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DNA is the key to the inheritance of the genetic information in living organisms,
and the mechanism of duplication of double-stranded DNA is arguably the molecu-
lar process with the widest appreciation in the general public. However, almost
since their discovery, it was known that the nucleobases could be further modified
by the addition of methyl groups. DNA methylation patterns are often heritable,
leading to their classification as epigenetic mark. We now know that DNA methyla-
tion has very important functions in almost all species, ranging from bacteria to
higher and low 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 comprehension of the relevance of DNA methylation in
various fields of biology and medicine has also brought a lot of attention to the
enzymes responsible for the transfer of methyl group to DNA, the so-called DNA
methyltransferases (MTases), which are the key subject of this book.

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 through 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. This book on
DNA methyltransferases provides a compilation of chapters that recapitulate and
update many of the developments made in the field, including past achievements
and future challenges. Many of the chapters were written by renowned experts, who
themselves made central contributions to the developing field.

The introduction of the book (Chap. 1) by Jurkowska and Jeltsch recaptures the
development of the field over the past more than 60 years, highlighting and con-
ceptualizing many critical key discoveries. In Chap. 2, Motorin et al. place DNA
methylation and DNA MTases into the larger subject of nucleic acid modification
focusing on the alkylation of pyrimidines in RNA and DNA. Chapter 3 written
by Casadesus describes bacterial DNA methyltransferases and the important roles
of DNA methylation in bacteria. The next four chapters cover DNA methylation
and DNA MTases in mammals. Tajima et al. focus in Chap. 4 on the structural
aspects of the mammalian DNA MTases, and Jurkowska and Jeltsch describe their
enzymatic properties and regulation in cells (Chap. 5). In Chap. 6, Dan and Chen
review the important contributions of genetic studies to our current understanding
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of DNA methylation and DNA MTases. Chapter 7 by Lakshminarasimhan and
Liang recapitulates the role of DNA methylation in cancer. Next, structures and
mechanisms of plant DNA methyltransferases are described in Chap. 8 written by
Du, and in Chap. 9, Wedd and Maleszka present 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 whether this mark,
still controversial in some cases, functions as an epigenetic signal, as described
in Chap. 10 by O’Brown and Greer. The next chapters focus on the pathways of
DNA demethylation (Chap. 11 written by Dean) and the structure and mecha-
nism TET enzymes, which are involved in this reaction (Chap. 12 contributed by
Yin and Xu). In Chap. 13, Shimbo and Wade summarize the biological processes
involved in DNA methylation readout, and Hong and Cheng review base flipping
as a basic mechanism involved in setting, reading, and erasing DNA methylation in
Chap. 14. The last part of the book is devoted to the technological developments. In
Chap. 15, Tost reviews current methods to study DNA methylation. Based on this,
Lopez et al. provide an overview over the development and potential application of
DNMT inhibitors in cancer and other diseases (Chap. 16), and Stolzenburg et al.
describe emerging approaches to edit DNA methylation patterns in a targeted manner
(Chap. 17). Finally, in Chap. 18, Laurino et al. summarize achievements in the
design of DNA methyltransferases, and in Chap. 19, Tomkuviené et al. describe
applications of DNMTs as molecular biology tools to label DNA.

We anticipate many more years of exciting research focusing on DNA methyla-
tion and DNA MTases, with many new and groundbreaking discoveries to come.
The aim of this book is to serve as a rich and reliable source of information for
specialist scientists, but also for students and researchers entering the field, provid-
ing them with a solid fundament 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.

Stuttgart, Germany Renata Z. Jurkowska
May 2016 Albert Jeltsch
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Mechanisms and Biological Roles of DNA
Methyltransferases and DNA
Methylation: From Past Achievements
to Future Challenges

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 key developments in the field that led to our
current understanding of the structures and mechanisms of DNA MTases and the
essential biological role of DNA methylation, including the discovery of DNA
methylation and DNA MTases, the cloning and sequence analysis of bacterial
and eukaryotic MTases, and the elucidation of their structure, mechanism, and
regulation. We describe genetic studies that contributed greatly to the evolving
views on the role of DNA methylation in human development and diseases, the
invention of methods for the genome-wide analysis of DNA methylation, and the
biochemical identification of DNA MTases and the family of TET enzymes,
which are involved in DNA demethylation. We finish by highlighting critical
questions for the next years of research in the field.
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Abbreviations

AdoMet S-Adenosyl-L-methionine

HPLC High-pressure liquid chromatography
MTase DNA methyltransferase

RM system Restriction/modification system
SMRT sequencing  Single-molecule real-time sequencing
TET enzyme Ten-eleven translocation enzyme
TLC Thin-layer chromatography

1 Discovery of DNA Methylation

DNA from various sources contains the methylated bases C5-methylcytosine,
N4-methylcytosine, and N6-methyladenine in addition to the four standard nucleo-
bases (Fig. 1a). Methylation of cytosine at the C5-position has been discovered in
calf thymus DNA already in 1948 using paper chromatography experiments
(Hotchkiss 1948), and 6-methyladenine was found in bacterial DNA in 1955 (Dunn
and Smith 1955). N4-methylcytosine, the third and least common methylated base
in bacterial DNA, was described for the first time in 1983 (Janulaitis et al. 1983).
The methylation of nucleobases at these positions places the methyl groups in the
major groove of 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. 1b). By this mechanism, the methylation adds extra information to
the DNA that is not encoded in the DNA sequence, and the methylated bases can be
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Fig. 1 Molecules related to DNA methylation. (a) Structures of the methylated bases that occur
in DNA and of the AdoMet cofactor, the universal methyl group donor for all DNA methylation
reactions. (b) Space-filling 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. (¢) 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 would be disrupted by methylation of the A at the N6-position
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considered the 5th, 6th, and 7th letters of the genetic alphabet (Jeltsch 2002). DNA
methylation can, for example, directly prevent the readout of an AT base pair by GIn
in the major groove (Fig. 1b, c). By this and related processes, DNA methylation
can control the binding of proteins to DNA and thereby the expression of the genetic
information. Despite the interesting properties of methylated bases and their impor-
tance in living organisms, many years had passed after the initial discovery of DNA
methylation until work with DNA methyltransferases, the enzymes that introduce
this modification, had been systematically started.

2 Discovery and Early Work on DNA MTases

DNA methyltransferases were initially discovered as parts of restriction/modifica-
tion (RM) systems (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, b; Hurwitz et al. 1964a, b). 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 studies with human and murine enzymes 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 revolution, due to their functional and genetic association 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 addi-
tion, restriction endonucleases and DNA MTases constituted the first model system
to study 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, bio-
tech companies were interested to shift the production procedures away from puri-
fication of enzymes from the original bacterial strains toward recombinant
expression of cloned enzymes. Therefore, cloning of restriction enzymes moved
into the center of the scientific and economic interest. It was known that RM sys-
tems often reside on mobile genetic elements, where the genes coding for the meth-
yltransferase and the endonuclease are 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
“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 expression of a DNA MTase in cells, the enzyme modified its own encoding
DNA. Hence, after shotgun cloning of bacterial genomes, the 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
sequence of the endonuclease and thereby prevented cleavage. After cloning of
these protected inserts, it turned out that very often the gene for the restriction
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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 expres-
sion 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).

3 DNA MTases Contain Conserved Amino Acid
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
methyltransferases. Therefore, the group of bacterial DNA methyltransferases pro-
vided a rich source of enzymes recognizing different DNA sequences for enzymatic,
biochemical, and evolutionary studies, which has led to many important insights
and breakthrough discoveries (Wilson and Murray 1991; Pingoud and Jeltsch 1997;
Pingoud et al. 2014). Comparisons of the amino acid sequences of various DNA
methyltransferases in the early days of multiple sequence alignments led to the dis-
covery of ten amino acid motifs characteristic for cytosine-C5 methyltransferases
(Posfai et al. 1989; Klimasauskas et al. 1989; Lauster et al. 1989) (Fig. 2). In 1988,
Bestor cloned the first mammalian DNA methyltransferase that was found to share
extensive sequence similarity with the bacterial cytosine-C5 methyltransferases in
its C-terminal catalytic part (Bestor et al. 1988). It was discovered that bacterial ade-
nine-N6 methyltransferases contained conserved amino acid motifs as well (Fig. 2)
(Lauster et al. 1987; Guschlbauer 1988), and some of the MTase motifs were shown
to be part of general signature motifs of all AdoMet-dependent methyltransferases,
also including small molecule, protein, and RNA methyltransferases (Kagan and
Clarke 1994; Ingrosso et al. 1989). 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 resi-
dues in both families of 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) (Fig. 2).

4 Structure and Mechanism of DNA MTases

All DNA methyltransferases use AdoMet as a methyl group donor. Based on their
mechanism, one can distinguish methyltransferases adding the methyl group to car-
bon or nitrogen atoms. 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 of the DNA
substrate and the AdoMet is ordered; in other examples it is random. Wu and Santi
studied the catalytic mechanism of cytosine-C5 methyltransferases and discovered in
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Fig. 2 Topological scheme of the universal AdoMet-dependent DNA MTase fold. It consists of
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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 permuta-
tion, generating several characteristic subgroups of DNA MTases. (a) Schematic representation of
the general structure of the DNA MTase fold. (b) General structure of cytosine-C5 MTases. (c—e)
General structure of three subgroups of adenine-N6 and cytosine-N4 MTases
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Fig.3 Catalytic mechanism of DNA MTases. (a) Mechanism of DNA-(cytosine C5)-MTases. (b)
Mechanism of DNA-(adenine N6)-MTases

1985 that it follows a Michael addition reaction, which is characterized by the for-
mation of a covalent intermediate between the enzyme and the target base (Wu and
Santi 1985, 1987) (Fig. 3a). Shortly afterward, Santi and coworkers also showed
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Fig. 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-filling 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)

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. 1988). Seminal insights into
the folding of the methyltransferases and the arrangement of their catalytic center
came with the first structure of a DNA methyltransferase (the bacterial M.Hhal
enzyme) that was solved in 1993 (Cheng et al. 1993). In 1994, the publication of the
first structure of a DNA methyltransferase (again M.Hhal) with its DNA substrate
by Cheng and coworkers led to another conceptual breakthrough regarding the cata-
lytic mechanism of DNA methyltransferases (Klimasauskas et al. 1994) (Fig. 4). 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 (so-called base
flipping), allowing access of the catalytic residues described above to the base. This
unexpected and seminal discovery highlighted the flexibility of DNA and the
dynamic processes that accompany enzymatic catalysis; research subjects that were
intensively studied afterward. Today, we appreciate base flipping as a universal pro-
cess in DNA methylation, but also in other reactions occurring on DNA, including
DNA repair (Roberts 1995; Roberts and Cheng 1998). The first structure of an ade-
nine-N6 MTase (M.Taql) was published in 1994 as well (but without DNA) (Labahn
et al. 1994), unexpectedly showing that both enzyme families contain a large cata-
lytic domain with an identical fold, consisting of a six-stranded parallel B-sheet with
a seventh strand inserted in an antiparallel fashion between the fifth and sixth strands
(Schluckebier et al. 1995) (Fig. 2). This fold is known today as the AdoMet-
dependent methyltransferase fold (Martin and McMillan 2002). The seven-stranded
B-sheet is flanked by a-helices creating two subdomains with Rossmann fold
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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 ade-
nine-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
hydrogen 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. 3b). Cytosine-N4 MTases are believed to follow an analogous
mechanism, due to 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, 2001).

5 Molecular Evolution of MTases

As described above, the conserved structure of the 7--strand MTases consists of two
half domains with Rossmann folds, which are fused to each other. One of them medi-
ates AdoMet interaction, and the second provides the binding sites for the methyla-
tion substrates, which are flipped nucleobases in the case of DNA MTases. The high
structural similarity of all DNA MTases, and the presence of 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 Rossmann fold domain (Malone et al. 1995). Later,
one subdomain continued to bind AdoMet, but the second diverged to generate the
binding sites for different methylation substrates, including flipped cytosine and
adenine bases, but also small molecules like catecholamine or amino acids like argi-
nine, leading to the various groups of contemporary MTases specific for different
methylation substrates. Moreover, the initial MTase ancestor has undergone several
modifications during molecular evolution, including circular permutations (Jeltsch
1999; Bujnicki 2002), and in the case of DNA MTases, the insertion of diverse and
unrelated DNA-binding domain at different places in the consensus structure, lead-
ing to the creation of different classes of DNA MTases (Malone et al. 1995) (Fig. 2).

