
ylation on the SOX2 oncogene promoter using
ZF-DNMT3A effector in breast tumor cells,
which was not observed for the ZF-KRAB fusion.
Comparing different epigenetic effector domains
(EED, DNMT3B, HDAC4) with the transcrip-
tional repressor KRAB, also Bintu and coworkers
demonstrated differential dynamics of repression,
with epigenetic modulators being relatively inef-
fective also long-term, except for DNMT3B that
induced sustained silencing up to 30 days (Bintu
et al. 2016). Vizoso and van Rheenen provided
evidence that targeted methylation of DNA,
introduced by CRISPR-dCas9-DNMT3ACD,
can be inherited by daughter cells for over
48 cell divisions. The authors used methyl-
specific PCR (MS-PCR) to follow up sorted sin-
gle clones, and bisulfite sequencing to confirm,
and indicated long-term DNA methylation for
14 out of 18 clones at day 22. Two of these
HEK293 clones, randomly selected, were again
clonally expanded and the 24 subclones mostly
maintained methylation values after an additional
22 days of culture. Taking advantage of dCas9
system coupled to DNMT3ACD plus C-terminal
DNMT3L effector (dCas9-3ACD-C3L)
Saunderson and coworkers targeted the p16 pro-
moter in primary breast cells. Also here, up to
35 days post-transient transfection, maintenance
of p16 CpG hypermethylation and transcript
downregulation was demonstrated when com-
pared to dCas9-3ACD-C3LΔ mutant, with
sustained effects on cell proliferation and senes-
cence processes (Saunderson et al. 2017).

Yet, writing DNA methylation does not neces-
sarily result in long-term effects (Kungulovski
et al. 2015; McDonald et al. 2016; Broche et al.
2021). Rewriting a combination of classes of
epigenetic marks might provide a synergistic



and more predictable approach towards inducing
sustained silencing for subsets of genes. In this
respect, an elegant system based on endogenous
recruitment of epigenetic players at specific loci
by nanobodies (single-domain antibodies),
demonstrated that co-recruitment of DNMT1 syn-
ergistically improved the sustained
downregulation of a reporter gene, induced by
KRAB, DNMT3A, HP1 or HDAC4 (Van et al.
2021). The first proof of the combinational
enhancement via targeting KRAB and de novo
DNMT3A and DNMT3L effectors was described
by Amabile and coworkers who demonstrated
sustained silencing of three somatic genes
(Amabile et al. 2016). Tarjan and coworkers
demonstrated that dCas9-KRAB, dCas9-
DNMT3A or dCas9-DNMT3A3L can selectively

displace the protein insulator CTCF, with dCas9-
KRAB achieving 83% of CTCF binding reduc-
tion, but the effect was not sustained. When
dCas9-DNMT3A or dCas9-DNMT3A3L were
transiently transfected, 20–40% of DNA methyl-
ation was detected over the targeted CTCF motif,
with DNMT3A3L being more effective than
DNMT3A (Tarjan et al. 2019). Here, the DNA
methylation on the CTCF motif persisted (~20%)
upon serial passage (12 days), when the dCas9
fusions were no longer detected, congruent with
~20% reduction in CTCF binding. Again, com-
bined treatment with single chain double effector
dCas9-DNMT3A3L plus dCas9-KRAB resulted
in an enhancement of CTCF displacement and in
a longer sustained response (up to 27 days)
(Tarjan et al. 2019).

18 Gene-Targeted DNA Methylation: Towards Long-Lasting Reprogramming of Gene Expression? 523

Fig. 18.4 Writing epigenetic marks to induce sustained
transcriptional effects. A tripartite CRISPR-dCas9 config-
uration used for epigenetic long-lasting effects (KRAB-
dCas9-DNMT3ACD/3L) is shown. Target genes showing
mitotically sustained transcriptional reprogramming are

commonly correlated with increase in DNA methylation
and repressive marks on histone 3: H3K27Me3 or
H3K9Me3, for EZH2 or KRAB effectors, respectively.
Black hairpin decorations represent DNA methylation.
Figure made in https://biorender.com

https://biorender.com
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Similarly, other reports confirmed the effec-
tiveness of co-targeting KRAB, DNMT3A and
3L effectors to achieve sustained epigenetics
changes (Mlambo et al. 2018; Nakamura et al.
2021b; Nuñez et al. 2021), however again not all
genes were responsive (Mlambo et al. 2018;
Nuñez et al. 2021). Using a genome-wide screen
and growth as read-out, Nuñez and coworkers
indicated the general applicability of transient
CRISPR-Off treatment (DNMT3A, DNMT3L
and KRAB fused to one dCas9 protein) to induce
effective and persistent gene silencing. Interest-
ingly, although the long-lasting silencing was not
obtained for all genes, CRISPR-Off was even
effective for genes lacking canonical CpG islands
or with a low CpG density (Nuñez et al. 2021).

To investigate the mechanisms of maintenance
in more detail, Nakamura and coworkers
generated a stable cell line (HEK293T) with
GFP expression under the SV40 promoter regula-
tion, and SV40-targeting guide RNAs. This
reporter allowed to evaluate gene expression
effects without the context-dependent restrictions
of endogenous targets, which affect accessibility
and activity of CRISPR-dCas9 (Nakamura et al.
2021b). Plasmids were transiently transfected,
individually or combined (dCas9-KRAB,
DNMT3A, and DNMT3L) to determine the best
combination and the optimal positional configu-
ration. To evaluate the long-lasting
reprogramming, cells were cultured and periodi-
cally harvested up to 30 days post-transfection
with Zeocin treatments for effector enrichment
during these experiments. dCas9-KRAB signifi-
cantly repressed GFP expression shortly after
transient transfection, with subsequent recovery
of expression at longer time scales. DNA
methyltransferase domains individually exhibited
minor ability to generate stable silencing. When
cells were cotransfected using all three dCas9
effectors, a strong reduction in GFP expression
was observed for weeks post-transfection. DNA
methylation analysis showed a localized
hypermethylation around the TSS and more
extended repressive histone marks (H3K9me3)
+/– 500 bp. After experimental pairwise domain
analysis and testing modular swapping
combinations, Nakamura and coworkers

demonstrated that C-termini configuration for
DNMTs, with first DNMT3L followed by 3A,
was more effective for silencing. The addition of
KRAB at the N-terminus showed the highest
levels of stable gene repression, and KRAB swap-
ping by SID effector (small temporary repres-
sion), or ZIM3/KRAB effector (twofold greater
maximal repression) did not further improve
sustained gene repression.

Exchanging KRAB for Ezh2 (Enhancer Zeste
Homolog 2) did proof effective for a gene unre-
sponsive to KRAB/3A/3L combinations: O’Geen
and coworkers confirmed that combinatorial
treatment with KRAB amino-terminal fused
(KRAB-dCas9) and DNMT3A-dCas9 combined
with ectopically overexpressed DNMT3L was
able to initiate long-term repression for six out
of seven targeted genes (O’Geen et al. 2019), but
the combination failed to maintain persistence at
HER2 in HCT116 cells. The dCas9 treatment
combinations (KRAB + DNMT3A +
DNMT3L), triggered a strong burst in
H3K9me3 at the target locus, but the repressive
H3K9me3 mark was completely lost after
24 days. On the other hand, histone
methyltransferase Ezh2 co-treatments (Ezh2-
dCas9 + DNMT3A + DNMT3L) led to a long-
term HER2 repression (O’Geen et al. 2019), with
both DNA and histone methylation (H3K27me3)
marks maintained through approximately 57 cell
divisions. Interestingly, full-length DNMT3L
was essential for Ezh2-dCas9 mediated long-
term repression, and the Carboxy-terminal hybrid
dCas9-DNMT3L lacking the ADD domain fused
to the DNMT3A catalytic domain (dCas9-
DNMT3A/L) was unable to establish long-term
epigenetic memory. This report again indicated
that DNA or histone methylation alone are not
always sufficient for long-term repression, but
that the combination of epigenetic marks is
important for predictable establishment and main-
tenance of epigenetic memory.

18.3.2 Sustained Gene Re-expression

Long-lasting effects on gene modulation via
actively inducing locus-targeted DNA



demethylation have also been reported. For exam-
ple, Nakamura and coworkers assessed the possi-
bility of dCas9-reprogrammed genes to be
reactivated by transient expression of various
dCas9-fusions, including dCas9-TET1 and
TET2. Five days post-transfection, dCas-VP64,
-VPR and -p300 demonstrated the strongest
gene reactivation, with negligible effect for most
of the tested epigenetic effectors (full length or
catalytic domains; cloned at dCas9 N- or
C-termini) (KDM3A, KDM4D, KDM7B, TDG).
Targeting dCas9-TET1 and -TET2 did induce
GFP re-expression, and more importantly, this
re-expression was stably maintained for up to
60 days, while the dCasVP64, -VPR and -p300
reactivation was transient (Nakamura et al.
2021b). Also in CHO cells, Marx and coworkers
demonstrated that by using dCas9-SunTag-
TET1CD targeting a constitutively silenced gene
(Beta-galactoside alpha-2,6-sialyltransferase
1 -ST6GAL1), a stable re-expression for more
than 80 days was achieved (Marx et al. 2018). A
stable reactivation induced by transient dCas9-
TET1-CD expression was also confirmed for an
enhancer involved in FOXP3 expression in
human T-cells, although this persistent demethyl-
ation status was not sufficient to induce a stable
CD4+ regulatory T-cells (Tregs) phenotype
(Kressler et al. 2020). In this respect, Okada and
coworkers demonstrated that despite a partial
lentiviral TET1-induced demethylation of this
enhancer region of Foxp3, no stable gene expres-
sion was induced in mouse primary T-cells, while
promoter-targeted dCas9-p300 did result in par-
tially maintained Foxp3 expression and function-
ality (Okada et al. 2017). Also for Fgf21, DNA
promoter re-methylation occurred as measured
14 days after scFv-TET1CD transient transfection
(Hanzawa et al. 2020). So, not all genes were
equally permissive to sustained re-expression by
targeting TET alone.
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In fact, sustained re-expression was obtained
only after simultaneous targeting of TET1-dCas9
and VPR-dCas9, inducing a persistent
upregulation up to 30 days which was not
achieved for either dCas9-fusion construct alone
(Josipovic et al. 2019). Also Nuñez et al.

demonstrated that combinations of TET1-dCas9
recruiting p65-AD (activation domain of NFkB
subunit) and/or Rta (transcriptional activation
domain of Epstein-Barr virus) via the MS2 sys-
tem increased effectivity of targeting TET1 in
re-expressing genes earlier silenced by KRAB-
3A3L CRISPR-off (Nuñez et al. 2021). This
study again elegantly showed that repressive epi-
genetic states can readily be reverted using epige-
netic editing in a sustained manner.