6 Early Views on the Biological Role of DNA Methylation

Methylation of human and mammalian DNA at CpG sites was identified in 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 at nonsymmetric sites. However, the early 1980s was
a time when biology mainly focused on the detailed investigation of the so-called
model organisms. While this approach was extremely farsighted and it greatly con-
tributed to the explosion in our understanding of the molecular basis of life, it did
not come without risk, as illustrated by the general lack of appreciation of DNA
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Fig. 5 Phylogenic distribution of DNA methylation systems and DNA MTases. The distribution
of MTases of the DNMT]1 (red), DNMT3 (blue), and chromomethylase families (green) is shown
in several characteristic species. Red circles denote plant Metl homologs, diamonds - 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)

methylation around this time. Due to an unfortunate coincidence, many of the care-
fully selected model organisms, like S. cerevisiae, D. melanogaster, or C. elegans
were lacking detectable DNA methylation. Consistently, there was a widespread
belief that DNA methylation, although having some interesting roles, 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 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, 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 listed above appear to be
rather exceptions (Fig. 5).
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7 Genetic Studies on DNMTs in Mammals

While models connecting DNA methylation with known epigenetic phenomena,
gene expression, and development (see, e.g., (Riggs 1975; Holliday and Pugh
1975)) were developed, the general skepticism on the essential role of DNA meth-
ylation in human biology was only overcome with the discovery of the repressive
function of DNA methylation on gene expression (Tazi and Bird 1990) and the find-
ing that mice with a knockout 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 discovery led to the next question, because it
turned out that DNMT1 knockout cells were not completely devoid of DNA meth-
ylation (Lei et al. 1996), which opened a hunt for additional MTase enzymes.
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 DNMT?3B enzymes in 1998 (Okano et al. 1998). Shortly after-
ward, 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 cata-
lytically inactive paralog of DNMT3A and DNMT3B) were needed to set imping-
ing marks in the mouse germline (Bourc’his et al. 2001; Bourc’his and Bestor 2004;
Hata et al. 2002; Kaneda et al. 2004).

DNA methylation provides organisms with an efficient epigenetic regulation
system, which is particularly important in multicellular organisms, which need to
develop stable cellular differentiation. It has been speculated that the development
of powerful epigenetic systems, comprising DNA methyltransferases, demethyl-
ases, and other enzyme systems introducing modifications on histones, has been a
critical step in the evolution of multicellular life (Jeltsch 2013).

8 Structure, Function, and Regulation of Mammalian
DNA MTases

More recently, structures of DNMT3A (Jia et al. 2007; Guo et al. 2015) and DNMT1
(Takeshita et al. 2011; Song et al. 2011, 2012) were published, showing that com-
plicated regulatory processes, including oligomerization, conformational changes,
and auto-inhibition, all interplay to accurately control the activity of these enzymes.
In 1997, targeting of DNMT]1 to replication 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 essential for the targeting and DNMT1 activity as well
(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 and DNMT3B with their ADD domains binding to H3 tails
unmethylated at K4 (Ooi et al. 2007; Zhang et al. 2010) and their PWWP domains
binding to H3K36me3 (Dhayalan et al. 2010), and DNMT1 via its replication foci
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targeting domain interacting with ubiquitinated H3 tails (Nishiyama et al. 2013).
Moreover, the principles of the regulation of the activity and stability of DNMTs via
posttranslational modifications begin to emerge (Esteve et al. 2011; Deplus et al.
2014), adding another fascinating layer to the study of these enzymes.

9 Discovery of TET Enzymes

A similar changeful journey as in the field of DNA de novo methylation was under-
taken in the investigation 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, when the combination of powerful biochemical and bioinformatics 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
etal. 2011; He et al. 2011). The exact role of these additional modified bases and the
complete pathway of DNA demethylation are not yet fully understood (Wu and
Zhang 2010; Hahn et al. 2014). Today, DNA methylation is recognized as an essen-
tial epigenetic mark that acts in concert with other chromatin modifications, like
histone posttranslational modifications, histone variants, or noncoding RNA, and its
genome-wide and locus-specific level is determined by the combined action of
MTases, demethylases, and DNA replication (Jeltsch and Jurkowska 2014). In
mammals, DNA methylation is involved in the epigenetic processes, like imprinting
and X-chromosome inactivation, but it also has global roles in the generation of
heterochromatin, silencing of repeats, and gene regulation during development and
disease (Jurkowska et al. 2011).

10 Methods for Site-Specific Detection of DNA Methylation

The detection of DNA methylation for a long time was based on the initial methods,
TLC (followed initially by HPLC and today by mass spectrometry), allowing for a
quantitative overall genome methylation analysis, but without sequence resolution,
and restriction digestion using enzymes sensitive to DNA methylation, allowing
site-specific genome-wide analysis, but only at defined restriction sites. For cyto-
sine-C5 methylation, 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 technol-
ogy in concert with the breakthroughs in DNA sequencing technology has enabled
researchers starting in 2008 to provide first genome-wide DNA methylation maps of
plant and mouse cells (Cokus et al. 2008; Lister et al. 2008; Meissner et al. 2008).
For N-methylation, it was only in 2010, almost 20 years after the discovery of the
bisulfite technology, when the development of single-molecule real-time (SMRT)
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sequencing for the first time provided a method for the genome-wide analysis of
6-methyladenine at single-nucleotide resolution (Flusberg et al. 2010). This inven-
tion 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 expression, and DNA repair.

11 Role of DNA Methylation in Cancer

In 1983, first groups reported global hypomethylation of DNA in cancer cells
(Feinberg and Vogelstein 1983; Gama-Sosa et al. 1983). Shortly afterwards, first
examples of local hypermethylation of tumor suppressor gene promoters in can-
cer 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 pro-
gression of the disease (Baylin 2012; Bergman and Cedar 2013). In 2010, it was
been discovered that somatic mutations in DNMT3A are prevalently observed in
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 in the disease process
(Hamidi et al. 2015).

The frequent observation of the inactivation of tumor suppressor genes in can-
cers by hypermethylation has prompted the development of DNA methyltransferase
inhibitors for clinical applications. This field was pioneered by Jones with the devel-
opment 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 methyltransfer-
ases (Reich and Mashhoon 1990). Today, many more derivatives of these com-
pounds were developed, and several of them are in clinical use for the treatment of
cancer and other diseases (Yang et al. 2010; Fahy et al. 2012). In addition, in 1997,
Xu and 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 methylation at these
sites (Xu and Bestor 1997). In combination with targeting of other epigenetic
enzymes, this method has the capacity to alter the expression of disease-related
genes by rewriting the epigenome and, thereby, might provide a causative cure to
many diseases (Kungulovski and Jeltsch 2016).

12 Conclusions and Outlook

Although DNA MTases, the enzymes that introduce methylation into DNA, have
been intensively studied, the interest in these enzymes is constantly increasing
(Fig. 6). This is due to an ever-growing importance of DNA methylation as an epi-
genetic modification in organismic development and human diseases. Despite
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Fig. 6 Number of PubMed entries with the term “DNA” and “methyltransferase” in title or
abstract (as of May, 2016)

decades of active research in the fields of DNA methylation and DNA methyltrans-
ferases, many exciting questions still await answers and future challenges extend
from our current level of knowledge. How is DNA methylation (and epigenetic
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 methylation, to combat diseases like cancer? How does DNA demethylation
work in detail? 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? 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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DNA and RNA Pyrimidine Nucleobase
Alkylation at the Carbon-5 Position
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Abstract

The carbon 5 of pyrimidine nucleobases is a privileged position in terms of
nucleoside modification in both DNA and RNA. The simplest modification of
uridine at this position is methylation leading to thymine. Thymine is an integral
part of the standard nucleobase repertoire of DNA that is synthesized at the
nucleotide level. However, it also occurs in RNA, where it is synthesized
posttranscriptionally at the polynucleotide level. The cytidine analogue
5-methylcytidine also occurs in both DNA and RNA, but is introduced at the
polynucleotide level in both cases. The same applies to a plethora of additional
derivatives found in nature, resulting either from a direct modification of the
5-position by electrophiles or by further derivatization of the 5S-methylpyrimidines.
Here, we review the structural diversity of these modified bases, the variety of
cofactors that serve as carbon donors, and the common principles shared by
enzymatic mechanisms generating them.
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1 Introduction

One of only two chemical differences between RNA and DNA is the presence of a
methyl group in deoxythymidine (T, also abbreviated dT, dm°U). This substituent at
the carbon 5 is thus part of one out of four integral building blocks of DNA, while
no methyl group is present in its counterpart ribouridine (U, also abbreviated rU).
The fact that both are metabolically derived from uridine monophosphate (contain-
ing ribose) is one of several arguments often used to support the claim that DNA has
evolved from RNA (Kun et al. 2015; Muller 2006). It is also a clear indication of the
importance of this methyl group, which, from this perspective, constitutes a nucleo-
side modification. Remarkably, and in contrast to most other nucleoside modifica-
tions, the obligatory presence of that methyl group in DNA is cemented by its
introduction prior to nucleotide polymerization. Interestingly, thymidine also occurs
in RNA (ribothymidine, also rT, m*U, rm°U), most prominently as the namesake of
the T(Ty)-loop in transfer RNA, where it is introduced posttranscriptionally.
Methylated versions of the sister nucleobase cytidine are also found in both DNA
(5mC) and RNA (m’°C); however, all are introduced at the polynucleotide level.

Beyond simple methyl groups, numerous chemically more complex modifica-
tions of pyrimidines are known that contain a carbon modification at the 5-position.
This group may easily represent the largest group of all known modifications of
nucleobases, because it includes a large part of the modifications of the U34-position
in the anticodon of transfer RNAs (tRNAs) with its several dozen species (Machnicka
et al. 2013). Again, the vast majority of these modifications are introduced at the
polynucleotide level, the only exceptions being 5-hydroxymethylpyrimidines
(5hmC, 5ShmU) and their glycosylated derivatives found in phage DNA, which are
generated at the mononucleotide level (Gommers-Ampt and Borst 1995).
Interestingly, the resulting triphosphate nucleotides are then incorporated by phage
DNA polymerase despite being sterically encumbered to a large degree. Even more
interestingly, this tolerance for modifications at the 5-position appears to be a gen-
eral feature of nucleotide polymerases on both the DNA and RNA level. Most
prominently, T7-RNA polymerase, arguably the most commonly used enzyme for
RNA synthesis, efficiently incorporates triphosphate ribonucleotides of rT and
rm°C, and even more sterically, demanding carbon-5 modifications have been incor-
porated into RNA this way (Vaught et al. 2004). Similarly, synthetic modifications
are available for incorporation into DNA in PCR reactions by non-phage polymer-
ases (Vaught et al. 2010).

The enzymatic mechanisms of pyrimidine C-5 modification involved here are of
particular interest, since the central step involves a C—C bond formation. This reac-
tion type is of increased interest to organic chemists and in natural product metabo-
lism. In a large number of cases, proper understanding of the mechanism of
bond-forming reactions requires the identification of the nucleophilic partner on one
hand and the electrophilic partner on the other hand. This is typically easy for the
formation of C—N or C-O bonds but more sophisticated for C—C bonds. In the case
at hand, the carbon-5 position in pyrimidines is catalytically activated to form an
intermittent carbon nucleophile, while the carbon side chains result from an
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electrophilic metabolite, such as S-adenosyl-L-methionine (AdoMet) or N° N'°-
methylenetetrahydrofolate (CH,-THF). Hence, before addressing the biocatalysis
of pyrimidine alkylation, we will discuss the reactivity of the 5-position from the
perspective of the organic chemist and then do the same with the various electro-
philic carbon scaffolds supplied as cofactors by the modification enzymes. Only
then will we discuss a series of enzymatic reactions, of 5-pyrimidine alkylation and
related relevant processes. Of note, the mechanism of the methyl group oxidations
by TET enzymes leading, e.g., to ShmC and ShmU (Fu et al. 2014; Pfaffeneder et al.
2014) will not be discussed here. Instead, we will turn to equally fascinating modi-
fications typically found in transfer RNA (tRNA) featuring a uridine at 34-position
of the anticodon loop. Although this group of modifications includes a bewildering
variety of sophisticated chemical structures, the initial modification reaction bears
similarities with the aforementioned relatively simple modifications.

1.1 Chemical Structure and Occurrence of Pyrimidine
C-5 Modifications

A surprising variety of pyrimidine modifications at the 5-position are known as of
today and have been known for some time. Permutation of functional groups at
three positions on the pyrimidine nucleoside, namely, H vs. OH at the 2’-position,
NH, vs. OH at the 4-position, and H vs. CHj; at the 5-position, results in eight spe-
cies of pyrimidine nucleosides. Ribothymidine (1T, Fig. 1a) is ubiquitous in tRNA
and very frequent in ribosomal RNA (rRNA), but not known elsewhere (Motorin
and Helm 2011). 5mC is present in bacterial DNA as a guard against restriction
nucleases (Roberts et al. 2005), while its presence in promoter and coding regions
of eukaryotic genes participates in the regulation of transcription (Bogdanovic and
Gomez-Skarmeta 2014). The distribution of m°C in RNA, which is yet more com-
plicated, was recently reviewed by us (Motorin et al. 2010) and has since encoun-
tered renewed interest through transcriptome-wide studies (Burgess et al. 2015;
Militello et al. 2014; Squires et al. 2012).

The number of chemical species dramatically increases if 5-modifications other
than methyl groups are admitted into this perusal. For example, recent research has
discovered, or rediscovered, oxidation products of the 5-methyl group, including
5-hydroxymethyl and 5-formyl derivatives (Fig. 1b) (Kriaucionis and Heintz 2009;
Tahiliani et al. 2009; Pfaffeneder et al. 2011). While it is common knowledge that
DNA obligatorily contains T as a 5-methylated pyrimidine nucleobase, a less well-
known exception is that the abovementioned glycosylated derivatives of ShmC and
ShmU (termed “J-base”) are not just spurious modifications in the DNA of certain
phages, but exist as near quantitative surrogates of the conventional C and T nucleo-
sides (Fig. 1b) (Gommers-Ampt and Borst 1995). The unglycosylated precursor
5hmC was discovered in phage DNA as early as 1953 (Wyatt and Cohen 1953).

In eukaryotes, the existence of 5-hydroxymethylcytidine in DNA is a more recent
discovery (Kriaucionis and Heintz 2009; Tahiliani et al. 2009) with a strong impact
in fields such as epigenetics and developmental biology, while the corresponding
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modification in RNA has also been reported decades ago, although incompletely
characterized (Racz et al. 1978). Similarly, continued investigations have revealed
5-formylcytosine in DNA (fC, 5fC) (Pfaffeneder et al. 2011), while the correspond-
ing ribonucleotide (f°C) had been described in tRNA as early as 1994 (Moriya et al.
1994). However, further oxidation of 5fC leads to 5-carboxydeoxycytidine (caC,
5caC) (He et al. 2011), of which the ribonucleoside has yet to be discovered. ShmU
as a constituent of mammalian DNA has been discovered in traces and demon-
strated to be a consequence of thymidine oxidation by TET enzymes (Pfaffeneder
et al. 2014). Finally, the largest structural variety is found in aminomethyluridines,
which are ribothymidine derivatives at the oxidation step of 5-hydroxymethyluridine
and which predominate at 34-position in the anticodon of tRNAs (Machnicka et al.
2013). In contrast to ShmU, these are not biochemically formed by oxidation of
thymidine, but their biogenesis involves the use of a single carbon building block at
the oxidation state of formaldehyde, namely, CH,-THF, as will be detailed below.

1.2 Reactivity of Pyrimidines

A closer look at the catalytic strategies employed by modification enzymes acting
on the 5-position of pyrimidines reveals that these exploit the intrinsic chemical
reactivity of the pyrimidine ring. While this is not a surprising finding in general, the
situation of pyrimidines is counterintuitive to the untrained biochemist, and a brief
look at pyrimidine reactivity is conductive to a more intuitive mechanistic under-
standing of the involved enzyme.

Both nitrogen atoms within pyrimidines exert an electron withdrawing effect,
resulting in an electron poor aromatic ring that is susceptible to nucleophiles. A
nucleophilic attack, e.g., by bisulphite, at 6-position can be viewed as a Michael
addition, while 4-position corresponds directly to the electrophilic center of a car-
bonyl functionality. Certain reactions with nucleophiles, such as hydrazine treat-
ment, or the deamination reaction used in the so-called bisulphite sequencing
(Schaefer et al. 2009; Frommer et al. 1992), sequentially exploit the electrophilic
nature of both positions (Fig. 2).

In contrast, their electron poverty leaves pyrimidines relatively inert toward elec-
trophilic reagents such as alkylating reagents, with the 3- and 5-positions being the
exceptions (Motorin et al. 2010). The N3-position reacts with electrophilic reagents
such as kethoxal or CMC, which is exploited in structural probing experiments (Giege
et al. 1999). Concerning carbon 5, uridine reacts with the electrophilic formaldehyde
under relatively mild acidic conditions to form 5-hydroxymethyluridine. Uracil (Kong
et al. 2009), deoxyuridine (Conte et al. 1992), as well as cytidines (Khursid et al.
1982) are reported to also yield 5-hydroxymethylpyrimdines under alkaline condi-
tions. The mechanism under acidic conditions can be understood in analogy to a
Friedel-Crafts alkylation/acylation, which involves a stabilization by the lone electron
pair of nitrogen 1 of the positive charge introduced by the alkylating agent.

Under alkaline conditions, an intermittent Michael addition of hydroxide at the
6-position would plausibly generate an enolate-type carbon nucleophile, which
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then reacts with the electrophilic formaldehyde, followed by elimination of the
hydroxide to restore the aromatic ring. Note that indeed, the enzymatic mecha-
nisms discussed below for alkylation, acylation, or hydroxymethylation all involve
such a Michael attack by a nucleophile, typically a cysteine thiolate (Jurkowski
et al. 2008; Motorin et al. 2010). Interestingly, mechanisms discussed for the enzy-
matic decarboxylation of 5¢C and 5fC employ the same path in reverse. Carell
et al. described a nonenzymatic in vitro decarboxylation proceeding in the pres-
ence of high concentrations of thiol but at low pH (Schiesser et al. 2013; Schiesser
et al. 2012). Under the same conditions, removal of formaldehyde from ShmC was
inefficient. Reaction with formaldehyde may be conducted in the presence of
amine, resulting in aminomethylation, thus leading to modified pyrimidines that
closely resemble native counterparts typically found at 34-position of tRNA. Here
again, the catalytic mechanism in the biosynthesis of these modified bases bears
similarities (Helm and Alfonzo 2014; El Yacoubi et al. 2012) with that of other
modifications using CH,-THF (vide infra).

2 Enzymatic Mechanisms of Pyrimidine Alkylation

Attachment of the alkyl (most frequently -CHj3) group to carbon 5 of pyrimidines U
and C can be catalyzed by a variety of enzymes which differ in their origin, sequence,
and structure yet employ some common principles of catalysis. At the nucleotide
level, this reaction is catalyzed by the extensively studied thymidylate synthase
(TS), which is a key target enzyme in certain anticancer and immunosuppressive
treatments. TS catalyzes the conversion of dUMP into dTMP, an essential reaction
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for the synthesis of DNA nucleotides. At the polynucleotide level, the methylation
of C5in U and C is insured either by specific DNA-MTases (for SmC formation) of
by RNA-specific m’U-methyltransferases as well as m*C-methyltransferases.

2.1 The Thymidylate Synthase Family

Thymidylate synthase (TS, EC 2.1.1.45) catalyzes the synthesis of dTMP via a
reductive methylation of dUMP. This important enzyme family has been exten-
sively studied for almost 40 years, starting in the late 1970s (Santi 1986; Carreras
and Santi 1995). The first characterized enzymes used CH,-THF as co-substrate,
yielding dihydrofolate, from which CH,-THF was regenerated from serine and
FADH,. More recent studies (Koehn and Kohen 2010; Graziani et al. 2006; Agrawal
et al. 2004) revealed the existence of a second unusual class of TS, which also act
on dUMP and use CH,-THF, but require FADH, as a direct reaction cofactor. This
family is now called FDTS for flavin-dependent TS. The catalytic mechanism is
now established for both enzyme families (Hong et al. 2007; Koehn et al. 2009;
Mishanina et al. 2012, 2014).

In the first “classical” family of TS enzymes, the initial step of catalysis relies on
a highly conserved Cys residue, which is positioned in the active site of the enzyme.
This residue is responsible for the activation of the C5 via addition to the C5=C6
double bond in the pyrimidine ring, resulting in an enolate intermediate. The eno-
late’s nucleophilic C5 attacks the methylene CH, group of the folate co-substrate,
forming a covalent ternary complex between the enzyme, dUMP, and the folate. The
next step of this reaction is a hydride transfer, which allows the formation of the
methylated pyrimidine ring, and is followed by the release of the enzyme via a con-
certed reaction mechanism corresponding to an elimination that reconstitutes the
5-6 carbon double bond (Islam et al. 2014) (Fig. 3). In the Flavin-dependent TS
family, the initial step of the reaction may depend on the enzyme nucleophile (gen-
erally an OH-group) or on a direct attachment of FADH, at the 6-position of the
pyrimidine base. In the case of an enzyme nucleophile, the major reaction steps are
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rather similar to the “classical” TS, except the last step of hydride transfer, where
FADH, serves as a hydride donor rather than THF. In the case of the direct activa-
tion of dUTP by FADH,, after hydride transfer, the FADH, is replaced by CH,-THF,
and the reaction proceeds by the “classical” way, but without covalent intermediate
at the TS active site. The final hydride transfer thus proceeds by an intermolecular
rather than an intramolecular reaction (not shown), and THF is the cofactor product
as opposed to dihydrofolate in the case of the classical enzymes.

2.2 Enzymes Performing 5-Pyrimidine Methylation
in Nucleic Acids

The rT (m3U) was among the first modified nucleotides discovered in tRNAs, and the
respective bacterial enzyme (TrmA or RUMT) catalyzing its biosynthesis was char-
acterized in E. coli in the early 1980s (Greenberg and Dudock 1980; Ny and Bjork
1980; Lindstrom et al. 1985). Studies of its enzymatic mechanism identified AdoMet
as its CH;-group donor and Cys324 as a catalytic nucleophile and suggested a simple
displacement mechanism of the methylation reaction (Kealey and Santi 1991; Kealey
etal. 1991). RUMT catalyzes the modification of U54 in tRNAs, and in addition it is
capable of modifying synthetic 16S rRNA in vitro (Gu et al. 1994). The yeast homo-
logue of RUMT was also characterized and its tRNA recognition properties studied
using synthetic tRNA transcripts (Nordlund et al. 2000; Becker et al. 1997). 1T was
also found in bacterial rRNA and a different MTase (ygcA, renamed to RumA/
RImD) was found to be responsible for its formation. Mutagenesis of RUMT and
structural studies of RumA identified the residues involved in catalysis (Santi and
Hardy 1987; Kealey et al. 1994). Bacteria also have an additional enzyme of the
same family (RImC/RumB), catalyzing m*U747 formation in 23S rRNA. Activity of
m>U-MTases was also detected in Archaea (Constantinesco et al. 1999); however
their presence is restricted to the Thermococcales and Nanoarchaeota groups. In
Pyrococcus abyssi, two close homologues of RImD fulfill the cellular functions of
TrmA (m°U54 in tRNA) and RImC (equivalent of m*U747 in 23S rRNA) (Auxilien
et al. 2011). The analysis of m’U54 formation in B. subtilis revealed an unexpected
m°U54-MTase in these gram-positive bacteria. The flavoprotein TrmFO enzyme
from B. subtilis uses CH)-THF as a carbon donor, akin to ThyA and ThyX thymi-
dylate synthases (Urbonavicius et al. 2005; Hamdane et al. 2012, 2013). In addition,
TrmFO uses the same flavin FADH, cofactor as the TSFD family, as the reducing
agent in the CH;-group transfer. A similar enzyme was found to catalyze the forma-
tion of m°U1939 in M. capricolum 23S rRNA (Lartigue et al. 2014).

The distribution of m°C in cellular RNAs from different life domains is complex.
In bacteria, this modified residue is present in rRNA, but not in other RNA species;
in eukaryotes it is found in tRNA, rRNA, and mRNA (Squires et al. 2012; Hussain
etal. 2013), while in Archaea its presence seems to be restricted to tRNAs and some
sites in mRNAs (Edelheit et al. 2013). Three m°C residues in E. coli TRNA are
formed by three specific enzymes, while in yeast three homologues modify both
tRNAs and rRNAs. In higher eukaryotes, at least seven or eight specific proteins are
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required for the modification of tRNA and cytoplasmic and mitochondrial rRNAs
and mRNAs (see Motorin et al. (2010) for further information).

The known enzymes transferring methyl groups from AdoMet to nucleic acids
belong to the SPOUT and MTase superfamilies, the latter containing a Rossmann
fold for the accommodation of the cofactor. Structure—function relationships in the
m°C-MTase family were combined with bioinformatic analyses (Bujnicki et al.
2004), resulting in a subdivision of the known m°C-MTases into four major sub-
families: two groups related to Nop2/Nol1l and YebU/Trm4, a large group related to
RsmB or Ynl022¢, and a small group represented by P. horikoshi PH1991 and
human NSUNG6. Further inspection of homologues in higher eukaryotes (Pavlopoulou
and Kossida 2009) suggested the existence of a new subgroup of m°C-MTase-
related proteins, termed RCMT9, with members distantly related to Trm4 and a
distribution restricted to four taxons. A detailed discussion of the distribution of
m°C-forming enzymes in the different kingdoms is given in Motorin et al. (2010).

Higher eukaryotes also have another distinct family of m’C-RNA-MTAses
derived from former m°C:DNA-MTases (DNMT2-related family). These enzymes
have different catalytic mechanisms but evolved to modify tRNAs at 38-position
(Goll et al. 2006). For information on m>C-MTases acting on DNA, i.e., enzymes of
the DNMT family, see elsewhere in this book.