18.4 In Vivo Transcriptional
Modulation via DNA
Methylation Epigenetic Editing

The technology of genome editing is rapidly
advancing into the clinic with over 40 ZNF,
TALEN and CRISPR-Cas9 studies ongoing
(https://clinicaltrial.gov). Although mainly
ex vivo, the first in vivo studies have been
initiated making use of lentiviral vectors or
AAVs (Adenoviral Associated Vectors). Since
inducing mutations in the human genome, how-
ever, is subject of societal debate, epigenetic
editing, which maintains integrity on the genome
sequence without introducing mutations, is
explored as a more versatile and less invasive
approach, with potentially equal efficiency.
Despite similar limitations, including off-targets
and delivery effectivity, in vivo preclinical tran-
scriptional modulation studies have shown thera-
peutic effectiveness. Indeed, artificial
transcriptional factors (targeting KRAB, VP64,
e.g., in CRISPRi/a (Geel et al. 2018; Nakamura
et al. 2021a) have induced gene expression mod-
ulation in vivo, such as gene silencing in mouse
brains (Zheng et al. 2018), or activation (Bustos
et al. 2017), also in mouse models of muscular
dystrophy/diabetes (Liao et al. 2017), cancer
(Kretzmann et al. 2019) or obesity (Matharu
et al. 2019). Unless stably expressed, such agents
are thought to act transiently. Using gene
targeting platforms to induce epigenetic
modifications of DNA and histones bears the
promise for gene expression modulation to be
maintained for a long time. However, only few

https://clinicaltrial.gov


studies actually examined the in vivo effects of
epigenetic writer or eraser effector domains
(Gomez et al. 2019).
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As discussed already in this review, aberrant
DNA methylation is associated with disease
development. Despite large and ongoing efforts
of the scientific world to demonstrate that
modulating DNA methylation interferes with
dysregulated gene expression profiles, clinical
applications of interfering with DNA methylation
are limited to two inhibitors of DNMTs
(azacitidine (Vidaza) and decitabine (Dacogen)),
which are FDA approved to treat hematological
malignancies. However, these hypomethylating
agents have some limitations, including a low
response rate, short duration of action, and lack
of specificity (Berdasco and Esteller 2019). Gene-
specific DNA (de)methylation tools are thus
important in assessing the causal correlation
between DNA methylation status, biological
function and disease development. Additionally,
DNA methylation editing tools open interesting
avenues to, e.g., compensate for genetic
mutations, prevent therapy resistance or other-
wise interfere with pathophysiology. Eventually,
investing in effective DNA methylation editing
techniques gives therapeutic possibilities for the
numerous diseases related with aberrant up- and
downregulated gene expression levels.

The few in vivo DNA methylation epigenetic
editing studies available to date, described below,
show promising effects, demonstrating its excit-
ing application to create innovative disease
models as well as its potential therapeutic role in
the clinic. The first published mouse studies made
use of injecting stable, ex vivo transduced, induc-
ible ZF-DNMT3a expressing tumor cells. These
xenograft models clearly demonstrated the corre-
lation between tumor growth and methylation
state of either the p16 (Cui et al. 2015) or the
SOX2 (Stolzenburg et al. 2015) promoters. Simi-
larly, the role of Crmp4 in inducing metastases
was demonstrated in prostate cancer with all con-
trol mice developing metastases, whereas 8 out of
9 animals injected with prostate cancer cells
expressing a TALE-TET1 fusion designed to tar-
get the gene did not (Li et al. 2015). Using the
CRISPR system, a putative tumor suppressor

gene was functionally validated in a colon cancer
mouse model. Targeting TET1CD to the SARI
promoter resulted in specific demethylation and
substantial gene activation of SARI, which is fre-
quently downregulated in several cancers (Wang
et al. 2019). Injection of transfected cancer cells
into the flank of nude mice resulted in smaller
tumors compared to the controls, and less angio-
genesis was observed as well. Although delivery
issues hamper clinical translation of such methyl-
ation editing approaches in oncology, these tools
offer unique opportunities to create disease
models to better understand cancer biology
(Weichenhan et al. 2020).

Before the adoption of epigenetic editing, no
tools were available to directly demonstrate the
correlation between epigenetic changes and dis-
ease. In recent years, the DNA methylation
editing approach has gained attention to create
epigenome-modified animals to explore
epimutations in (epigenetic) diseases. For exam-
ple, to understand the role of aberrant expression
of theH19-Igf2 genes, regulated by allele-specific
DNA methylation in Silver-Russell syndrome
(SRS), an imprinting mouse model was created
by demethylating the paternally imprinted allele
(Horii et al. 2020). In this study, three different
methods were compared for efficiency:
reprogramming ESCs, transient transfection or
stable integration of the editor-expression cassette
in fertilized ovules.

The first method involved transient transfec-
tion of ESCs with dCas9-SunTag/scFv-GFP-
TET1CD implanted in the uterus after 4 weeks.
Even though the extent of demethylation in
almost all the animals obtained was higher com-
pared to the other two methods (75% of target
sequences were demethylated), the epigenetic
changes of the genomic imprinting induced by
the editing were not stably inherited. The second
method generated animals by transient transfec-
tion of epigenetic editor mRNA into fertilized
eggs. Compared to the previous one, this
approach is applicable to most animal species.
However, the modification observed at the blas-
tocyst stage was low in frequency as well as in
degree of demethylation, reflecting the instability
of the reprogrammed epigenetic signature in vivo.



The third approach was based on continuous
modification of the epigenome of animals by
stable expression of epigenetic editors by
transgenes introduced at the Rosa26 locus in
fertilized ovules. Although a lower percentage
(50–67%) of newborn mice as compared to the
first method showed transgene integration, the
integration was associated with significant
demethylation at seven CpG sites in the
H19-DMR promoter region. Importantly, these
epigenetic changes were inherited by the next
generation, creating an SRS mouse model. Com-
parison of the three mouse models generated
demonstrated that stable integration upon
dCas9-ED-sgRNA delivery is a realistic approach
with a high percentage of vector-integrated
animals, which showed a constant expression of
the epi-editor over time. However, off-target
effects are a serious problem. In fact, the stable
expression of epigenome-modifying factors
induced DNA demethylation in two predicted
off-target regions for gRNA of H19DMR_10
(2 mismatches) and H19DMR_11
(2 mismatches). This indicates that this approach
could increase the risk of off-target epigenome
modification.
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Alternatively, zygote microinjection of
CRISPR-dCas9 tools has been used to create
animal models of imprinting (Lei et al. 2017)
and neurological (Lu et al. 2020) disorders. In
the first, in vivo locus-specific DNA methylation
was inherited for up to 3 weeks from mouse birth.
Targeting CpGs of the imprinted locus of Igf2/
H19 in mice, dCas-MQ1Q147L stably increased
DNA methylation demonstrating the possibility
to modify the methylation status of a specific gene
in the early stage of embryonic development,
which was maintained during cellular differentia-
tion processes (Lei et al. 2017). This is a clear
demonstration of the potency to use dCas9-
MQ1Q147L to introduce site-specific DNA meth-
ylation with high activity and specificity. It
suggests its broad applications for the study of
gene dysregulation in various disease contexts.

Zygote microinjection was also used to create
a disease model for autism spectrum disorders
(ASD): targeting Mecp2 by microinjecting
dCas9-DNMT3A/3L decreased the expression

of Mecp2 resulting in ASD behavior as measured
up to 8 weeks after birth. These data
demonstrated that DNA methylation at the
Mecp2 promoter contributes to ASD pathology
and suggest that changingMecp2 gene expression
improves treatment outcomes in individuals with
ASD. The authors also applied AAV infection to
express dCas9-DNMT3A/3L in the hippocam-
pus, thereby highlighting epigenetic editing
opportunities for therapeutic intervention
(Lu et al. 2020).

Effective interference using epigenetic editing
was also demonstrated at a later developmental
stage (in utero). dCas9-SunTag-TET1CD was
successfully introduced in isolated neural precur-
sor cells (NPCs) from mouse embryos by electro-
poration to reactivate the expression of Gfap in
order to induce the differentiation of NPCs into
astrocytes (Morita et al. 2016). As one cytosine in
the Gfap gene promoter is methylated in most cell
types, except for astrocytes, targeted demethyla-
tion of this site was hypothesized to play a critical
role in the differentiation of NPCs into astrocytes.
Implantation of transfected NPCs into the ventric-
ular zone of mouse fetal brain in utero resulted in
increased expression of Gfap. With this article,
the authors demonstrated the feasibility of
implanting functionally reprogrammed cells
in vivo early in development.

Using a lentiviral delivery approach, Liu and
coworkers confirmed the possibility to effectively
alter the methylation status and regulate the
expression of a neurological gene in adult mice.
Microinjection of dCas9-TET1 in the brains of
GFP-transgenic mice to induce demethylation of
the Snrpn promoter driving GFP resulted in 70%
activation of GFP (Liu et al. 2016). This study set
the stage to address Fragile X syndrome (FXS),
the most common form of mental disability,
associated with methylation-induced silencing of
the Fmr1 gene. To date, there is no effective cure
for this disease. FX52 neuronal precursor cells
(NPCs) were infected to express dCas9-TET1
targeting Fmr1, and then implanted in newborn
mice brains, to study the effect of DNA methyla-
tion on Fmr1 gene expression in vivo (Liu et al.
2018). In mice lacking Fmr1 expression, dCas9-
TET1 opened the heterochromatin state of the



Fmr1 promoter region, inducing its expression up
to 1–3 months after NPCs transplantation. The
increase in gene expression restored the normal
condition of FXS neurons, reversing the abnor-
mal electrophysiological phenotype, which is
close to a possible therapeutic application (Liu
et al. 2018). These results, retained in adult mice
upon implantation in newborns, open new
possibilities in this field, not only to better under-
stand the physiology of the disease, but also to
investigate its use as a potential therapeutic
approach.
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DNA methylation editing findings further
demonstrate that epigenetic mechanisms drive
pathology in neurodevelopmental disorders and
confirm various neuroepigenetic editing studies
using other epigenetic effector domains (Xu and
Heller 2019), even in inducing differential splic-
ing (Xu et al. 2021), which point out the use of
epigenetic editing as a promising therapeutic
approach for neurodevelopmental disorders.
Other pathophysiologies addressed in in vivo
DNA methylation editing studies concern meta-
bolic disorders (Ou et al. 2019; Hanzawa et al.
2020) and fibrosis (Xu et al. 2018). To further
understand the role of DNA demethylation on the
obesity-related fibroblast growth factor
21 (Fgf21) gene expression in the liver, dCas9-
SunTag and scFv-TET1CD were introduced into
the liver of PPARα-KO mice by hydrodynamic
injection into the tail vein (HTVi) (Hanzawa et al.
2020). PPARα, a nuclear receptor regulating the
transcription of major genes related to hepatic
metabolism, is thought to induce Fgf21 expres-
sion via DNA demethylation, but the exact mech-
anism is unclear. The use of non-specific DNA
methyltransferase inhibitors that demethylate the
genome globally only indirectly helps to under-
stand such specific gene regulation. Epigenetic
editing, uniquely suited to address a single gene,
allowed to unravel the role of epigenetic regula-
tion mechanisms. The Fgf21 PPARα-KO model
validated that altered DNA methylation of Fgf21
is indeed causally related to the biological
activation.