23 Catalytic Mechanisms in the Formation of rT, m°C,
and 5mC

The catalytic strategies employed for the alkylation of the carbon 5 in pyrimidines
share some common elements, which derive from the heterocycle reactivity, as out-
lined above. Some basic elements already appeared in the discussion of the thymi-
dylate synthase in above. In all cases, the Michael addition of an anionic nucleophile
to the 6-position of the pyrimidine ring produces a nucleophilic carbon with partial
carbanion character at 5-position (Fig. 4). In uridines, the Michael addition pro-
duces an intermediate, in which the negative charge is delocalized in an enolate
structure. Arguably, this intermediate might be stabilized by a hydrogen bond of the
enolate oxygen before reacting as a nucleophile with the carbon electrophile pro-
vided as a cofactor in the form of AdoMet or CH,-THF. In cytidine substrates, the
mechanisms comprise an enamine intermediate instead of an enolate, and the mech-
anisms discussed in literature typically include an acidic residue in the catalytic site,
which may intermittently protonate nitrogen 3 to stabilize this enamine intermedi-
ate. So far, the known enzymes acting on cytidines in both RNA and DNA exclu-
sively use AdoMet as an electrophilic carbon source, while r'T can be formed from
either AdoMet or CH,-THF. This has interesting implications, namely, (i) that a
cytidine methyltransferase using CH,-THF might so far have eluded detection and
(i1) that the formation of r'T has been invented multiple times with different cofac-
tors in the course of evolution, in particular at 54-position of tRNA (Hamdane et al.
2012; Nordlund et al. 2000; Ny and Bjork 1980). Furthermore, with an eye to the
more sophisticated U34 modifications occurring in tRNA, we note that a covalent



Y. Motorin et al.

28

(1661 ‘T8 12 A[ea3] U PAMIIARY) X[dW0 YN JY—OWAZUD JUS[BAOD ) WOIJ ASLI[AI SWAZUL ) pue §G¢n[n) eia uonjeuojoidap £q pamor[oj ‘eseq a2y jo uonisod-g
A} 0) PNOPY wolj dnoiS-SH) oY) JO I9Jsues) Y} SMO[[E SIUL, “JRIPIULIAIUL AJB[OUD YN Y-OWAZUD JUS[BAOD B JO UONRULIOJ BIA PUOQ 9D =GD) 9} JO UONBANOE
10J 9)IS 2A1)OR QWAZUD JY) UT 2UIISAD onA[eed e sasn dajs IsIy oy, 1030BJ0I IRINOPY 2} YIIM UONBIAYIoW dUuIpnAd pue uipLmoqu [euonduosuemsod  *Bi4

poeounue “B'a
BIydoBRNU AANELIG)E
o Aq yoepe (i)

A

HN

o
-
SFEN 1) ~
; \{{ Ml

(HvS) sweishoowoy-|fsouspe-g

o 2
opy~* oH \%
oy @ OH
THN

aseq
%
Lingw ) I = 4 -
uﬂ\ﬁuwa?ohi_u HN up\ ﬁ\
N
ﬂe AHLHD
HOM  HO HO HO
i = OH © OH
L - S
Ns o, _N._(5u N
J\ H J\ SH oEjon-aueishs
N s
TH
H
AN (o
HOM WO HOM  HO HOM  HO HOM HO
o A ;_u, -\_ _
OH 5 oH mloy‘o: o OH
JugoJM --— o N _(su -— | o, N, _5u ==—®O. N sy < O T
J\ H J\ J\ J\ i S SROyeuIRIska
0 L. ..r-u.fﬁ
THN asug L / THM 7
F(l\ \ HN



DNA and RNA Pyrimidine Nucleobase Alkylation at the Carbon-5 Position 29

enzyme-thiol-pyrimidine-methylene-folate intermediate (as reported/postulated for
TS (Fig. 3) and TrmFO) can not only be resolved by a reduction with a hydride
equivalent from the folate (Fig. 4(i)) but also with other nucleophiles (Helm and
Alfonzo 2014) (Fig. 4 (i1)). The aromaticity of the pyrimidine base is restored in an
elimination step featuring an abstraction of a proton from the C5, which regenerates
the thiolate used in the initial activation step via Michael addition. In a number of
RNA m°C:MTases, a second cysteine was reported to be crucial to this regeneration
(reviewed in Motorin et al. (2010)).

In the framework of the above-described common elements, the various enzymes
differ from one another by the amino acids that embody the different roles outlined
above, such as activating nucleophile, general acid, general base, etc. In addition,
the position of such residues, while relatively conserved in the spatial arrangement
of the active site, may vary within the polypeptide sequence of the different enzymes.
This has been especially well studied in m°C:MTases, where these residues are
located within several conserved motives numbered I through X, which, in their
order of appearance in the primary sequence, undergo permutation among the dif-
ferent enzymes of the bacterial and plant DNA-MTase family and some of the RNA-
m’>C:MTase (reviewed in Motorin et al. (2010)).

2.4  Catalytic Mechanisms in the Formation of Exotic U34
Modifications

As already mentioned several times, the most bewildering variety of 5-pyrimdine
modifications are found at uridine 34 in the anticodon of tRNAs, where they play a
crucial role in mRNA decoding. Alkylations predominate among these modifica-
tions, and some of the enzymatic mechanisms bear strong similarity with those
applied in simple methylations. For example, certain enzymes use CH,-THF to
transfer a formaldehyde equivalent to the C5, and instead of reducing it to the
methyl group using a hydride donor, such as tetrahydrofolate (H4-folate) or FADH,
(Fig. 4), the amino group of certain amino acids such as taurine or glycine serves as
the attacking nucleophile, leading to the structures displayed in Fig. 1c, which cor-
respond to the overall product of a Mannich reaction (Helm and Alfonzo 2014).
Recently, two groups discovered new types of reactive intermediates formed and
employed in catalytic mechanisms of U34 modification. The Almo group reported
the conversion of the conventional AdoMet into a novel derivative, carboxy-S-
adenosyl-L-methionine, which is used by the bacterial CmoB enzyme to introduce
the carboxymethyl into 5-hydroxyuridine (ho5U), yielding a 5-oxyacetyluridine
(cmo°U) (Kim et al. 2013, 2015). Most interestingly, Huang’s group reported the
use of AdoMet by a radical AdoMet enzyme from the elongator complex to generate
a radical from the methyl group of the acetic acid moiety in acetyl CoA, which
would then add to the C5-C6 double bond of uridine34 in Archaea and Eukarya
(Selvadurai et al. 2014).
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3 Functions of Alkylated Pyrimidine Nucleosides

In view of the plethora of different structures of alkylated pyrimidines already dis-
covered, it is clear that there cannot be one function common to all of them. Indeed,
new facets of functions are being continuously discovered in very diverse areas of
molecular life sciences, and since this is not the focus of this chapter, we will only
provide references to few known functions. One common biophysical property of
5-methylpyrimdines is that they enhance stacking in A- and B-helices of nucleic
acids, leading to a structural stabilization that is typically reflected in an increased
thermal stability detected in melting experiments. This applies to thymidine and
5-methylcytidine in DNA and RNA alike. The role of 5-methylcytidine in mamma-
lian epigenetics, as well as in the restriction/methylation systems of bacteria, is
detailed elsewhere in this book. Of interest, certain bacteriophages use particular
5-pyrimdmine modifications to escape bacterial restriction (Gommers-Ampt and
Borst 1995). Curiously, the roles of ribothymidine and 5-methylribocytidine in
RNA have remained little understood despite their long-standing tenure in the zoo
of known RNA modifications (Motorin and Helm 2011). This is likely due to the
fact that their principle occurrences in tRNA and rRNA concern heavily modified
RNAs, where a plethora of modifications cooperate in a network fashion to modu-
late RNA activity (Motorin and Helm 2010). The role of U34 modifications in tRNA
has already been alluded to, although the generic explanation of mRNA decoding
on the ribosome does not do justice to the plethora of structures found here.
Apparently, there is no universally perfect modification at this site that suits all
organisms, and the variety of conditions under which protein synthesis must take
place has led to the emergence of numerous chemical solutions in different species.
Along this line, the recent findings that tRNA anticodon modifications are dynami-
cally responding to stress conditions point to an especially sensitive environment
that is subject to constant tuning and further evolution.
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Bacterial DNA Methylation
and Methylomes

Josep Casadesus

Abstract

Formation of C5-methylcytosine, N4-methylcytosine, and N6-methyladenine in
bacterial genomes is postreplicative and involves transfer of a methyl group from
S-adenosyl-methionine to a base embedded in a specific DNA sequence context.
Most bacterial DNA methyltransferases belong to restriction-modification sys-
tems; in addition, “solitary” or “orphan” DNA methyltransferases are frequently
found in the genomes of bacteria and phage. Base methylation can affect the
interaction of DNA-binding proteins with their cognate sites, either by a direct
effect (e.g., steric hindrance) or by changes in DNA topology. In both
Alphaproteobacteria and Gammaproteobacteria, the roles of DNA base meth-
ylation are especially well known for N6-methyladenine, including control of
chromosome replication, nucleoid segregation, postreplicative correction of
DNA mismatches, cell cycle-coupled transcription, formation of bacterial cell
lineages, and regulation of bacterial virulence. Technical procedures that permit
genome-wide analysis of DNA methylation are nowadays expanding our knowl-
edge of the extent, evolution, and physiological significance of bacterial DNA
methylation.
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IPD Interpulse duration

LDs Median lethal dose

Mod Modification gene in restriction-modification systems
oriC Replication origin of the E. coli chromosome

SMALR  Single-molecule modification analysis of long reads
SMRT Single-molecule real time

SPI-1 Salmonella pathogenicity island 1
UAS Upstream regulatory region

VSP Very-short-patch

1 Introduction

Bacterial genomes contain small amounts of N4-methylcytosine, C5-methylcytosine,
and N6-methyladenine (Vanyushin et al. 1968; Cheng 1995; Jeltsch 2002). Base
methylation is catalyzed by DNA methyltransferases that recognize specific DNA
motifs, and it occurs after DNA replication. The majority of DNA methyltransferases
described in the literature are part of restriction-modification systems, each made of
arestriction endonuclease and an adenine or cytosine DNA methyltransferase. In the
1960s, restriction-modification of DNA provided an explanation for an enigmatic
phenomenon described in the previous decade: the modification of bacteriophage
host range upon passage through specific host strains (Bertani and Weigle 1953).
Growth of virulent phages on bacterial cells was found to be restricted by endonucle-
ases that attack nonmethylated phage DNA, while host DNA is protected by a spe-
cific methylation pattern at adenine or cytosine moieties (Arber and Linn 1969).
Restriction-modification systems are classified into three types on the basis of
structural features, pattern of DNA cleavage, and cofactor requirements (Wilson and
Murray 1991; Loenen et al. 2014) (Table 1). In types I and III, the DNA adenine or

Table 1 Classification of restriction-modification systems

Type | Composition Cofactors | DNA restriction pattern
I Multiple subunits Mg*™* Random cleavage far from asymmetrical
AdoMet | recognition sites
ATP
I Separate enzymes for restriction | Mg** Cleavage within symmetrical
and modification recognition sequences
IIs Separate enzymes for restriction | Mg*™ Cleavage at fixed distance from
and modification symmetrical recognition sequences
1 Separate enzymes for restriction | Mg** Cleavage at fixed distance from
and modification ATP symmetrical recognition sequences
v Several subunits Mg Cleavage of DNA containing methylated
GTP nucleotides

Additional information in the reviews by Wilson and Murray (1991), Jeltsch (2002), and Loenen
et al. (2014)
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cytosine methyltransferase is part of a multisubunit protein complex involved in both
restriction and modification. In contrast, type II systems consist of two separate
enzymes, a restriction endonuclease and an adenine or cytosine DNA methyltrans-
ferase. In addition to these three types of restriction-modification systems in which
DNA methylation protects against endonucleolytic cleavage, restriction systems spe-
cific for methylated bases (type IV) have also been described (Wilson and Murray
1991; Loenen and Raleigh 2014). In the last decade, a bacterial immunity system
based on clustered regularly interspaced short palindromic repeats (CRISP-R) has
revealed an additional unsuspected mechanism of defense against virulent phages,
but this process does not involve DNA methylation (Bhaya et al. 2012).

Aside from providing barriers against foreign DNA invasion, restriction-
modification systems may play additional roles in the bacterial world (Vasu and
Nagaraja 2013). For instance, incomplete protection of host DNA in a bacterial
population may permit rare events of acquisition of foreign DNA by bacterial cells
in a sort of evolutionary bet hedging (Arber 2000). Furthermore, restriction-
modification systems may contribute to maintain the identity of bacterial lineages:
in Neisseria meningitidis, commensal isolates harbor a DNA adenine methyltrans-
ferase that methylates 5'-GATC-3’ sites, while pathogenic isolates produce a restric-
tion endonuclease that cleaves 5'-GATC-3’ sites. DNA transfer from commensal to
pathogenic isolates is thus prevented (Jeltsch 2003).