Another in vivo study addressing metabolic
diseases exploited the TALE platform to target
TET1 to the methylated promoter of ICR2 gene,

which upon re-expression repressed p57, induc-
ing growth of β cells, which are dysfunctional in
diabetes (Ou et al. 2019). Transplantation of the
TALE-TET1 expressing β cells was shown to
increase proliferation, and this ex vivo approach
comes very close to a possible therapeutic appli-
cation for diabetic patients.

Although the above DNA demethylation
in vivo studies exploited TET1 as effector
domain, TET3CD was also successfully used to
induce the reactivation of Rasal1 and Klotho in
interstitial fibroblasts and in renal tubular epithe-
lial cells, respectively, in the unilateral ureter
obstruction mouse model of nephropathy. Both
genes are highly hypermethylated in these cells
and their downregulation is associated with fibro-
sis. Using lentiviral delivery (intraparenchymal
for Rasal1, ureter retrograde for Klotho), a high-
fidelity dCas9 fusion (dHFCas9-TET3CD)
decreased off-targets by 85% compared to con-
ventional dCas9. Targeting the two fibrotic genes
led to a reduction of 50% and 25% in the produc-
tion of fibroblasts, respectively and subsequently
reduced renal fibrosis (Xu et al. 2018). Combined
with the ongoing efforts to improve maintenance,
specificity and delivery, more in vivo preclinical
studies are expected to further spark the interest
for epigenetic editing, not only in providing
potent disease models, but to be considered as a
versatile therapeutic approach in the fight against
currently uncurable diseases.

18.5 Further Considerations

Application of epigenetic editing technology in
human health is desirable, as it opens novel
avenues for diseases where currently no treatment
or cure options are within sight. Clinical transla-
tion, however, is still challenging, although ongo-
ing developments in applying CRISPR-Cas gene
editing will certainly pave the way in overcoming
delivery and off-target issues. Viruses are fre-
quently used for efficient delivery. To circumvent
the potentially harmful host genome integrations
by lentiviruses, AAVs have been shown to effec-
tively deliver dCas constructs (Thakore et al.
2018; Kemaladewi et al. 2019; Lu et al. 2020;



Matharu et al. 2019) and to exhibit low immuno-
genicity (Levy et al. 2020; Wu et al. 2021).
Despite this, AAVs come with some limitations
specific to epigenetic editing. The size of AAV
restricts its application for in vivo epigenetic
editing due to the inability to carry large
transgenes needed to encode the fusions of the
epigenetic effector domains (Colella et al. 2018).
Based on the hit-and-run promise of epigenetic
editing (Amabile et al. 2016; Saunderson et al.
2017), episomally maintained AAVs might not be
needed for effective therapeutic effects and tran-
sient administration of proteins directly (Bailus
et al. 2016) or by, e.g., lipid nanoparticles
containing protein/RNA/DNA could thus be use-
ful for future applications with effectivity shown
in the first in vivo CRISPR-Cas9 trial (Gillmore
et al. 2021). Indeed, advances were obtained in
delivery technologies, with physical (electropora-
tion, microinjection), chemical (lipids, polymers,
nanomaterials) and biological alternatives,
besides (viral) vectors. As alternative to using
DNA as cargo, direct delivery of the sgRNA
and dCas fusion mRNA (or protein as ribonucleo-
protein (RNP)) is a very interesting and promising
approach for in vivo application delivery (Wei
et al. 2020; Qiu et al. 2021) as lower controllable
cellular levels might reduce the off-target effects.
Delivery systems based on extracellular vesicles
(EVs) have shown to be an interesting approach
for therapeutic genome editing (Chen et al. 2021).
Also for CRISPRa delivery, applicability of EVs
as vehicles has been demonstrated in mice by
incorporating sgRNA and dCas9 proteins
(Lainscek et al. 2018). More recently, further
preclinical proof of EV-mediated delivery of
CRISPR-dCas9-VP64 was reported for liver
fibrosis treatment (Luo et al. 2021).
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To further improve selectivity, light-inducible
approaches seem versatile, responsive, precise
and reversible (Wu et al. 2021); however, short
wave excitation limits its application at in vivo
level. To get over this hurdle, near-infrared opti-
cal control has been proposed (Chen et al. 2020).
On the other hand, concerns regarding off-target
effects might turn out to be less significant for
epigenetic editing versus genetic engineering:
Cas9-mediated double-strand breaks can be

induced by the (unspecific) binding of one Cas9
molecule, while various events are thought to be
required in epigenetic editing to achieve gene
expression modulation. Indeed, various
combinations of effector domains are required
for sustained expression modulation (Amabile
et al. 2016; Josipovic et al. 2019; O’Geen et al.
2019; Halmai et al. 2020; Nuñez et al. 2021;
Nakamura et al. 2021b), offering options to fur-
ther reduce the off-target toxic effects. Impor-
tantly, the (off-target) stable reprogramming can
be reversed by targeting counteracting enzymes
(Amabile et al. 2016; Nuñez et al. 2021), allowing
possibilities to reset the intervention. So, although
the goal to reach to a system that allows straight-
forward and very efficient sustained gene expres-
sion modulation, with low off-target and
immunological effects, seems far, companies are
founded and developments are promising with
exciting results obtained.

18.6 Conclusions

The study of DNA methylation in vivo is rapidly
developing, and helps to understand epigenetic
dysregulations at the single gene level and its
association with disease. By direct interference
at the level of DNA methylation, restoration of
cellular function can be induced. As discussed in
this review, some stumbling blocks have slowed
the development of epigenetic editing, but ongo-
ing technological improvements (especially
sustained reprogramming) and the increasing list
of preclinical therapeutic successes spark a wide
interest to develop methylation-based epigenetic
editing strategies for a wide variety of diseases.
As any genomic locus can be targeted, epigenetic
editing might open avenues for diseases without
any current treatment options.
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Abstract

DNA methyltransferases (MTases) uniquely
combine the ability to recognize and cova-
lently modify specific target sequences in
DNA using the ubiquitous cofactor S-
Adenosyl-L-methionine (AdoMet). Although
DNA methylation plays important roles in
biological signaling, the transferred methyl
group is a poor reporter and is highly inert to
further biocompatible derivatization. To
unlock the biotechnological power of these
enzymes, extended cofactor AdoMet analogs
have been developed that enable targeted
MTase-directed attachment of larger moieties
containing functional or reporter groups onto
DNA. As the enlarged cofactors are not always
compatible with the active sites of native
MTases, steric engineering of the active site
has been employed to optimize their
alkyltransferase activity. In addition to the
described cofactor analogs, recently discov-
ered atypical reactions of DNA cytosine-5
MTases involving non-cofactor-like
compounds can also be exploited for targeted
derivatization and labeling of DNA. Alto-
gether, these approaches offer new powerful
tools for sequence-specific covalent DNA

labeling, leading to a variety of useful
techniques in DNA research, diagnostics and
nanotechnologies, and have already proven
practical utility for optical DNA mapping and
high-throughput epigenome studies.
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IEDDA Inverse electron demand Diels-
Alder (reaction)

MAT Methionine adenosyltransferase
mESC Mouse embryonic stem cells
mTAG Methyltransferase-directed transfer

of activated groups
mTAG-
chip

mTAG-enriched microarray analysis

mTAG-
seq

mTAG-enriched sequencing

MTase DNA methyltransferase
NHS N-hydroxysuccinimide
ODN Oligodeoxyribonucleotide
PDB Protein Data Bank
SMILing Sequence-specific

methyltransferase-induced labeling
SPAAC Strain-promoted azide–alkyne

cycloaddition
TET Ten-eleven translocation
TOP-seq Tethered oligonucleotide-primed

sequencing
uTOP-
seq

TOP-seq analysis of unmethylated
CG sites

19.1 Introduction

DNA is a large linear polymer comprised of ape-
riodic combinations of four major types of build-
ing blocks encoding the genetic blueprint of life.
Since different loci of this largely uniform bio-
molecule rarely contain features distinct enough
to permit their chemical or physical identification
among other DNA loci or other biomolecules, a
key task is to furnish them with suitable reporter
tags for their selective visualization and isolation
from biological samples. Among the variety of
enzymes involved in DNA metabolism, DNA
methyltransferases (MTases) uniquely combine
two useful features required for targeted labeling:
recognition of a vast repertoire of specific target
sequences (2–8 nt long) and covalent modifica-
tion of the target site. Although targeted DNA
methylation can be “read” by specific cellular
proteins and thus plays important roles in
biological signaling, the naturally transferred
methyl group is a poor reporter and is not readily

amenable for further chemical derivatization. A
general strategy to unlock the biotechnological
potential of these highly specific enzymes is to
make them transfer “pre-derivatized” (extended)
versions of the methyl group. One such example,
the carboxy-AdoMet cofactor, has been found in
nature, however, the transferred functional group
is not selectively reactive in the presence of other
biomolecules (Wang and Kohli 2021). Therefore,
a series of synthetic analogs of the AdoMet cofac-
tor were developed that allowed MTases to tag
DNA with a range of extended moieties, making
sequence-specific MTase-directed labeling an
attractive opportunity in various biotechnological
applications (reviewed in Tomkuvienė et al.
2019). Two major types of cofactor analogs
have been developed for MTase-catalyzed DNA
labeling, which permit covalent deposition of
either a whole cofactor molecule or its
sulfonium-bound side chain (Klimašauskas and
Weinhold 2007). Among the three known classes
of DNA methyltransferases (cytosine-5, adenine-
N6, and cytosine-N4 MTases), the first two have
been largely utilized for the attachment of various
reactive groups, biotin or fluorophores to DNA.
Due to the universal nature of the AdoMet cofac-
tor for biological methylations, the approach
also proved applicable for labeling other
biomolecules, such as RNA (Motorin et al.
2011; Tomkuvienė et al. 2012; Plotnikova et al.
2014; Schulz et al. 2013; Holstein et al. 2014),
proteins (Peters et al. 2010; Islam et al. 2011;
Willnow et al. 2012; Wang et al. 2013;
Hymbaugh Bergman and Comstock 2015) and
small molecules (Zhang et al. 2006; Stecher
et al. 2009; Lee et al. 2010; Winter et al. 2013)
using appropriate MTases.