In addition to restriction-modification systems, bacterial and phage genomes
encode DNA methyltransferases that do not have a restriction enzyme counterpart
and are known as “solitary” or “orphan” DNA methyltransferases (Vanyushin et al.
1971; Marinus 1996; Lgbner-Olesen et al. 2005; Wion and Casadesus 2006).
Solitary methyltransferases may have derived from ancestral restriction-modification
systems that lost their restriction enzyme component. In support of this view,
restriction-modification systems in which the modification enzyme is functional but
the restriction enzyme is inactive exist in Helicobacter pylori and probably in other
bacterial species (Fox et al. 2007a). However, the abundance of solitary DNA meth-
yltransferases in bacterial and archaebacterial genomes raises the alternative possi-
bility that DNA methylation may be an ancestral trait maintained by natural selection
(Blow et al. 2016). If this view is correct, restriction enzymes might have evolved to
ensure that the methyltransferases remained active rather than to confer protection
against bacteriophages and other infectious DNA molecules (Blow et al. 2016). In
fact, an analogy between restriction-modification systems and addiction modules
has been drawn (Naito et al. 1995). The selective value of DNA methyltransferases
may also be supported by their occurrence in bacterial species with small genomes
(Lluch-Senar et al. 2013).

The roles played by DNA methylation in bacterial physiology have been
mostly investigated in two model methyltransferases, the Dam methylase of
Gammaproteobacteria and the CcrM methylase of Alphaproteobacteria (Wion and
Casadesus 2006; Collier 2009; Sanchez-Romero et al. 2015; Mohapatra et al. 2014).
The marks introduced into DNA by these methylases provide signals for a variety of
physiological processes including regulation of the cell cycle and epigenetic control
of gene expression. Traditionally, epigenetic regulation was considered an exclusive
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task of solitary DNA methyltransferases like Dam and CcrM and a consequence of
long coevolution that adapted the epigenome to physiological needs (Casadesus and
Low 2006). However, this view has been challenged by the finding that a prophage-
encoded DNA methyltransferase belonging to a restriction-modification system con-
trols gene expression (Fang et al. 2012). The need of long coevolution to integrate
DNA methylation into host regulatory circuits is likewise challenged by a study
showing that a DNA methyltransferase acquired by horizontal transfer can overtake
the control of housekeeping functions in Vibrio cholerae (Chao et al. 2015). These
recent and exciting findings, together with the development of new analytical tech-
nologies, may bring about novel paradigms on bacterial DNA methylation. In the
meantime, the DNA adenine methyltransferases Dam and CcrM remain classical
examples, and for this reason they receive close attention in this chapter.

2 Solitary DNA Methyltransferases in Bacteria
2.1 Dam Methyltransferase

The DNA adenine methyltransferase known as Dam methylase, which is present in
multiple genera of Gammaproteobacteria, was initially characterized in E. coli
(Marinus 1996). Dam is a monomer in solution and catalyzes the transfer of a
methyl group from S-adenosyl-L-methionine (AdoMet) to the N6 position of the
adenine residue in 5'-GATC-3’" sequences (Marinus 1996). Although the natural
substrate for the enzyme is hemimethylated DNA formed upon DNA replication,
nonmethylated GATC sites are also Dam substrates. Hence, Dam is both a de novo
methylase and a maintenance methylase. In fact, there is little difference in the rate
of methylation between nonmethylated and hemimethylated DNA (Herman and
Modrich 1982). Dam contains two AdoMet binding sites: one is the catalytic site
and the other increases specific binding to DNA, probably through an allosteric
transformation (Bergerat et al. 1991). Dam is a highly processive enzyme and meth-
ylates about 55 GATC sites per binding event (Urig et al. 2002).

Expression of the Dam methylase is under transcriptional control in E. coli. The
dam gene is driven by five promoters (Lgbner-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 exponential growth in rich medium. The
level of Dam methylase may be additionally controlled by proteolysis (Calmann
and Marinus 2003).

2.2 CcrM Methylase

CcerM (acronym for “cell cycle-regulated methylase”) was initially identified in
Caulobacter crescentus (Stephens et al. 1996; Robertson et al. 2000; Kahng and
Shapiro 2001; Mohapatra et al. 2014). The target for CcrM is 5'-GANTC-3’, where
“N” is any nucleotide. CcrM is active both as a monomer and as a dimer, uses
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AdoMet as methyl donor, and shows a slight preference for hemimethylated DNA
substrates (Stephens et al. 1996; Robertson et al. 2000; Kahng and Shapiro 2001;
Mohapatra et al. 2014). A mechanistic difference between CcrM and Dam is that
CcrM is not a processive enzyme (Albu et al. 2011). Additional differences are that
Dam is present in the cell throughout the cell cycle, while the expression of CcrM
is restricted to a late stage of chromosome replication (Stephens et al. 1996) and that
CcrM is essential in rich medium (Gonzalez and Collier 2013), while Dam is not
(Marinus 1996).

CcrM homologs have been found in Agrobacterium tumefaciens, the causative
agent of crown gall disease in dicotyledonous plants (Kahng and Shapiro 2001);
Rhizobium meliloti, the nitrogen-fixing symbiont of legumes (Wright et al. 1997);
and in the animal pathogen Brucella abortus (Robertson et al. 2000). In Brucella,
aberrant CcrM expression impairs proliferation in murine macrophages, suggesting
arole in pathogenesis (Robertson et al. 2000).

A gene that encodes a CcrM homolog known as YhdJ is found in the genomes of
E. coli and Salmonella (Broadbent et al. 2007). YhdJ can methylate the 3" adenosine
moiety of 5'-AGTCAT-3’ targets in vitro. However, YhdJ does not seem to be
expressed in vivo, at least under laboratory conditions (Broadbent et al. 2007).

2.3 Dcm

The Dcm methyltransferase was described in E. coli several decades ago and is also
present in other enteric bacteria (Marinus 1996). Dcm methylates the C5 position of
internal cytosine residues in 5'-CCAGG-3’ and 5'-CCTGG-3’ sites. Bioinformatic
analysis suggests that Dcm may be a protein of ~53 kD (Marinus 1996).

3 Role of DNA Methylation in DNA Mismatch Repair

DNA adenine methylase mutants of E. coli and S. enterica show a hypermutable
phenotype with excess transition mutations (purine to purine or pyrimidine to
pyrimidine) (Marinus and Morris 1974; Torreblanca and Casadesus 1996; Glickman
et al. 1978). This phenotype is indicative of the inability of dam mutants to repair
DNA replication errors that introduce mismatched base pairs. Because replication-
generated DNA mismatches involve normal (non-damaged) nucleotides, they can-
not be repaired by base excision repair or by nucleotide excision repair. Furthermore,
the repair machinery needs to discriminate between the error-free template strand
and the error-prone daughter strand. E. coli and other Gammaproteobacteria use
Dam hemimethylation for this discrimination (Fig. 1). Mismatched base pairs are
recognized by a protein known as MutS, which then recruits two additional pro-
teins, MutL and MutH (Iyer et al. 2006). When the MutS-MutL-MutH ternary com-
plex is assembled at a DNA mismatch, MutH acquires endonuclease activity and
cleaves the phosphodiester bond of the nonmethylated DNA strand located at the 5’
side of the G in the closest GATC. After cleavage, the UvrD helicase dislodges
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Fig. 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 cleav-
age of the newly synthesized DNA strand occurs at the nearest GATC site. Depending on the dis-
tance from the mismatch to the GATC, cleavage may require DNA looping (not drawn)

MutH from the ternary complex, and DNA unwinding is followed by single-strand
degradation by exonucleases. The resulting gap is then filled in by DNA polymerase
III, and the nick is sealed by formation of a phosphodiester bond by DNA ligase.
Finally, Dam methylase converts the hemimethylated GATC to a fully methylated
site (Fig. 1). Because MutH cannot cleave methylated DNA, mismatch repair is
confined to a short hemimethylated DNA region, probably around 10 kb long, just
behind the replication fork. Transient lack of GATC methylation in the newly syn-
thesized strand thus provides the signal for DNA strand discrimination by MutHLS
(Pukkila et al. 1983).
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Upon assembly of the MutH-MutL-MutS complex, MutH endonuclease can
cleave nonmethylated GATC duplexes. As a consequence, dam mutants can suffer
MutH-mediated cleavage in both DNA strands (Marinus and Casadesus 2009).
Double-strand DNA breakage explains several traits of dam mutants: (i) sensitivity
to agents that induce DNA injuries recognized by MutS, (ii) dependence on homol-
ogous recombination and other DNA repair functions to cope with DNA damage,
and (iii) permanent induction of the SOS response (Marinus 1996; Marinus and
Casadesus 2009).

E. coli and Salmonella strains that overproduce Dam methylase show even higher
mutation rates than 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 methylase shortens the hemimethylation period in newly repli-
cated DNA molecules, thus preventing MutH-mediated GATC cleavage of the
daughter DNA strand in the vicinity of mismatches. The need of precise amounts of
Dam methylase may explain the tight and complex control of dam gene expression
(Lgbner-Olesen et al. 1992).

4 Control of Chromosome Replication by DNA
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 sepa-
ration of the two strands of the DNA double helix and loading of DNA helicase
(Mott and Berger 2007). However, binding of DnaA at the oriC region is only pos-
sible if the GATCs located in the region are methylated; a hemimethylated origin is
inactive (Messer et al. 1985). Interestingly, the density of GATC sites in the oriC
region is roughly tenfold higher than the average in the E. coli chromosome (Marinus
1996).

DNA replication is not followed by immediate methylation of the oriC. Actually,
the GATC sites within oriC remain hemimethylated for a substantial 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 binds
hemimethylated GATC sites and excludes Dam methylase 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). SeqA binding to hemimethyl-
ated GATC sites is not restricted to the replication origin. Binding of SeqA to hemi-
methylated GATC sites behind the DNA replication fork may play roles in spatial
organization of the nucleoid (Waldminghaus and Skarstad 2009) and in sister chro-
mosome cohesion (Joshi et al. 2013).

Aside from these contributions to cellular welfare, the need of SeqA in
Gammaproteobacteria may be seen as a burden imposed by the use of DNA hemi-
methylation as a signal for Dam-dependent mismatch repair. If Dam methylase was
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not present throughout the cell cycle, accumulation of MutHLS-induced DNA
strand breaks might become lethal (Marinus and Casadesus 2009; Lgbner-Olesen
et al. 2005). However, the constant presence of Dam methylase makes SeqA neces-
sary to prevent quick methylation of oriC and subsequent overinitiation of chromo-
some replication.

In Caulobacter crescentus, the cell cycle is controlled by a complex genetic and
epigenetic circuit that includes the CcrM methylase, but the mechanisms involved
are more complicated than Dam-mediated control in Gammaproteobacteria and
remain incompletely understood (Mohapatra et al. 2014). The presence of five
GANTC sites in the replication origin of the Caulobacter chromosome (Cori)
turned out to be misleading as these sites are dispensable for chromosome replica-
tion control (Gonzalez et al. 2014). However, the involvement of CcrM in cell cycle
control is beyond question (Kozdon et al. 2013; Fioravanti et al. 2013; Mohapatra
et al. 2014). It is conceivable that CcrM methylation may regulate the Caulobacter
cell cycle, at least in part, by controlling transcription of genes that encode cell cycle
regulators (Fioravanti et al. 2013).

5 Regulation of Bacterial Gene Expression by DNA
Methylation

If a DNA methyltransferase target is embedded in a promoter or a regulatory region,
its methylation state can modulate binding of RNA polymerase or transcription fac-
tors, thus making transcription responsive to DNA methylation. Even though clas-
sical examples of transcriptional regulation by DNA methylation involve either
Dam or CcrM (Wion and Casadesus 2006; Casadesus and Low 2006; Mohapatra
et al. 2014), any DNA methyltransferase can potentially control transcription if it
happens to methylate a DNA target at a promoter or at a nearby region involved in
transcriptional regulation (Chao et al. 2015; Sanchez-Romero et al. 2015) (Table 2).

Gene expression changes in mutants lacking a DNA methyltransferase do not
necessarily indicate that transcription of those genes is DNA methylation sensitive.
An example is found in the DNA damage responsive SOS regulon, which shows
increased activity in dam mutants (Peterson et al. 1985; Torreblanca and Casadesus
1996). However, transcription of the SOS regulon is not controlled by Dam meth-
ylation, and activation of SOS functions in dam mutants is a consequence of double-
strand breakage caused by the MutHLS system in the absence of DNA strand
discrimination (Marinus 1996; Marinus and Casadesus 2009). To confirm DNA
methylation-dependent transcription, genetic or transcriptomic evidence must be
followed by mutational analysis of the putative methyltransferase target(s). If elimi-
nation of one or more target sites (e.g., GATC, GANTC, etc.) abolishes DNA
methylation-dependent control, one may tentatively conclude that transcription of
the gene is DNA methylation-dependent indeed. A potential problem of such tests
is that site-directed mutagenesis can alter the binding site of a transcriptional regula-
tor and/or impair promoter function. Verification of a methylation-sensitive DNA-
protein interaction requires electrophoretic mobility shift analysis and/or DNAse 1
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footprinting using methylated and nonmethylated DNA substrates (Camacho and
Casadesus 2002). In certain cases, hemimethylated DNA substrates need to be used
also (Camacho and Casadesus 2005).

Bioinformatic prediction of genes whose transcription is controlled by DNA
methylation is also intricate. Dam methylation, for instance, can regulate a promoter
from distant regulatory sites, sometimes more than 100 base pairs away from the
transcription start site. Because the average distance between neighbor GATC sites
in the E. coli chromosome is 214 base pairs (Hénaut et al. 1996), many promoters
contain GATC sites at distances potentially relevant for transcriptional control.
Defining the region that needs to be examined for potentially relevant GATCs can
thus be difficult. Another limitation of bioinformatic prediction is that the presence
of a methylatable site at a seemingly critical position can be misleading. For
instance, the cre gene of bacteriophage P1 contains two promoters with GATC sites,
but Dam methylation controls transcription from one promoter only (Sternberg
et al. 1986). On the other hand, genes lacking methylatable targets can be under
indirect DNA methylation control if their expression is controlled by a cell factor
whose synthesis is DNA methylation dependent. For instance, the cluster of viru-
lence genes known as Salmonella pathogenicity island 1 (SPI-1) shows reduced
expression in dam mutants (Balbontin et al. 2006; Lopez-Garrido and Casadesus
2010). However, regulation of SPI-1 by Dam methylation is indirect and involves
StdE and StdF, two proteins encoded by the Dam-dependent std operon (Lopez-
Garrido and Casadesus 2012).

Studies with the Dam and CcrM model enzymes suggest that DNA methylation-
dependent transcriptional controls can be classified into two main classes: (i) clock-
like controls that use the methylation state of DNA (methylation or hemimethylation)
as a signal to couple gene expression to a specific stage of the cell cycle (Low and
Casadesus 2008) and (ii) switch-like controls that turn off and on gene expression,
sometimes in a reversible manner, upon formation of DNA methylation patterns.
The latter are combinations of methylated and nonmethylated sites reminiscent of
the DNA methylation patterns found in eukaryotic chromosomes (Low and
Casadesus 2008; Casadesus and Low 2013).

5.1 Temporal Regulation of Gene Expression by DNA
Adenine Methylation

RNA polymerase and certain transcription factors can discriminate DNA hemi-
methylation from DNA methylation in both strands (Wion and Casadesus 2006;
Casadesus and Low 2006; Low and Casadesus 2008; Marinus and Casadesus 2009).
This discrimination can have physiological significance as DNA hemimethylation is
indicative of active growth while two-strand DNA methylation is a hallmark of
growth halt. 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). As a rule, nonmethylation of GATC sites is not a physi-
ological state (with remarkable exceptions that will be discussed below).
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Nevertheless, genetic and biochemical screens using dam mutants have proven use-
ful to identify loci under Dam methylation control, including genes activated by
Dam hemimethylation. A tentative explanation for this success is that at certain
GATC sites nonmethylation and hemimethylation may provide similar signals, thus
producing similar phenotypes (Torreblanca and Casadesus 1996; Oshima et al.
2002; Balbontin et al. 2006).

The insertion element IS10 provides a classical example of transcriptional acti-
vation by DNA hemimethylation. The promoter of the IS10 transposase gene con-
tains a GATC site that overlaps the —10 module. Methylation of this GATC prevents
transcriptional initiation, presumably by hindrance of RNA polymerase binding
(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 gen-
erates two daughter IS10 elements that are identical except for their GATC hemi-
methylation pattern. However, transcription of the transposase gene is permitted
only in the hemimethylated IS10 species that contains N6-methyladenine in the
template (noncoding) DNA strand (Roberts et al. 1985).

Another case of transcriptional activation by strand-specific DNA hemimethyl-
ation is found in the traJ gene of the Salmonella virulence plasmid, a relative of the
E. coli F episome (Camacho and Casadesus 2005). The traJ gene encodes a tran-
scription factor, and its expression is controlled by multiple cell factors including
Lrp, a global bacterial regulator (Camacho and Casadesus 2002). Lrp activates traJ
transcription by binding two cognate sites upstream of the fraJ promoter, one of
which contains a GATC (Camacho and Casadesus 2002). Methylation of this GATC
impairs Lrp binding and prevents traJ transcription (Fig. 2). When replication
occurs and the GATC site becomes hemimethylated, Lrp binding activates tran-
scription of traJ in one of the daughter plasmid molecules (Camacho and Casadesus
2005). As in the case of IS10, it is noteworthy that two DNA molecules with identi-
cal nucleotide sequence can acquire distinct epigenetic properties upon addition of
a single methyl group to the template (noncoding) DNA strand.

In both IS10 and traJ, activation of transcription by DNA adenine hemimeth-
ylation may permit the production of potentially dangerous gene products during
active growth only. Strand-specific DNA hemimethylation may further restrain
synthesis of such products. A low amount of IS10 transposase may prevent mul-
tiple transposition events and/or other transposase-mediated DNA rearrange-
ments (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 chances of lethal transposi-
tion (Casadesus and Low 2006). In the case of Tral, plasmid replication may
provide a signal of cellular welfare, and Lrp dependence may ensure that the
physiological conditions are appropriate to undertake the energy-consuming pro-
cess of mating. In addition, TralJ synthesis in only one of the daughter plasmids
may relieve the burden caused by the synthesis of tra operon products and build-
ing of the conjugative pilus (Camacho and Casadesus 2002, 2005). Another
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Fig.2 Activation of traJ transcription by strand-specific DNA adenine hemimethylation. Lrp can
bind only to the plasmid molecule that carries a methyl group in the noncoding DNA strand. As a
consequence, plasmid replication generates two epigenetic states in the fraJ gene and permits traJ
transcription in one daughter plasmid molecule only. Reconstruction of the active fraJ state in the
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curious aspect of traJ regulation is the possibility that the active hemimethylated
state can be transmitted to the recipient cell upon plasmid transfer (Fig. 2). If this
model is correct, formation of hemimethylated DNA may optimize the spread of
the plasmid: as far as recipient cells are available, new donors will be formed by
a positive feedback loop. This phenomenon may contribute to explain the old
observation that a limiting factor for plasmid spread is the number of recipient
cells (Cullum et al. 1978).

In Alphaproteobacteria, chromosome hemimethylation is longer-lived than in
Gammaproteobacteria, especially at loci located near the origin of replication
(Collier 2009). While DNA methylation does not seem to play roles in chromosome
replication nor in mismatch repair (Gonzalez et al. 2014), hemimethylation of
GANTC sites has been shown to activate transcription of Caulobacter genes
(Gonzalez and Collier 2013; Gonzalez et al. 2014). A relevant example is the cell
cycle regulatory gene ctrA (Mohapatra et al. 2014; Gonzalez et al. 2014), and others
may exist (Mohapatra et al. 2014).
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An example of transcriptional repression by DNA adenine hemimethylation is
found in the dnaA gene of E. coli (Marinus 1996). The dnaA gene maps near oriC,
the origin of chromosome replication, and its transcription is driven by three pro-
moters. One of the promoters (dnaA2) contains three GATC sites and is only active
if they are methylated (Braun and Wright 1986; Kucherer et al. 1985). After DNA
replication, the GATC-rich oriC-dnaA region becomes hemimethylated and is
sequestered by SeqA (Lu et al. 1994). Because sequestration prevents Dam methyl-
ase 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 methylase to permit DnaA
synthesis. Transcription will be transiently allowed until the next round of DNA
replication has occurred (Waldminghaus and Skarstad 2009). Transcriptional
repression by hemimethylation has been also described in the cell division genes
JtsZ and mipZ of Caulobacter (Gonzalez et al. 2014).

5.2 Regulation of Bacterial Transcription by Formation
of DNA Adenine Methylation Patterns

As a rule, hemimethylation of GATC sites in gammaproteobacterial genomes is
transient: the Dam methylase trails the DNA replication fork at a relatively short
distance, and methylation of the daughter DNA strand restores two-strand GATC
methylation (Marinus 1996; Wion and Casadesus 2006). However, the activity of
the Dam methylase at specific GATC sites can be hindered by binding of proteins,
in a manner reminiscent of sequestration of oriC by SeqA (Blyn et al. 1990; Wang
and Church 1992). As a consequence, a fraction of GATC sites in the genome of
E. coli are stably undermethylated (hemimethylated or nonmethylated) (Blyn et al.
1990; Wang and Church 1992). Because active demethylation is not known to occur
in bacteria, competition between specific DNA-binding proteins and Dam methyl-
ase is the only known mechanism that generates stable undermethylation (Casadesus
and Low 2006). Nonmethylation occurs when DNA methylase activity is blocked at
least during two consecutive DNA replication rounds. Some undermethylated
GATC sites show distinct methylation states depending on growth conditions, sug-
gesting 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). Recent findings suggest that under-
methylation of GATC sites may not be an exception: orphan DNA methylases other
than Dam seem to perform incomplete methylation of their target sites as well
(Blow et al. 2016).

Hindrance of Dam methylation by competing proteins requires that the proces-
sivity of Dam methylase is reduced. This reduction typically occurs at GATC sites
that are part of GATC clusters (two or more GATC sites separated by short dis-
tances) and contain AT-rich sequences at their boundaries (Peterson and Reich
2006; Coffin and Reich 2008). Non-processive GATC sites have been found, for
instance, in DNA-binding sequences for Lrp, OxyR, Fur, and other transcription



48 J. Casadesus

factors, and correlations have been made between DNA methylation states and gene
expression patterns (Brunet et al. 2011; Casadesus and Low 2006, 2013; Sanchez-
Romero et al. 2015). It must be noted, however, that correlations of this kind are not
universal: undermethylated GATC sites that do not seem to control gene expression
have also been described (Casadesus and Low 2006; van der Woude et al. 1998).

Formation of DNA methylation patterns has been described in several loci that
control programmed, reversible ON-OFF switching of gene expression, a phenom-
enon known as phase variation (Casadesus and D’ Ari 2002; van der Woude 2006,
2011). Phase variation generates bacterial lineages and may facilitate evasion of the
host immune system by bacterial pathogens (van der Woude and Baumler 2004). In
other cases, phase variation confers protection against bacteriophage infection (Kim
and Ryu 2012; Cota et al. 2015).

A classical example of Dam-dependent control of phase variation is the pap
operon of uropathogenic E. coli strains (Blyn et al. 1990; van der Woude et al. 1996;
Braaten et al. 1994). The pap operon encodes fimbrial adhesins mediating adher-
ence to the urinary tract epithelium. Populations of uropathogenic E. coli contain a
mixture of pap®N and pap®F cells, and the pap®™ subpopulation is always larger
because switching is skewed toward the OFF state (van der Woude et al. 1996;
Hernday et al. 2002). The pap®~ and pap®™ subpopulations harbor distinct DNA
methylation patterns in the pap regulatory region, which contains two GATC sites
of the reduced processivity type, the proximal site (GATC,,,), and the distal site
(GATCy). In the OFF state, GATC,,, is nonmethylated and GATC, is methylated.
In the ON state, GATC,,,, is methylated and GATCy is nonmethylated (Fig. 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 of these sites contain GATCs. When
the pap operon is not transcribed (OFF state), Lrp is bound to the three downstream
sites and represses transcription, probably by preventing RNA polymerase binding.
Binding to the downstream sites reduces Lrp affinity for the upstream sites, generat-
ing a feedback loop that propagates the OFF state (Hernday et al. 2003). Occupancy
of the downstream sites prevents methylation of GATC,.,, while GATC; is meth-
ylated. This DNA methylation pattern undergoes endless propagation unless a pro-
tein called Papl is present (Kaltenbach et al. 1995; Hernday et al. 2003).

Expression of the switching factor Papl is low and probably noisy (Hernday et al.
2002, 2003). Above a critical threshold, Papl stimulates translocation of Lrp to the
upstream three binding sites in the pap UAS (van der Woude et al. 1996; Casadesus
and Low 2006). Binding of Lrp and Papl prevents methylation of GATC,, which
becomes nonmethylated. In turn, GATC,,,, is no longer bound by Lrp and is methyl-
ated by the Dam methylase. This configuration (GATCg nonmethylated, GATC,,,
methylated) permits pap transcription (Casadesus and Low 2006; van der Woude
et al. 1996). A positive feedback loop sustains the pap®N state: one of the proteins
encoded by the pap operon, PapB, enhances transcription of the papl gene (van der
Woude et al. 1996). The ON state is heritable, and under laboratory conditions is
perpetuated during 10—12 generations on average, probably with large fluctuations
(Casadesus and Low 2006).
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Fig. 3 Phase variation in the pap and opvAB operons. (a) Lrp binding at the downstream sites
within the pap regulatory region blocks transcription and prevents methylation of the GATCprox
site near the promoter. Transition to phase ON occurs when Papl stimulates translocation of Lrp to
the upstream sites, permitting methylation of the GATCprox site and RNA polymerase binding. (b)

At the opvAB control region, alternative patterns of OxyR binding and GATC methylation are
found in OpvABOFF and OpvABON bacterial cell lineages

Switching from ON to OFF requires a decrease in the concentration of Papl
below a critical threshold, perhaps by proteolytic degradation (van der Woude et al.
1996). In the absence of Papl, Lrp is unable to bind the upstream regulatory sites
and translocates to the downstream sites. Release of the upstream sites by Lrp per-
mits methylation of GATCy, and Lrp translocation to the downstream sites hin-
ders methylation of GATC,,,x (van der Woude et al. 1996; Casadesus and Low
2006). The pap®™ pattern (GATCy; methylated, GATC,,., 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 is
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reminiscent 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). 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 agn43°N state requires full (two-strand)
GATC methylation and may be facilitated by the fact that the agn43 GATC sites do
not have flanking sequences able to reduce the processivity of Dam methylase.
Hence, if the GATCs are not bound by OxyR, Dam will processively methylate
them. Switching to the agn43°'F 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 regulatory
region before Dam methylates the GATC sites (Wallecha et al. 2003; Kaminska and
van der Woude 2010).