Another recently developed, cofactor-
independent DNA modification strategy is based
on atypical reactions of DNA cytosine-5 MTases.
Upon interaction with the target cytosine, these
MTases use a covalent attack to transiently gen-
erate an activated cytosine intermediate (ACI)
(see Chap. 1). In the absence of AdoMet or syn-
thetic AdoMet analogs, the ACI can undergo a
covalent addition of exogenous formaldehyde
yielding 5-hydroxymethylcytosine (hmC)



(Liutkevičiūtė et al. 2009). Moreover, hmC
residues at the target site can be dehydroxy-
methylated to yield cytosine or can undergo fur-
ther addition of thiols or selenols to yield the
corresponding 5-chalcogenomethyl derivatives
in DNA in a 5mC-MTase-dependent manner
(Liutkevičiūtė et al. 2011). These transformations
open new possibilities for sequence-specific
derivatization and analysis of epigenetic marks
in mammalian DNA.
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In the following sections, the DNA labeling
approaches based on the two types of extended
cofactor analogs and the reactions involving non-
cofactor-like compounds are described and
discussed in detail.

19.2 Synthetic Cofactor Analogs
for MTase-Directed
Modification of DNA

The first labeling strategy (named Sequence-
specific Methyltransferase-Induced Labeling or
SMILing) developed by the Weinhold group
employed cofactor analogs in which the methio-
nine moiety of AdoMet was synthetically
replaced by an aziridine ring (N-adenosyla-
ziridine cofactors) (Pignot et al. 1998). Upon
reaction of N-adenosylaziridine with DNA in the
presence of a DNA MTase, the “transfer” of an
electrophilic carbon atom of the protonated
aziridine ring to a nucleophilic target atom in
DNA leads to ring opening, thereby turning the
ring into an ethylamino linker that connects the
cofactor molecule with the target nucleobase
(Pignot et al. 1998) (Fig. 19.1). Although the
attached ethylaminoadenosine moiety by itself is
not a good reporter group, it can serve as a carrier
to which desired chemical and reporter groups are
attached (Pljevaljčić et al. 2003, 2004; Kunkel
et al. 2015). Subsequently, the groups of Rajsky
and Comstock expanded the chemical scope of
this approach by introducing 2-haloethyl N-mus-
tard analogs, which are converted into aziridines
in situ and thus are presumed to work by a similar
mechanism (Weller and Rajski 2005, 2006;
Townsend et al. 2009; Mai and Comstock 2011;

Du et al. 2012; Ramadan et al. 2014). In the N-
mustard cofactors, the nitrogen atom, which is
equivalent to the sulfur atom of the sulfonium
group in AdoMet, can in addition be used to
attach a reactive chemical group (alkyne) (Weller
and Rajski 2005), a photocaging group
(Townsend et al. 2009), or the original amino
acid moiety (present in AdoMet but absent in
the N-adenosylaziridine analogs) (Weller and
Rajski 2006; Du et al. 2012; Ramadan et al.
2014). Both the aziridine and N-mustard cofactors
(see Table 19.1) are obtained via multistep syn-
thetic routes and can thus only be produced in
specialized chemistry laboratories.

An inherent feature of the SMILing reaction is
that the directing MTase remains tightly
(although non-covalently) bound to the coupling
product, which represents a chemically linked
bisubstrate derivative entangling the enzyme.
Therefore, stoichiometric amounts of an enzyme
with respect to its target sites on target DNA are
required for quantitative conversion, and addi-
tional steps may be necessary if the bound
enzyme is to be removed from the DNA.

The second DNA labeling approach is based
on AdoMet analogs in which the sulfonium-
bound methyl group of AdoMet is replaced with
an extended side chain, and only this part of the
cofactor is transferred to the target nucleotide
(Fig. 19.1). Replacement of the methyl group in
AdoMet with larger aliphatic carbon chains leads
to a drastic decline of MTase-catalyzed SN2 reac-
tion rates (Schlenk and Dainko 1975). In a joint
effort, the Klimašauskas and Weinhold groups
found that the deficiency of the reaction can be
remedied by placing π-orbitals near the reaction
center (Dalhoff et al. 2006a). This activation was
observed with synthetic AdoMet analogs carrying
a double bond (allylic system), a triple bond
(propargylic system) or an aromatic ring next to
the reactive carbon in the extended side chain
(Fig. 19.1). Mechanistic considerations suggest
that the π-orbitals in the unsaturated bond lower
the energy barrier of the reaction via conjugative
stabilization of a pentacoordinated SN2 transition
state. The discovery of the sidechain-activated
AdoMet analogs paved the way to a rapid



development of a new approach termed
methyltransferase-directed Transfer of Activated
Groups (mTAG).
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Fig. 19.1 Methyltransferase-directed sequence-specific
labeling of DNA using synthetic analogs of the cofactor
AdoMet. (Left) SMILing approach: covalent coupling of
an aziridine (upper) or N-mustard (lower) cofactor carry-
ing a functional or reporter group (red sphere) attached via
a linker (red line) onto a target nucleobase (blue) in DNA.
(Right) mTAG approach: transfer of a sulfonium-bound

extended linear chain carrying an activating moiety (a tri-
ple or double bond or an aromatic ring), a linker and a
functional or reporter group (red sphere) from a double-
activated AdoMet analog onto a target nucleobase in
DNA. N, random nucleotide; XXXXX, recognition
sequence of the directing MTase

Synthetic access to the mTAG cofactors
appears somewhat easier as compared to the
aziridine and N-mustard analogs, since they can
be produced by chemical “recharging” of the
cofactor product AdoHcy via regiospecific alkyl-
ation of its sulfur atom with a desired linear side
chain (Fig. 19.2). Suitable electrophilic side
chains can sometimes be obtained directly from
commercial sources, but certain cases may

require advanced synthetic skill (Lukinavičius
et al. 2007, 2013; Dalhoff et al. 2006b). Chemical
synthesis typically yields the cofactor analogs as
diastereomeric mixtures of R,S- and S,S-isomers,
which can be used directly for most purposes or
can be chromatographically enriched in the enzy-
matically active S,S-isomer by reversed-phase
chromatography (Lukinavičius et al. 2013). An
important advantage of the mTAG approach is
the possibility of chemo-enzymatic synthesis of
enantiomerically pure mTAG cofactors from
corresponding methionine analogs and ATP
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using engineered methionine adenosyl-
transferases (Singh et al. 2014), which can in
principle be performed in situ in cascade reactions
(Michailidou et al. 2021), or even in living cells
(Wang et al. 2013). Besides this natural reaction,
two other “reverse” chemo-enzymatic routes
exploited for the generation of enantiomerically

pure cofactors include AdoMet-dependent
Halogenases (from corresponding alkyl halides
and AdoHcy) and Halide Methyltransferases
(from extended methionine derivatives and
50-halo-50-deoxyadenosine) (Lipson et al. 2013,
Tang et al. 2021a, b) (Fig. 19.2).
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Fig. 19.2 Synthetic approaches to production of mTAG
cofactor analogs. (a) Chemical synthesis of extended
cofactors (as diastereomeric mixtures) by S-alkylation of
AdoHcy under acidic conditions. (b) Enzymatic produc-
tion of the biological enantiomer of extended cofactors by

using Halide methyltransferases (reverse reaction),
AdoMet-dependent Halogenases (reverse reaction), and
methionine-adenosyl transferases (MAT). R, extended
transferable group
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Since in mTAG reactions only the extended
sulfonium-bound side chain is transferred from
the cofactor analog to DNA, these AdoMet
analogs circumvent the problem of catalytic prod-
uct release. The produced AdoHcy, which may be
inhibitory at higher concentrations, can be enzy-
matically removed by the addition of appropriate
AdoHcy-degrading enzymes such as
methylthioadenosine/ S-adenosyl homocysteine
nucleosidase (Muttach and Rentmeister 2016;
Gabrieli et al. 2021). A variety of allyl-based
and propargyl-based analogs have been designed
that carry unique chemical groups such as pri-
mary amine, alkyne and azide, or reporter groups
(biotin, fluorophores) (see Table 19.1). Notably,
although many MTases accept well both types of
cofactors, some exhibit certain preferences with
respect to the activating unsaturated bond (double
or triple) or the side chain length. In particular,
allylic cofactors have gained significant popular-
ity with protein labeling (Peters et al. 2010; Islam
et al. 2011, 2012; 2013; Wang et al. 2011, 2013;
Blum et al. 2013; Bothwell and Luo 2014; Guo
et al. 2014; Weiss et al. 2021), whereas
propargylic side chains are more preferably trans-
ferred by the 5mC-DNA MTases (Table 19.2).

With some exceptions (Bothwell et al. 2012;
Willnow et al. 2012), the life times of sulfonium-
based propargylic cofactors in MTase buffers at
37 �C are in the order of 3 h (Lukinavičius et al.
2013). This affords reasonable reaction times for
most practical in vitro and also in vivo
applications taking into account that typical turn-
over rates of bacterial MTases are in the minutes
range. Information on stability of other types of
cofactors has not yet been reported.

Both the SMILing and mTAG cofactors can be
used for two-step or one-step labeling. Single-
step labeling by direct attachment of a desired
reporter group may be beneficial in situations
when minimal sample manipulations, simplicity,
and speed are required. However, beside this
potential advantage, the one-step approach entails
an added synthetic complexity to the cofactor
analog, as reporter groups are typically larger

and more complex than functional groups. More-
over, an increased steric bulk of the transferable
side chain may also lead to a partial or complete
impairment of the directing MTase (Table 19.2).
A key advantage of the two-step approach is the
flexibility in manipulating the structure of the
labeling product (linker length, conjugation
chemistry, reporter group) for different down-
stream applications by combining different
cofactors and chemoselective reporter
compounds.

The spectrum of functional groups and appli-
cable conjugation chemistries has been steadily
increasing (Tomkuvienė et al. 2019, Goyvaerts
et al. 2020, Wilkinson et al. 2020). Widely used
conjugation chemistries involve N-hydroxysuc-
cinimide ester - amino group conjugation, Cu(I)-
catalyzed azide–alkyne cycloaddition (CuAAC)
and Strain-promoted azide–alkyne cycloaddition
(SPAAC). Among them, SPAAC has been found
to be the most effective (Lauer et al. 2017), and
the conjugation may proceed in one pot together
with the enzymatic modification, reducing the
number of handling steps needed for DNA label-
ing (Deen et al. 2019). To further broaden the
spectrum of available modification schemes, a
benzylic linker carrying a norbornene functional-
ity has been demonstrated to permit a highly
efficient inverse electron demand Diels-Alder
(IEDDA) reaction with a tetrazine-bearing
fluorophore (Muttach et al. 2017). Of special util-
ity are linkers with built-in cleavable moieties
whereby functional groups can be removed
(disulfide or Schiff bases) or even exchanged
(Schiff bases) with other functionalities on
demand (Kriukienė et al. 2013, Wilkinson et al.
2020) permitting additional transformations of
the labeled DNA. Some enzymatically deposited
photo-sensitive aromatic groups can be
completely removed by high wavelength UV
light (360–400 nm) and have been shown to be
applicable for manipulating transcription of
model DNA fragments in vitro (Anhäuser et al.
2018; Heimes et al. 2018).
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Table 19.2 Activity of DNA methyltransferases with AdoMet analogs

Target
sequenceb

50–30

mTAG SMILing

Reactions
performedc

Reactions
performed*

6mA-MTases

M.TaqI wt TCGA M Dalhoff et al. (2006a)
Lukinavičius et al. (2007)

M Pignot et al. (1998)
Weller and Rajski
(2006)

F Artyukhin and Woo
(2012)
Vranken et al. (2014)
Jeffet et al. (2016)
Lauer et al. (2017)
Muttach et al. (2017)
Anhäuser et al. (2018)
Wand et al. (2019)
Wilkinson et al. (2020)
Heck et al. (2020)
Michailidou et al. (2021)

F Weller and Rajski
(2005)
Comstock and Rajski
(2005a, b)
Du et al. (2012)
Mai and Comstock
(2011)
Ramadan et al. (2014)

L Pljevaljčić et al. (2003,
2004, 2007)
Braun et al. (2008)
Schmidt et al. (2008)
Wilkinson et al. (2008)
Kunkel et al. (2015)
Weinhold and
Chakraborty (2021)

L Grunwald et al. (2015)
Deen et al. (2019)
Gilboa et al. (2016)
Goyvaerts et al. (2020)
Heck et al. (2020)
Jain et al. (2019)
Long et al. (2021)
Sharim et al. (2019)
Chen et al. (2017)

eM.TaqI F Heimes et al. (2018)
M.BseCI ATCGAT L Braun et al. (2008)

Wilkinson et al. (2008)
Kim et al. (2012)

M.EcoRI GAATTC N Vranken et al. (2014) M Weller and Rajski
(2006)

F Comstock and Rajski
(2005a)
Weller and Rajski
(2005)

M.FokI GGATG/ F Vranken et al. (2014)

CATCC L Deen et al., (2019)

M.XbaI TCTAGA F Vranken et al. (2014)

M.EcoDam GATC F, L Flade et al. (2017)
N Vranken et al. (2014)

M.PstI CTGCAG N Vranken et al. (2014)

5mC-MTases

M.HhaI wt GCGC M Dalhoff et al. (2006a M
F

Weller and Rajski
(2006)
Pljevaljčić et al. (2004)
Comstock and Rajski
(2005a, b)
Ramadan et al. (2014)
Du et al. (2012)

eM.HhaI F Lukinavičius et al. (2007,
2012, 2013)
Neely et al. (2010)
Tomkuvienė et al. (2020)

L Kunkel et al. (2015)
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Table 19.2 (continued)

Target
sequenceb

50–30

mTAG SMILing

Reactions
performedc

Reactions
performed*

L Urbanavičiūtė et al.
(unpublished)
Deen et al. (2019)

M.HhaI
ΔL2–14
eM.HhaI
ΔL2–14

GCG M Gerasimaitė et al. (2009)
F Gerasimaitė et al.

(unpublished)
L Urbanavičiūtė et al.

(unpublished)
M.SssI wt CG N Vranken et al. (2014 M

F
Weller and Rajski
(2006)
Comstock and Rajski
(2005b)

eM.SssI F Kriukienė et al. (2013)
Staševskij et al. (2017)
Ličytė et al. (2020)
Gordevičius et al. (2020)
Narmontė et al. (2021)

eM.MpeI CG F Wilkinson et al. (2020)
L Deen et al. (2019)

M.HpaII wt
eM.HpaII

CCGG M
F

Lukinavičius et al. (2012) M Comstock and Rajski
(2005a)

M2.Eco31I
wt
eM2.
Eco31I

GGTCTC F Lukinavičius et al. (2012)

M.BsaHI
wt
eM.BsaHI

GRCGYC N Vranken et al. (2014)
Deen et al. (2019)

4mC-MTases

M.BcnIB CCSGG M Dalhoff et al. (2006a) M Pljevaljčić et al. (2004)

M.BamHI GGATCC M Du et al. (2012)

M.PvuII CAGCTG N Vranken et al. (2014)
Deen et al. (2019)

aeM, engineered MTase for improved mTAG reactions; bTarget nucleotide is underlined; cN, none or low
alkyltransferase activity; M, modification by transfer of a short non-functional moiety (mTAG) or a core unit
(SMILing); F, derivatization with a functional group (2-step labeling possible); L, labeling with a reporter group in
one step

19.3 MTase Activity
with the Synthetic Cofactor
Analogs

Bacterial and archaeal DNA MTases generally
exhibit a clearly defined sequence and base spec-
ificity. Bacterial type-II DNA MTases (typically,
single polypeptides of 250–400 residues) seem to
be better suited for DNA labeling purposes as
compared to the type I and III enzymes or mam-
malian DNA MTases, mostly due to their com-
pact size and better enzymatic parameters

(turnover rate, cofactor affinity, sequence fidelity,
protein stability, etc.), although this general
assumption does not preclude the existence of
useful MTases derived from other than type-II
cohorts. Current listings of type-II DNA MTases
(REBASE, http://rebase.neb.com) count
thousands of distinct recognition sequences rang-
ing from two to eight base pairs in length. There-
fore, a wide repertoire of DNA sequences can
potentially be targeted.

Naturally, DNA MTases have evolved for
optimal performance with the natural cofactor

http://rebase.neb.com


AdoMet. The use of extended AdoMet analogs
raises the question of steric limitations that may
be imposed by the architectures of the active sites
and cofactor binding pockets of MTases. The
SMILing cofactors offer several potential anchor-
ing points in the adenosine moiety (6, 7, and
8 positions of the adenine ring for the aziridines
and additionally 50-N for the N-mustards) that can
be used for building a desired extension, thus
offering several options for designing suitable
cofactors for particular MTases. In the mTAG
cofactors, the chemical variability of the side
chain is foremost dictated by the activating allyl,
propargyl, or aryl moieties, which demand quite
distinct geometries of the cofactor pocket in both
the ground and transition states. Of course, the
length of the side chains and other chemical
features can also influence the reaction to some
extent, but such effects decline with increasing
distance from the active site.
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Representatives of all three classes of bacterial
DNA MTases (6mA, 4mC, and 5mC forming
enzymes) showed activity with certain types of
extended cofactor analogs (see Table 19.2). On
one end of the spectrum is M.TaqI, which
demonstrated high tolerance with respect to a
wide range of SMILing and mTAG cofactors
examined (see Table 19.2 for references). More
typically though, the efficiency of mTAG

transalkylations with many wild-type enzymes is
insufficient for routine applications. For
5mC-MTases, this issue was approached by engi-
neering of the cofactor pocket of a well-
characterized representative of the class, M.HhaI
(Lukinavičius et al. 2012). The engineering effort
was guided by a structure-based model of a M.
HhaI-DNA-butynyl cofactor complex (Fig. 19.3),
which suggested that the side chains of residues
Gln82 and Asn304 (located in conserved
sequence motives IV and X) and Tyr254 (located
in a variable region) might sterically interfere
with the extended transferable side chain, pre-
cluding cofactor binding or its proper orientation
for catalysis. It turned out that double and triple
Ala/Ser replacements at these positions conferred
substantial improvements of the transalkylation
activity in M.HhaI. The achieved turnover rates
permitted complete derivatization of DNA in
15–30 min, which made the reaction suitable for
routine laboratory applications. Detailed studies
of the mutants showed that these replacements
substantially enhanced the rate of alkyl transfer
and also reduced the enzyme affinity towards the
natural cofactor AdoMet and its product AdoHcy.
Importantly, eM.HhaI can efficiently utilize
extended synthetic analogs even in the presence
of AdoMet (which is naturally abundant in cells
and cell lysates), opening new possibilities for

Fig. 19.3 Structure-guided engineering of DNA
cytosine-C5 methyltransferases for the mTAG
transalkylation reactions. (a) Model of an extended
propargylic cofactor analog (AdoButyn, shown in ball
and stick) bound in the active site of the HhaI MTase
(based on M.HhaI-DNA-AdoMet ternary complex X-ray

structure, PDB code 6mht, shown as space-fill). An arrow
points at the transferable carbon atom. (b) Sequence align-
ment of regions corresponding to conserved motifs IV and
X of sterically-engineered cytosine-5 MTases. Arrows
indicate positions corresponding to Gln82 and Asn304 of
M.HhaI. Adapted from Lukinavičius et al. (2012)



targeted covalent deposition of reporter groups
onto DNA for a variety of ex vivo and in vivo
applications (Lukinavičius et al. 2013).
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The high structural conservation of
5mC-MTases suggested that other orthologs of
M.HhaI can be similarly engineered based on
sequence alignment even in the absence of crystal
structures. Indeed, the double alanine mutants
involving conserved motifs IV and X showed a
significant improvement of the transalkylation
activity with a wide range of propargyl-based
cofactor analogs in the cases of M2.Eco31I
and M.HpaII that recognize hexanucleotide
and tetranucleotide target sites, respectively
(Lukinavičius et al. 2012), as well as with M.
SssI and M.MpeI acting on the 50-CG-30 dinucle-
otide (Kriukienė et al. 2013; Deen et al. 2019,
Wilkinson et al. 2020). Most recently, a similar
replacement of a single conserved residue in
motif X of mouse Dnmt1 has been shown to
confer a dramatic switch in cofactor selectivity
in a much larger DNA 5mC-MTase (Stankevičius
et al. 2022). On the other hand, analogous
replacements in M.BsaHI showed no significant
improvement in the transfer of allyl-based
extended groups onto DNA (Vranken et al.
2014). This appears to agree with the observed
weaker acceptance of double bond cofactors by
the engineered M.HhaI (Lukinavičius, Lapinaitė,
Klimašauskas, unpublished observations) and
Dnmt1 (Stankevičius et al. 2022) variants,
suggesting that the triple-bond cofactors are gen-
erally better compatible with the 5mC-MTases.