Other phase variation systems reminiscent of agn43 include the gtr (glycotrans-
ferase) locus of bacteriophage P22 (Broadbent et al. 2010), certain gtr loci of the
Salmonella chromosome (Davies et al. 2013), and the Salmonella opvAB operon
(Cotaet al. 2012). All these loci encode proteins that modify the bacterial lipopoly-
saccharide and are controlled by Dam methylation and OxyR. In the opvAB operon,
binding of OxyR generates distinct patterns of DNA methylation in OpvAB®N and
OpvAB°fF cells, and Dam-dependent regulation is especially complex as it involves
two OxyR binding sites and 4 GATC sites and requires the activity of co-regulatory
proteins that may induce DNA looping (Cota et al. 2016).

In the last decade, DNA adenine methylation by certain phase-variable type III
restriction-modification systems has been found to regulate expression of specific
genes, giving rise to a phase-variable regulon or “phasevarion” (Vasu and Nagaraja
2013). Certain phasevarions conserve their restriction-modification activity (Fox
et al. 2007b); in others, however, the modification gene (mod) remains active but the
type III restriction enzyme is inactivated by mutation. Phase-variable synthesis of
the Mod methylase generates two subpopulations of bacterial cells, one of which
contains N6-methyladenine in the genome while the other subpopulation does not.
As a consequence, each lineage shows a distinct pattern of gene expression which
affects DNA methylation-sensitive loci (Srikhanta et al. 2005, 2009, 2010). Hence,
the Mod enzyme of restriction-deficient phasevarions can be considered a func-
tional analog of solitary DNA adenine methyltransferases like Dam and CcrM
(Srikhanta et al. 2010).

A difference between phasevarions and individual phase variation systems such
as pap and agn43 is that the cell subpopulations generated by a phasevarion differ
in multiple phenotypic traits. For instance, the ModA1 phasevarion of the respira-
tory pathogen Haemophilus influenzae may control at least 15 genes, and the
ModA1l phasevarion of Neisseria meningitidis may control up to 80 genes
(Srikhanta et al. 2010). In the human pathogens Haemophilus influenzae, Neisseria



Bacterial DNA Methylation and Methylomes 51

meningitidis, Neisseria gonorrhoeae, and Helicobacter pylori, the loci under Mod
control include genes with roles in envelope structure, synthesis of flagella, viru-
lence, and stress responses (Srikhanta et al. 2010). In N. gonorrhoeae, lack of the
ModA 13 methylase alters antimicrobial resistance, invasion of epithelial cells, and
biofilm formation (Srikhanta et al. 2009). A phasevarion may also be present in
Moraxella catarrhalis, generating cell lineages adapted to different human organs
(Blakeway et al. 2014).

5.3 Regulation of Bacterial Gene Expression by DNA Cytosine
Methylation

The existence of Dcm, a solitary C5-methylcytosine methyltransferase of enteric
bacteria, has been a long-lasting paradox (Marinus 1996; Marinus and Casadesus
2009). Hydrolytic deamination of C5-methylcytosine produces thymine, generating
T/G mismatches. Enteric bacteria possess a repair system that restores C/G pairs
before replication, the so-called very-short-patch (VSP) repair system. Despite the
existence of VSP, mutations due to C5-methylcytosine deamination are frequent,
especially in the stationary phase (Poole et al. 2001). Mutational hot spots are thus
created by formation of C5-methylcytosine, and the potential benefits of
C5-methylcytosine formation remain a mystery since loss of Dcm does not have
obvious phenotypic consequences, at least under laboratory conditions (Marinus
and Casadesus 2009).

Recent studies, however, suggest that DNA cytosine methylation may play phys-
iological roles in E. coli, perhaps of a subtle nature, including regulation of gene
expression. E. coli dem 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. 2013). In Helicobacter pylori, lack of an
orphan CS5-methylcytosine methyltransferase known as HpyAVIBM alters the
expression of genes involved in motility, adhesion, and virulence (Kumar et al.
2012). Because DNA repeats are present in the hpyAVIBM coding sequence, it is
conceivable that repeat expansion and/or contraction might cause phase-variable
expression, thus forming a C5-cytosine phasevarion (Kumar et al. 2012). Equally or
more exciting is the observation that a DNA C5-methylcytosine methyltransferase
acquired by horizontal transfer can become integrated into the genetic networks of
the cell in a rapid or sudden manner (Chao et al. 2015), thus promoting saltational
evolutionary change.

6 Bacterial Methylomes

The difficulty to detect methylated bases (particularly N6-methyladenine, the most
common modification found in bacterial genomes) has slowed down for decades
the study of DNA methylation in bacteria. In the last few years, however, advances
in nucleic acid sequencing technology have permitted the development of
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procedures that detect DNA base modifications as an integral part of the sequenc-
ing method. For instance, single-molecule real-time (SMRT) sequencing monitors
the activity of a single DNA polymerase that uses fluorescent nucleotides to syn-
thesize DNA complementary to a template (Flusberg et al., 2010; Davis et al.,
2013). Addition of a nucleotide is detected as a pulse of fluorescence whose color
identifies the nucleotide. The sequencing device monitors not only the fluorescence
pulse associated with each incorporated nucleotide but also the time between suc-
cessive pulses (interpulse duration (IPD)). The IPD is statistically longer if the
template contains a methylated base, and the kinetic signatures of N6-methyladenine
and N4-methylcytosine templates can be distinguished (Flusberg et al., 2010). At a
given position, an altered IPD ratio between native (methylated) DNA and PCR-
amplified (nonmethylated) DNA identifies a methylated nucleotide in the template
DNA (Flusberg et al. 2010; Davis et al. 2013). The complete methylation pattern
(the “methylome”) can thus be obtained, together with the DNA sequence of any
DNA molecule (e.g., of a bacterial genome).

The benefits of SMRT sequencing have been immediate. One relevant observa-
tion, for instance, is the detection of DNA methylation in many bacterial and
archaebacterial genomes (Blow et al. 2016). Equally or more interesting is the fact
that a significant fraction of the responsible DNA methyltransferases appear to
belong to the orphan type, suggesting an evolutionary origin unrelated to protec-
tion from restriction (Blow et al. 2016). Methylome analysis also permits to address
a variety of biological questions for which traditional methodologies fell short. For
instance, inference of the specificity of a DNA methyltransferase belonging to a
restriction-modification system was possible only for type II enzymes, based on
patterns of DNA cleavage. In contrast, methylome analysis reveals at once all the
methylated motifs present in the genome (Murray et al. 2012), an information
especially useful in species that harbor multiple restriction-modification systems
like Helicobacter pylori (Krebes et al. 2014; Lee et al. 2015). Other relevant exam-
ples of biological questions amenable to methylome analysis include the physio-
logical consequences of DNA methylase acquisition (Chao et al. 2015) or DNA
methylase specificity alteration (Furuta et al. 2014), the contribution of prophage
DNA methylases to the physiology of the bacterial host (Fang et al. 2012), the
polymorphism in DNA methylase assortment within a species (Pirone-Davies
et al. 2015), and the occurrence of DNA methylation in small bacterial genomes
(Lluch-Senar et al. 2013).

A limitation of SMRT sequencing is that IPD values are calculated as averages
from multiple assessments at each genomic position. Therefore, the method is
unable to discriminate potential variations in DNA methylation patterns within a
bacterial population. This limitation is serious if one considers, for instance, that
phase variation generates subpopulations with distinct DNA methylation patterns in
gene control regions (Blyn et al. 1990; Correnti et al. 2002; Broadbent et al. 2010;
Cota et al. 2012). As an example, the identification of the Dam methylation patterns
associated with ovpAB phase variation required independent examination of
OpvAB°N and OpvABOFF bacterial lineages (Cota et al. 2016). The same limitation
may apply to the identification of methylation patterns produced by phase-variable
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Mod enzymes. The problem can be expected to be solved by a novel procedure,
known as SMALR (single-molecule modification analysis of long reads), that can
detect heterogeneous DNA methylation patterns in mixed populations of bacteria
(Beaulaurier et al. 2015).

7 Roles of DNA Methylation in Bacterial Pathogenesis

Evidence for a relationship between Dam methylation and bacterial virulence was
initially provided by the regulation of adhesin-encoding genes like the pap operon
of E. coli (Blyn et al. 1990). However, the role of Dam methylation in the infection
of model animals was first investigated in Salmonella enterica. A simple genetic
approach was to compare the median lethal dose (LDs,) of a Dam methylase mutant
with that of the wild type upon infection of mice. Additional details about the
infection process were provided by examination of animal organs and in vitro stud-
ies using cell cultures. Lack of Dam methylation was found to cause severe attenu-
ation in the mouse model of typhoid: the LDs, of a Salmonella dam mutant is
10,000-fold higher than that of the wild type by the oral route and 1,000-fold
higher intraperitoneally (Heithoff et al. 1999; Garcia-Del Portillo et al. 1999). This
extreme attenuation seems to be caused by a combination of defects: (i) reduced
capacity to interact with the intestinal epithelium, due to inefficient activation of
genes in pathogenicity island I (SPI-1) (Balbontin et al. 2006; Lopez-Garrido and
Casadesus 2010) and impaired secretion of effectors (Giacomodonato et al. 2009b);
(i1) reduced motility, due to chaotic expression of flagellar and chemotaxis genes
(Balbontin et al. 2006); (iii) envelope instability, with release of outer membrane
vesicles and leakage of proteins (Pucciarelli et al. 2002); (iv) sensitivity to bile
salts, a defect that may compromise survival in the hepatobiliary tract (Pucciarelli
etal. 2002; Heithoff et al. 2001); and (v) deficient biofilm formation (Aya Castaneda
Mdel et al. 2015).

Virulence-related defects associated with loss of DNA methylation have been
reported in other pathogens as well (Heusipp et al. 2007; Marinus and Casadesus
2009; Giacomodonato et al. 2009a). In Streptococcus mutans, Dam methylation
may control genes involved in dental cariogenesis (Banas et al. 2011). In certain
strains of Haemophilus influenzae, Dam methylation is necessary for invasion of
endothelial and epithelial cell lines (Watson et al. 2004). Reduced invasion of
epithelial cells by dam mutants is likewise observed in the periodontal disease
agent Aggregatibacter (previously Actinobacillus) actinomycetemcomitans (Chen
et al. 2003) and perhaps in the intestinal pathogen Campylobacter jejuni (Kim
et al. 2008).

An intriguing connection between DNA adenine methylation and virulence is
found in the gram-positive pathogen 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 methyla-
tion appears to control survival in hypoxia, a stress condition found during human
infection, and may regulate expression of a number of M. tuberculosis genes (Shell
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et al. 2013). A different DNA adenine methyltransferase is found in the Beijing
lineage, suggesting that strain-specific differences in DNA methylation may control
lineage-specific features (Shell et al. 2013).

In bacterial species where the viability of DNA methylase mutants is impaired,
the effects of DNA methylase overproduction can be examined. Among
Gammaproteobacteria, overproduction of Dam methylase in Yersinia enterocolitica
increases invasion, probably by altered synthesis of invasin, a protein that stimulates
phagocytosis, and by changes in the composition of O antigen in the lipopolysac-
charide (Filker et al. 2007). In addition, virulence-related defects of Y. enterocolit-
ica Dam-overproducing strains include enhanced motility and impaired secretion of
the pathogenicity factors called “Yersinia outer proteins” (Filker et al. 2007).
Among Alphaproteobacteria, overproduction of the CcrM methylase reduces
Brucella abortus proliferation inside macrophages, suggesting that CcrM methyla-
tion may control intracellular replication, which is a hallmark of brucellosis
(Robertson et al. 2000).

The involvement of DNA adenine methylation in the virulence of both alpha-
and gammaproteobacterial pathogens has raised the possibility of using DNA
methylase mutants as live vaccines (Heithoff et al. 2001; Giacomodonato et al.
2004). Such vaccines have been assayed indeed against S. enterica, Haemophilus
influenzae, and Yersinia pseudotuberculosis (Marinus and Casadesus 2009;
Mohler et al. 2012). Hypermutability, however, is a problematic trait and may
become a hurdle to use dam mutants of Gammaproteobacteria as live vaccines, at
least in humans.