Interestingly, the engineering of adenine-N6
and cytosine N4 MTases for better cofactor
acceptance did not gain much popularity. One
reason is their lower sequence similarity, which
complicates the identification of target residues in
the absence of high-resolution structures. Another
reason is that some of these enzymes are suffi-
ciently active in their native form. For example,
wild-type M.TaqI proved active with nearly all
the known cofactor analogs, even very complex
ones, in vitro, with no need for enzyme engineer-
ing. EcoDam wild type is also permissive (Flade
et al. 2017). However, when it comes to
applications in cell lysates or in vivo, competition
between the natural and synthetic cofactors

becomes a crucial factor. In this case, structure-
based engineering of a single-residue V21A led to
improved cofactor selectivity of M.TaqI not by
enhancing the transalkylation, but rather by
slowing down the methylation with AdoMet
(Heimes et al. 2018).

DNA modification applications are increas-
ingly moving towards the in vivo environment.
However, this transition faces many more
challenges besides MTase engineering to allow
artificial modification in the presence of cellular
AdoMet. Unfortunately, AdoMet and its analogs
cannot travel through the cell membrane and are
thus largely precluded from entering cells. The
problem could be approached via enzymatic bio-
synthesis of AdoMet analogs inside the cell
starting from corresponding methionine analogs
by taking advantage of the natural metabolic
pathway of the cell (Fig. 19.2). This has been
shown to work to some extent for some small
modifying groups (Hartstock et al. 2018; Shu
et al. 2020), but larger transferable moieties
require steric engineering of the MAT enzyme
(Wang et al. 2013). However, the issue of cofac-
tor specificity and competition with endogenous
methionine and AdoMet still persists, and the
solution may lie within a more elaborate engi-
neering of the metabolic AdoMet synthesis path-
way (Huber et al. 2020). A different solution to
cofactor internalization has recently been pro-
posed by Stankevičius et al., who used electropo-
ration to achieve entry of a bulky exogenous
cofactor, Ado-6-azide, into live mammalian cells
(Stankevičius et al. 2022).

19.4 (Towards) Practical
Implementation
of MTase-Directed DNA
Labeling in Genomic Research

Sequence-specific covalent derivatization and
labeling of DNA potentially open new
avenues in DNA research, diagnostics, and
bionanotechnology. However, along with meth-
odological developments of the MTase-directed
labeling reactions, the properties and practical
value of such covalently modified DNA



needed to be assessed. Many experimental
demonstrations involving covalently tethered
reporter and reactive groups have been performed
at distinct levels ranging from oligonucleotides,
DNA fragments, plasmids to whole genomes and
epigenomes. These studies can be sorted into three
main groups based on their popularity and level of
development to those that exploited covalent
derivatizations (1) for general manipulations and
analysis of DNA; (2) for physical localization of
individual target sites for submegabase-scale
DNA genotyping and (3) for determination of
their epigenetic modification states through label-
specific next-generation sequencing analysis.
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19.4.1 MTase-Directed Labeling
for General Manipulations
and Analysis of DNA

The exceptional specificity of DNA MTases
towards DNA can firstly be used for selective
covalent capture and extraction of DNA from
complex biological mixtures (Artyukhin and
Woo 2012). Optical tracking of a FRET (Förster
resonance energy transfer) signal derived upon
deposition of a second fluorophore onto DNA
during the mTAG reaction, permits monitoring
the catalytic activity of the MTase itself for
applications such as inhibitor screening (Long
et al. 2021). MTase-modified DNA endowed
with unnatural chemical moieties offers a new
toolbox for enzymology of DNA-interacting
proteins. A range of extended groups installed at
particular sites on DNA proved useful for probing
the effects of structural variation on the activity of
certain TET dioxygenases and glycosylases
(Tomkuvienė et al. 2020), or for promoting
assembly and repositioning of nucleosomes
in vitro (Tomkuvienė et al. 2022). mTAG instal-
lation of photolabile nitrobenzylic groups on
DNA permits their removal by UV illumination,
thereby affording light-controlled manipulation
of gene expression in vitro (Anhäuser et al.
2018; Heimes et al. 2018).

Another possible area of utility of the MTase-
directed labeling is the construction of
DNA-based nanostructures. In proof of principle

studies, biotinylated aziridine cofactors together
with M.TaqI and M.BseCI were used for targeted
deposition of gold nanoparticles or for engineer-
ing three- and four-way junctions on model
kilobase-sized DNA fragments, which were
visualized using single-molecule AFM imaging
(Braun et al. 2008; Wilkinson et al. 2008). Signif-
icant nanofabrication breakthroughs achieved in
the DNA origami field (Wang et al. 2017)
suggested that the functional capacity of DNA/
RNA-based nanostructures could in principle be
further expanded by their targeted decoration
using MTase-directed labeling. However, first
such attempts unveiled limitations of this
approach related to the conformational rigidity
and close packing of DNA helixes inside the
DNA scaffolds interfering with the
methyltransferase action (Heck et al. 2020). Sub-
sequently, some of these limitations were over-
come via covalent conjugation of a
Cys-engineered variant of the M.TaqI MTase to
a DNA origami which permitted templated cova-
lent modification of a docked DNA fragment—a
step towards “nano-manufacturing” devices
(Weinhold and Chakraborty 2021).

An important branch of nanosciences deals
with the analysis of biopolymers using
nanopores. Installation of biotin, further
appended with streptavidin, on DNA gave rise
to distinct current blockade signals upon passage
of the DNA through a solid-state nanopore. The
signal allowed single-molecule genotyping of
short genomes (Chen et al. 2017). Similarly,
Gilboa et al. demonstrated a proof of principle
of epigenetic analysis where M.TaqI was used to
attach fluorophores at unmethylated TCGA
sequences, in a mono-chromic or bi-color man-
ner. Electrical and optical signals were then
recorded simultaneously as individual labeled
DNA molecules were passing through solid-
state nanopores (Gilboa et al. 2016). The
demonstrated ability to detect and quantify multi-
ple colors/signals from single DNA molecules in
nanopores holds promise of future analysis of
distinct (epi)genetic features in clinical samples
for potential diagnostic applications, either at
high-throughput automated multiplex systems
or/and, on contrary, simple portable devices.



550 M. Tomkuvienė et al.

Soon after the demonstration that both SMIL-
ing and mTAG techniques can achieve high
sequence specificity of label incorporation into
plasmid DNA (Pljevaljčić et al. 2007;
Lukinavičius et al. 2007), the behavior of cova-
lently labeled plasmid DNA was examined in cell
lysates and in transfected cells. For example, an
aziridine-based cofactor with a Cy3 fluorophore
was used for labeling of pUC19 and pBR322
plasmids with M.TaqI; the plasmids were suc-
cessfully transfected and optically tracked in
mammalian cells (Schmidt et al. 2008). Indepen-
dently, plasmids mTAG-derivatized with
extended linear groups were shown to escape
the McrBC restriction and confer transformation
efficiencies similar to unmodified controls in E.
coli cells (Lukinavičius et al. 2012). Moreover,
robust sequence-specific two-step mTAG click
labeling of endogenous plasmid DNA using eM.
HhaI and Ado-6-azide cofactor was demonstrated
in bacterial cell extracts (Lukinavičius et al.
2013). These experiments illustrated a rather
high biological tolerance (bioorthogonality) of
both types of covalent modifications pointing
towards the potential suitability of this approach
for in vivo studies. To this end, recent
experiments indeed showed a highly selective
azide tagging of the CG target sites in genomic
DNA in vivo after electro-permiabilization of the
Ado-6-azide cofactor into Dnmt1-engineered
mouse ES cells (Stankevičius et al. 2022).

Altogether, for the purpose of general DNA
labeling, the MTase-directed methods offer
important advantages over other commonly used
methods:

• Elimination of uncertainties related to loss of
non-covalently bound labels in cells or in vitro
experiments

• Control of the labeling density and positioning
of reporter groups around (or away from) func-
tional sites by selecting appropriate MTases

• High flexibility in selecting functional and
reporter groups

• Covalent integrity of modified DNA strands
(preserved supercoiling of plasmid DNA)

• Biological orthogonality of the underlying
modifications

19.4.2 DNA Labeling for Analysis
of Particular DNA Sites
or Sequences

A genome or genomic region is uniquely
identified by its nucleotide sequence (determined
by sequencing); on the kilo-megabase scale, it can
also be described by a characteristic distribution
of specific shorter sequences (4–8 bp) along its
length (Wand et al. 2019). The MTase-based
approaches, owing to their unique combination
of strict sequence specificity and covalent bond-
ing, appear particularly suited for attaching
detectable markers at specific short sequences in
DNA. In the past decade, methods that use
MTase-directed deposition of fluorophores for
single-molecule optical mapping or tagging
DNA with suitable primers for sequencing have
undergone substantial progress. Certain
modalities of these techniques also permit detec-
tion of naturally occurring epigenetic
modifications. The utility of MTase-directed
labeling for analysis of epigenomes lies in the
selective covalent tagging of the unmodified frac-
tion of target sites, whereas the naturally modified
sites will remain untagged due to pre-existing
modification of the target residue.

Below we describe recent advances and
implementations of these techniques for analysis
of genome structure and function and discuss
their potential utility in scientific research and
medical diagnostics.

19.4.2.1 Optical Mapping of DNA
Sequences and Epigenetic
States

Atomic force microscopy (Wilkinson et al. 2008)
or electron microscopy (Kim et al. 2012, Kunkel
et al. 2015) visualization of several bulky nano-
objects along the irregular contour of a DNA
molecule spotted on a mica surface gives a nice
qualitative illustration, but is poorly suited for fast



parallel analysis of DNA molecules containing a
large number of target sites. Direct determination
of physical distances (positioning) between the
specific sites becomes possible on stretched-out
DNA molecules, leading to a visual pattern char-
acteristic of that particular DNA. Such a linear
representation of a DNA sequence, called optical
map, can be read as a barcode and analyzed with a
high degree of automation (Fig. 19.4a). However,
implementation of various known methods for
optical DNA map generation is dependent on
many technical parameters related to the degree
and accuracy of label incorporation, repertoire of
available target sites, covalent continuity of
labeled DNA strands, inhomogeneous stretching,
chemical and physical stability of the
fluorophores, resolution and speed of signal read-
out, etc. Other methods for specific visual pattern
generation in optical DNA mapping include
restriction map generation (Teague et al. 2010),
nick-translation (Lam et al. 2012), or probe
hybridization (Weier et al. 1995), all of which
suffer from one or more of the above-listed
limitations (discussed in Zohar and Muller 2011
and Levy-Sakin and Ebenstein 2013).
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In a proof of principle study, two-step mTAG
labeling was employed to attach fluorophores on
215 HhaI sites in bacteriophage lambda DNA
(48.5 kb, see Fig. 19.4a) (Neely et al. 2010).
The labeling employed engineered M.HhaI and
a cofactor bearing a transferable linear side chain
with a terminal amino group followed by a
chemoselective attachment of an Atto647N dye.
The DNA molecules were stretched by combing
onto polymer-coated coverslips using an
evaporating droplet technique. Positions of
fluorophores along individual DNA strands were
recorded at sub-diffraction resolution (10 nm, or
just 20 bp) using dSTORM imaging, which
utilized photobleaching of the fluorophores to
ensure that single emitters are isolated and their
positions accurately determined. An average den-
sity of localized sites of around one per 650 bases
represented 34% of the 215 available HhaI sites
on the DNA and thus a consensus “fluorocode”
encompassing nearly 90% of the sites (density
1/270 bp) was generated from twenty automati-
cally aligned molecules.

To further explore the technicalities of the
labeling reaction for improved optical mapping
of DNA, a cofactor carrying a short allylic side
chain with a terminal alkyne group (AdoEnYn)
was used along with CuAAC mediated attach-
ment of a fluorophore (Vranken et al. 2014).
Eleven MTases were screened for activity with
this cofactor, of which three adenine-specific
enzymes were found to be active. The CuAAC-
based approach generated bacteriophage T7
fluorocodes with labeling efficiency reaching
70%, however, the authors noted substantial deg-
radation of DNA, which precluded generation of
full-length labeled DNA molecules. An inherent
stability of the SPAAC reactants and the mild
reaction conditions allowed long reaction times
and a relatively high degree of labeling without
inducing DNA damage or other topological
abnormalities (Lauer et al. 2017). Wand et al.
further mastered “DNA barcoding” to analyze
and sort out complex mixtures of genomic mate-
rial. For that purpose, they used M.TaqI with
Ado-6-azide and two-step fluorophore labeling,
involving SPAAC, with 90% efficiency of target
site coverage. The potential applicability of the
approach was demonstrated by exemplary detec-
tion of a model viral infection in human cells,
identification of bacterial strains, and visualiza-
tion of edited loci in a genome (Wand et al. 2019).

Further in pursuit of high-throughput routine
analyses, an automated DNA stretching and
imaging platform, which was previously applied
for non-MTase-dependent optical mapping,
appeared essential. To this end, one-step mTAG
labeling with M.TaqI and a propargylic cofactor
carrying a linker-bound TAMRA fluorophore
was used to label over 200 target sites on lambda
DNA (Grunwald et al. 2015), followed by physi-
cal stretching of the DNA molecules in commer-
cial microchip-based nanochannel arrays. A
fluorescent signature of DNA was generated by
“conventional resolution” imaging, i.e., measur-
ing the amplitude modulations of fluorescence
intensity along its length rather than isolated fluo-
rescent spots. However, unlike in case of
immobilized DNA, the dynamic motion of
markers due to thermal fluctuations of
nanochannel-trapped DNA, sets a resolution
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Fig. 19.4 Major applications of methyltransferase-
directed labeling in genome studies. (a) Optical DNA
mapping using fluorescent mTAG labeling. A two-step
mTAG reaction involving an engineered version of HhaI
methyltransferase (eM.HhaI) was used for fluorescent
labeling of GCGC sites in bacteriophage lambda DNA.
The labeled DNA molecules were stretched out by
combing and positions of the fluorophores on individual
DNA molecules were determined using super-resolution
dSTORM imaging. Illustration on the right shows: (top)
two lanes of experimental consensus fluorocodes derived
by using different processing parameters; (bottom) a lane
of in silico generated (theoretical) reference map (adapted
from Neely et al. 2010). (b) DNA “unmethylome”
profiling by covalent mTAG labeling of unmodified CG
sites. Unmodified CG sites in fragmented genomic DNA
from the human brain (50–300 bp fragments) are biotin-

tagged in a two-step mTAG labeling reaction involving
engineered eM.SssI MTase. Biotin-tagged fragments are
affinity-enriched and sequenced to produce a genome-
wide profile of unmodified CG sites. Illustration on the
right shows an exemplary genome browser view of a
mTAG-seq map (Kriukienė et al. 2013). (c) DNA
“unmethylome” profiling by TOP-seq that enables geno-
mic sequencing primed right from the MTase-tagged mod-
ification sites. This is achieved by tethering a DNA
oligonucleotide (ODN) primer at the azide-derivatized
unmodified genomic CG sites followed by in situ
non-homologous priming of the DNA strand synthesis
from the tethered ODN by DNA polymerase. Cm refers
to a naturally modified cytosine. Illustration on the right
shows an exemplary genome browser view of a uTOP-seq
map (Kriukienė et al., unpublished data)



limit to ~1.5–3 kbp (which can be improved to
~700 bp by pairwise distance recording between
the target and a close-by marker) (Jeffet et al.
2016). Nevertheless, the generality, rapidness
and high-throughput capabilities make this con-
cept promising for routine applications. Direct
single-molecule analysis of large DNA
fragments, which far exceed the read length of
widely used sequencing technologies, provides
valuable genomic information for the identifica-
tion of structural or copy number variations and
assists with DNA sequence assembly or rapid
strain typing (reviewed in (Yuan et al. 2020;
Jeffet et al. 2021), as well as analysis of difficult
to sequence regions (Wight et al. 2020). With its
ability to precisely visualize structural variations
in megabase-long stretches of genomic DNA
from patient samples, it is poised to replace clas-
sical cytogenetic assays as karyotyping, fluores-
cence in situ hybridization and copy number
variation microarrays used routinely in medical
diagnostics of genetic diseases (Mantere et al.
2021; Neveling et al. 2021). Several partially or
fully automated optical DNA mapping platforms
(BioNano Genomics, GenomicVision, Nabsys)
are already available. A dramatic improvement
in read length (50-fold longer on average,
>2 Mbp native molecules often seen) was
achieved by replacing a nicking enzyme-based
labeling with “Direct labeling enzyme-1,” pre-
sumably a MTase, that enables one-step
CTTAAG-specific fluorescent labeling of geno-
mic DNA under very mild conditions avoiding
strand cleavage (Bionano Genomics https://
b i onanogenomic s . com/ t e chno logy /d l s -
technology).
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Moreover, as noted above, DNA MTases
(such as M.SssI and M.TaqI) are not only active
at specific sequences, but are also sensitive to
certain base modifications occurring at these
sequences and thus can be exploited to interrogate
the epigenetic states of CG target sites in mam-
malian genomes (reviewed in Heck et al. 2019).
As an example, M.TaqI optical mapping was used
for differentiating two cell types based on their
methylation profiles, and showed that pairwise
analysis encompassing both promoters and their
distal enhancers yields a much better

deconvolution than short-ranged approaches
(Margalit et al. 2021). Furthermore, in combina-
tion with other methods, optical mapping with M.
TaqI was used to detect dynamic changes of
epigenetic DNA marks (methylated,
hydroxymethylated, and unmethylated cytosine)
related to macrophage response during
pro-inflammatory activation (Jain et al. 2019).
Finally, both DNA sequence and methylation sta-
tus were simultaneously mapped on the same
molecule, enabling recording of the haplotype,
copy number, and methylation status of a highly
repetitive locus associated with facioscapu-
lohumeral muscular dystrophy (Sharim et al.
2019).

Altogether, these examples show that optical
mapping can potentially deliver the benefits of
single-molecule sensitivity, long reads, and
high-throughput automation, but suffers from
limited resolution, higher noise, and reduced ana-
lytical representation (M.TaqI can only access a
fraction of CG sites). In the future, simultaneous
characterization of both genome structural varia-
tion and methylation may lead to new generation
research and diagnostics tools.

19.4.2.2 Applications of MTase-Directed
Labeling in Epigenomics

Besides optical mapping described above,
MTase-directed covalent DNA labeling offers an
important entry point to mainstream sequencing-
based genomic analysis of epigenetic DNA
marks. As mentioned above, DNA cytosine-5
methylation in higher eukaryotes including
mammals predominantly occurs at CG
dinucleotides and is involved in many biological
processes such as embryogenesis, establishment
of cell identity and fate, and development of
various pathological conditions, including cancer
(see Chap. 15). Profiling the modification status
of tens of millions of CG sites in the genome is a
challenging task, and numerous epigenomic
techniques have been developed that differ in
their throughput, sensitivity, resolution, and cost
(see Chap. 16). Covalent tagging of epigenetic
modifications via incorporation of reactive
azide, keto, or primary amine groups followed
by chemoselective conjugation of biotin has

https://bionanogenomics.com/technology/dls-technology
https://bionanogenomics.com/technology/dls-technology
https://bionanogenomics.com/technology/dls-technology


opened new avenues for highly sensitive and
selective enrichment of modified DNA (Song
et al. 2011; Pastor et al. 2011; Zhang et al. 2013).
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The key concept of using MTase-directed
labeling for analysis of epigenome lies in the
selective covalent derivatization of the unmodi-
fied fraction of CG sites. An early attempt to
analyze DNA methylation sites through targeted
DNA scission (Comstock and Rajski 2005b) used
derivatization of model oligodeoxynucleotides
substrates with M.TaqI or M.HhaI and an azide-
bearing aziridine cofactor. However, this chemis-
try leads to extensive DNA damage and proved
incompatible with modern sequencing
techniques. The first genome-wide chemo-enzy-
matic profiling of CG methylation was developed
on the basis of selective two-step covalent biotin
tagging directed by a CG-specific MTase
(Kriukienė et al. 2013) (Fig. 19.4b). Covalent
tagging of unmethylated target sites was
performed using an engineered version of the M.
SssI MTase, eM.SssI, and a synthetic AdoMet
analog carrying a terminal amine or azide group.
In the next step, conventional chemoselective
coupling of the amine group with an NHS-biotin
probe or, alternatively, strain-promoted alkyne-
azide cycloaddition of the attached azide group
with a dibenzocyclooctyne biotin reagent was
employed, and the enriched biotin-labeled DNA
fragments were analyzed on tiling DNA
microarrays (mTAG-chip) or by next-generation
sequencing (mTAG-seq). Due to covalent linkage
of modified sites, the approach offered robust
analysis of CG methylation and a resolution
limit of 200–500 bp.

To push the resolution limit down to a single
CG site, an advanced version of the latter
approach, TOP-seq, was developed that enabled
genomic sequencing primed right from the
MTase-tagged modification sites. This was
achieved by tethering a DNA oligonucleotide
(instead of biotin) to the azide-derivatized
unmodified genomic CG sites followed by in
situ non-homologous priming of the DNA strand
synthesis from the tethered oligonucleotide by
DNA polymerase (Fig. 19.4c). This recently dis-
covered priming reaction affords direct read-out
and subsequent mapping of adjoining genomic

regions. Owing to the robust and
non-destructive nature of covalent tagging, the
produced uTOP-seq epigenomic maps of
unmethylated CG sites proved instrumental for
discerning subtle tissue-specific methylation
differences on a local or whole genome scale.
To date, the general TOP-seq concept has been
implemented for analysis of the unmodified
(Staševskij et al. 2017; Gordevičius et al. 2020;
Narmontė et al. 2021), hydroxymethylated
(Hu et al. 2019; Gordevičius et al. 2020; Gibas
et al. 2020) or carboxylated CG sites in DNA
(Ličytė et al. 2020). The latter approach combines
two distinct reactions of the eM.SssI MTase:
removal of carboxyl groups from 5-carboxylated
CG sites (Liutkevičiūtė et al. 2009, 2014; see also
Sect. 19.4), yielding the unmodified CG sites, and
their immediate tagging by an azide group upon
addition of a synthetic cofactor Ado-6-azide.
Notably, both mTAG-seq and TOP-seq-based
approaches derive sequencing reads only from
DNA fragments of interest (containing unmodi-
fied CG sites or epigenetic modifications) and
thus demand less sequencing and analytical
efforts (and cost), as compared to the gold stan-
dard bisulfite modification-based methods, which
typically entail whole genome sequencing. For
example, an adaptation of the uTOP-seq protocol
for a fetal karyotype analysis using minuscule
amounts of fetal cell-free DNA circulating in
maternal blood enabled detection of a fetal tri-
somy of chromosome 21 from a few nanograms
of maternal circulating DNA and 3 million
sequencing reads (Gordevičius et al. 2020).

Altogether, TOP-seq has proven as a semi-
quantitative laboratory platform that can infer
relative modification of each CG in purified geno-
mic DNA samples. As mentioned above, mam-
malian DNA methylation profiles are generated
by collective action of three DNA
methyltransferases (DNMT1, DNMT3A, and
DNMT3B, see Chap. 4), whose catalytic
interactions and temporal interplay in establishing
and maintaining genomic methylation during cell
growth and differentiation are poorly understood.
The first example of selective tracking of the
catalytic contribution of an individual DNMT
enzyme has recently been demonstrated through



genomic installation of an engineered Dnmt1 var-
iant in mouse embryonic stem cells (mESC) and
pulse-internalization of the Ado-6-azide cofactor
by electroporation. This permitted selective tag-
ging of Dnmt1-specific genomic targets with
azide groups in vivo (Stankevičius et al. 2022)
which were exploited as click handles for reading
adjoining sequences and precise mapping of the
chemically tagged methylation sites in the
genome (as described for TOP-seq above). This
new general approach, named Dnmt1-TOP-seq,
offers selective high-resolution genomic tracking
of the Dnmt1 catalysis in live mammalian cells,
paving the way to similar studies of other biolog-
ically important AdoMet-dependent
methyltransferases in a wide range of eukaryotic
model systems.
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19.5 Cofactor-Independent
MTase-Directed Labeling

In addition to their well-characterized catalytic
activity, 5mC-MTases were found to catalyze
atypical reactions involving non-cofactor-like
substrates. As mentioned above (Sect. 19.3), the
5mC-MTases use a covalent mechanism for
nucleophilic activation of their target cytosine
residues. The transiently generated activated
cytosine intermediate is not only active towards
AdoMet or its synthetic analogs, but can also
attack other exogenous electrophiles such as ali-
phatic aldehydes, yielding corresponding
5-α-hydroxyalkylcytosines (Liutkevičiūtė et al.
2009) (Fig. 19.5a). The reactions occur under
fairly mild conditions and retain the high
sequence and base specificity characteristic of
bacterial DNA MTases. The coupling with form-
aldehyde yields 5-hydroxymethylcytosine (hmC),
which is a naturally occurring cytosine modifica-
tion in mammalian DNA (Kriaucionis and Heintz
2009; Tahiliani et al. 2009). Although the
hydroxymethyl groups themselves are not good
chemical reporters, they add a unique functional-
ity to DNA (analogous to benzylic hydroxyl) that
can be exploited for chemical or enzymatic

derivatization (Jurkowski 2020). Alternatively,
hmC residues can be enzymatically glucosylated
(Gommers-Ampt and Borst 1995), thereby per-
mitting selective DNA labeling through applica-
tion of glycan modification/recognition
techniques (Chittaboina et al. 2005; Song et al.
2011; Gibas et al. 2020).

Curiously, it was also found that the covalent
activation of 5-substituted cytosine residues pres-
ent at the target position of a 5mC-MTase, can
lead to their conversion into unmodified cytosine
(Fig. 19.5a). This reaction does occur with hmC
and 5-carboxylcytosine, but was not observed
with 5-formylcytosine (Liutkevičiūtė et al. 2009,
2014). The MTase-activated hmC in DNA can
also undergo condensation with exogenous ali-
phatic thiols and selenols yielding corresponding
5-alkylchalcogenomethyl derivatives
(Liutkevičiūtė et al. 2011) (Fig. 19.5a). Since
this MTase-directed derivatization reaction is
not possible at 5-methylated and unmodified
cytosine residues, it appears well-suited for selec-
tive covalent capture 5-hydroxymethylated-CG
sites in mammalian genomic DNA. As a proof
of concept, 5mC-MTase-directed derivatization
of hmC with cysteamine and subsequent amine-
selective biotin labeling (Fig. 19.5b) was
demonstrated on plasmid DNA and model DNA
fragments (Liutkevičiūtė et al. 2011). M.HhaI and
M.SssI have also been shown to render sequence-
specific conjugation of short Cys-containing
peptides, to hmC-containing DNA (Serva and
Lagunavičius 2015). Moreover, cofactor-
independent functionalization of hmC has been
shown applicable for TOP-seq approach as
described in Sect. 19.4.2.2 (Gibas et al. 2020).

Altogether, the presented variety of atypical
reactions demonstrate a high catalytic plasticity
of DNA 5mC-MTases and offer additional ways
for sequence-specific derivatization of canonical
and modified bases within DNA. As compared to
the cofactor-based reactions, these reactions typi-
cally require simpler and less expensive
compounds, thereby avoiding multistep syntheses
of AdoMet analogs.
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Fig. 19.5 Cofactor-independent methyltransferase-
directed sequence-specific derivatization of DNA. (a)
Transformations of a target cytosine catalyzed by

5mC-MTases. Biological methylation by 5mC-MTases
occurs via an SN2 reaction between an activated cytosine
intermediate (ACI) and cofactor AdoMet, yielding



��

including those naturally occurring in DNA, can undergo
further methyltransferase-directed condensation with thiol
or selenol reagents to give stable 5-alkyl
chalcogenomethyl derivatives (5-Thioalkylation of hmC).
Modifying reagents are shown in red and green (thiol),
5mC-MTase and its catalytic moieties are shown in blue.
(b) MTase-directed covalent amino-derivatization and
labeling of hmCG dinucleotides in DNA with biotin
(shown as a ball)

Fig. 19.5 (continued) 5-methylcytosine (5mC)
(Biological C5-methylation). The ACI can undergo nucle-
ophilic addition reaction with short aliphatic exogenous
aldehydes, which in the case of formaldehyde yields hmC
(C5-hydroxymethylation). In the reverse reaction, hmC
residues can be converted to unmodified cytosines in
DNA by the enzyme (Dehydroxymethylation of hmC).
Similarly, 5-carboxycytosine (caC) can be converted to
cytosine (Decarboxylation of caC). hmC residues,
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19.6 Conclusions/Outlook

MTase-directed labeling of DNA is an enabling
technology with many unique demonstrated
applications. Due to its relative simplicity, robust-
ness, and wide-range applicability, this approach
is becoming a method of choice where targeted
covalent derivatization of DNA is required.
Although certain technical questions still require
attention, the rapidly growing popularity
indicates that the field is approaching its maturity
stage. The list of available and well-performing
MTases and their variants is growing in response
to demand from the scientific community. The
repertoire of currently known synthetic cofactor
analogs is impressive, although the lack of com-
mercial sources is somewhat holding back the
spread of applications. The two most advanced
areas of MTase-directed labeling are optical DNA
mapping and analysis of epigenetic states in
mammalian DNA; both methods are now
nearing/entering the phases of automation and
commercial exploitations. Yet another important
field of research that is starting to see a rapid
growth is DNA labeling in biological systems
and in living cells. Certain solutions have now
been found to the two previously noted obstacles:
(1) delivery of cofactor analogs into cells; and
(2) design of orthogonal cofactor-MTases pairs
for allele-specific labeling. The first issue is being
addressed by harnessing enzymatic production of
cofactor analogs in situ from corresponding
methionine analogs, which show superior wall-
penetration properties (Wang et al. 2013; Singh
et al. 2014; Hartstock et al. 2018), or by con-
trolled internalization of exogenous cofactors
using electroporation (Stankevičius et al. 2022).

Solutions to the second issue are being sought by
designing MTase variants with preferential cofac-
tor selectivity towards extended AdoMet analogs,
which can provide substantial levels of DNA
labeling in the presence of endogenous AdoMet
(Lukinavičius et al. 2013, Heimes et al. 2018;
Stankevičius et al. 2022).
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