The relationship between DNA methylation and bacterial virulence has also fos-
tered the search for DNA methylase inhibitors that might serve as antibacterial
drugs (Mashhoon et al. 2004, 2006; Benkovic et al. 2005). Because adenine meth-
ylation is rare or absent in mammalian cells (Ratel et al. 2006), inhibitors of Dam-
like or CcrM-like methyltransferases can be expected to be harmless for the host. In
the case of Dam methylation, its dispensable nature in most Gammaproteobacteria
and its absence in other bacterial taxa (Lgbner-Olesen et al. 2005) should make
inhibitors harmless for the normal microbiota. In pathogens, however, Dam methyl-
ase inhibitors can be expected to attenuate virulence by transforming wild-type bac-
teria into phenocopies of dam mutants. Such drugs might have broad spectrum as
Dam and CcrM methylation seem to control virulence in a variety of bacterial
pathogens (Marinus and Casadesus 2009; Sanchez-Romero et al. 2015). Again, a
negative aspect is that inhibition of DNA adenine methylation can be expected to
increase the mutation rate in bacterial species that use Dam-dependent strand dis-
crimination for DNA mismatch repair. Unfortunately, such species include E. coli
intestinal commensals and perhaps other members of the human microbiota.
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Domain Structure of the Dnmt1,
Dnmt3a,and Dnmt3b DNA
Methyltransferases
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Abstract

In mammals, three DNA methyltransferases, Dnmtl, 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 (Dnmt31), which is a member of the Dnmt3 family but does not pos-
sess DNA methylation activity, was reported to be indispensable for global meth-
ylation in germ cells. Once the DNA methylation patterns are established,
maintenance-type DNA methyltransferase Dnmtl1 faithfully propagates them to
the next generation via replication. All Dnmts possess multiple domains, and in
this chapter, the structures and functions of these domains are described.
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Abbreviations

AdoHcy S-Adenosyl-L-homocysteine

AdoMet S-Adenosyl-L-methionine

DMR Differentially methylated region

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
SRA domain ~ The SET and RING-associated domain

TDG Thymine DNA glycosylase

Tet enzyme Ten-eleven translocation enzyme

TRD The target recognition domain

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 replication in a cell lineage-dependent manner (Fig. 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 grow-
ing 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 methyl-
ated 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 methylation (Kaneda et al.
2004). In mammals, three DNA methyltransferases, Dnmtl, Dnmt3a, and
Dnmt3b, have been identified (Bestor et al 1988; Okano et al. 1998). Dnmt3a
and Dnmt3b are responsible for establishing DNA methylation patterns pro-
duced through their de novo-type DNA methylation activity in implantation
stage embryos and during germ cell differentiation (Okano et al 1999). Dnmt3-
like (Dnmt31), which is a member of the Dnmt3 family but does not possess
DNA methylation activity, was reported to be indispensable for global methyla-
tion in germ cells (Bourc’his et al. 2001; Hata et al. 2002). Once the DNA meth-
ylation patterns are established, the maintenance-type DNA methyltransferase
Dnmtl faithfully propagates them to the next generation after DNA replication.
Dnmtl preferentially methylates hemimethylated CpG sites, which appear after
DNA replication and repair.
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Fig.1 Schematic illustration of establishment and maintenance of DNA methylation patterns. (a) The
methylation 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 Dnmt31. Once the global methyla-
tion patterns are established, they are maintained during replication by maintenance DNA
methyltransferase Dnmt1 in collaboration with Uhrf1 in a cell lineage-dependent manner. (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. Dnmt31, a member of the
Dnmt3 family, lacks the catalytic domain and thus does not exhibit DNA methylation activity

2 Enzymes Responsible for the Establishment of DNA
Methylation Patterns

In mammals, two of the three DNA-(cytosine C5)-methyltransferases, Dnmt3a and
Dnmt3b, which are encoded in distinct gene loci, are responsible for establishing
the methylation patterns through their de novo-type DNA methylation activity
(Okano et al. 1999; Aoki et al. 2001). Their domain arrangements are similar, each
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comprising a PWWP, ADD (Atrx-Dnmt3-Dnmt31), and C-terminal catalytic domain
(Fig. 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 (Fuks et al. 2001; Brenner et al.
2005; Otani et al. 2009). Dnmt31, a homologue 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).

2.1 PWWP Domain

The PWWP domain of Dnmt3 enzymes, comprising 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, especially
of proteins involved in cell division, growth, and differentiation, based on a com-
parison of 39 proteins containing a PWWP domain (Steca et al. 2000). The PWWP
domain of Dnmt3b, comprising a beta-barrel structure with 5 beta-sheets 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 (Fig. 2a). The beta-barrel part of the
PWWP domain is homologous to that of the SAND domain, which is a DNA-
binding motif, and the Tudor domain, which is generally a histone-binding motif.
The PWWP domain of Dnmt3a also binds to DNA, though the affinity toward DNA
is one order of magnitude lower compared to that of the PWWP domain of Dnmt3b
(Purdy et al. 2010).

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 higher affinity of Dnmt3b to
DNA than that of Dnmt3a could be the reason for the specific methylation of major
satellites by Dnmt3b. A point mutation in the PWWP domain in Dnmt3b was found
to be the cause of the immunodeficiency, centromeric instability, and facial anoma-
lies (ICF) syndrome (Shirohzu et al. 2002), which is the consequence of hypometh-
ylation of the pericentromere (Okano et al. 1999; Hansen et al. 1999). Additionally,
the PWWP domain interacts with tri-methylated Lys 36 histone H3 (H3K36me3),
and the binding is inhibited by the point mutation causing the ICF syndrome, indi-
cating that the recognition of H3K36me3 is crucial for Dnmt3a to target chromatin
(Dhayalan et al. 2010). On the other hand, it was also reported that the PWWP
domain of Dnmt3b, but not that of Dnmt3a, is recruited to the H3K36me3-containing
gene body for de novo methylation (Baubec et al. 2015).

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).
It was also reported that the PWWP domain of Dnmt3a is involved in the interaction
with thymine DNA glycosylase (TDG), and the interaction apparently inhibits the
DNA methylation activity of Dnmt3a (Li et al. 2007b). Since the CpG sequences
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Fig.2 Structure of the PWWP domain of Dnmt3b. (a) Ribbon diagram of the PWWP domain,
which is changed to SWWP in Dnmt3b (/eft), and the molecular surface with the charge distribu-
tion of the PWWP domain of Dnmt3b (right) are shown. Positively charged amino acids (Lys and
Arg) are in blue, negatively charged ones (Glu and Asp) in red, and uncharged ones in white. The
positions of Lys and Arg residues are indicated (PDB accession number 1KHC). (b) Ribbon dia-
gram of the ADD domain of Dnmt3]1 (PDB accession number 2PVC) (left) and Dnmt3a (PDB
accession number 3A1B) (right). Histone H3 peptides are in brown. The interacting amino acid
residues with histone tail peptide are conserved in Dnmt31 and Dnmt3a

methylated by Dnmt3a and Dnmt3b are the target sites for hydroxylation by an
oxygenase, the ten-eleven translocation (Tet) enzyme, in embryonic stem (ES) cells
(Otani et al. 2013), and TDG are proposed to contribute to the final step of the
removal of oxidized methylcytosines (He et al. 2011; Maiti and Drohat 2011); the
interaction between TDG and Dnmt3a indicates their strong co-relationship.

2.2 ADD Domain

The plant homeodomain (PHD)-like Atrx-Dnmt3-Dnmt31 (ADD) domain, which is
rich in Cys residues, is reported to bind 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 pro-
tein 1 (HP1) beta (Fuks et al. 2003), H3K9 methylase Setdb1 (Li et al. 2006), histone
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H4 symmetrically di-methylated at Arg 3 (H4R3me?2s) (Zhao et al. 2009), or histone
H3 un-methylated at Lys 4 (H3K4meO0) (Otani et al. 2009; Zhang et al. 2010).

The three-dimensional structure of the ADD domain of Dnmt3a is similar to those
of Dnmt31 and ATRX (Argentaro et al. 2007; Oot et al. 2007) (Fig. 2b) and possibly
Dnmt3b as well (Dhayalan et al. 2011). The affinity of the ADD domain of Dnmt3a
to histone H3 tail is in the sub-micromolar range and is decreased by methylation
modification at Lys 4 (Otani et al. 2009). This explains why the H3K4me3, which is
a mark associated with active gene promoters, protects from DNA 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 3 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 also
similar to that by that of Dnmt3l, although the affinity is tenfold higher. As described
below, Dnmt3] 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. 2007a).
Selective recognition of H3K4me0 by the ADD domains of Dnmt3a (Dnmt3b) and
Dnmt31 may recruit de novo methyltransferases to the sites to be methylated.

In plants, a DNA methyltransferase named CMT (chromomethylase) of
Arabidopsis, which methylates the CpHpG and/or CpHpH sequence, recognizes
H3K9me with its chromodomain (Stroud et al. 2014). Similar to CMT, DNA meth-
yltransferase Dim2 of Neurospora crassa also contains a chromodomain and is
guided to H3K9me (Tamaru and Selker 2001). For this, CMT and Dim2 cause
H3K9me-dependent methylation of DNA. Although mammalian Dnmts do not
directly recognize H3K9me, they are reported to interact with heterochromatin pro-
tein 1 (HP1) (Fuks et al. 2003; Smallwood et al. 2007; El Gazzar et al. 2008), which
specifically recognizes H3K9me?2/3. For this, H3K9 methylation is proposed to be
the cause and/or result of DNA methylation.

Interestingly, the ADD domain of Dnmt3a is located at a position that inhibits
accession of substrate DNA to the catalytic domain (Guo et al. 2015). The binding
of the N-terminal tail of histone H3 induces rearrangement of the ADD domain to
change its position to the one that DNA can access. Enhancement of de novo meth-
ylation at the chromatin region enriched in nucleosomes containing H3K4me0O
reported previously (Zhang et al. 2010; Li et al. 2011) may be well explained by the
conformational rearrangement of the ADD domain positioning (Guo et al. 2015)
(Fig. 3). It will be important to determine whether or not the factors that are reported
to interact with the ADD domain of Dnmt3a or Dnmt3b induce similar rearrange-
ment of the enzyme to enhance de novo DNA methylation activity.

23 Catalytic Domain
In the catalytic domains of Dnmt3a and Dnmt3b, ten motifs characteristic for DNA-

(cytosine C5)-methylation activity are conserved (Kumar et al. 1994). Dnmt3a and
Dnmt3b interact through their C-terminal domains with the C-terminal domain of
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Dnmt3l, and this interaction enhances de novo DNA methylation activity (Suetake
et al. 2004; Chen et al. 2005). The crystal structure of the catalytic domain of the
Dnmt3a in complex with the C-terminal half of Dnmt3] has been determined (Jia
et al. 2007). It is a heterotetramer comprising two Dnmt3a molecules in the center
and one Dnmt31 molecule at each edge (Fig. 3) (Jia et al. 2007; Jurkowska et al.
2011). The catalytic domain of Dnmt3a forms a dimer and this dimer formation is
crucial for DNA methylation activity. The dimerization is expected to increase the
affinity for substrate DNA as the DNA-binding site of Dnmt3a is rather small com-
pared to that of bacterial M.Hhal. In the absence of Dnmt31, however, Dnmt3a tends
to polymerize using the same interaction surface as Dnmt31. As the two interaction
surfaces of Dnmt3a that cause polymerization contribute to its heterochromatin for-
mation, it was proposed that formation of the complex with Dnmt3] may promote
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XY ?ﬁ

+Histone H3

H3 peptides
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Fig.3 Auto-inhibition of DNMT3A by the ADD domain and histone H3 tail-induced activation
of DNA methylation activity. (a) Ribbon illustrations of the structure of the complex of the cata-
lytic domain with the ADD domain of Dnmt3a and the C-terminal half of Dnmt31 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 Dnmt3] in gray. S-Adenosyl-L-homocysteine (AdoHcy) 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
(auto-inhibitory form; PDB accession number 4U7P). The addition of a histone H3 tail (red) dras-
tically changes the position of the ADD domain to one that allows accession of DNA to the cata-
Iytic center (active form; PDB accession number 4U7T). (b) Superimposition of the active and
auto-inhibitory forms. The dotted arrow indicates the movement of the ADD domain from the
histone H3 tail free to the bound form
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releasing Dnmt3a from heterochromatin and facilitates Dnmt3a access to the sub-
strate DNA (Jurkowska et al. 2011). It was proposed that this inhibition of polym-
erization of Dnmt3a by Dnmt3] 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). This is supported by the methylation property of
Dnmt3a, which methylates periodical CpG with an 8 to 10 bp interval, this distance
being estimated from the three-dimensional structure matching the DNA methyla-
tion position interval (Jia et al. 2007; Glass et al. 2009).

Interestingly, thymine DNA glycosylase (TDG), which is a T/G mismatch glyco-
sylase, interacts with the PWWP or/and catalytic domains of Dnmt3a to modulate its
DNA methylation activity (Li et al. 2006). Since methylated cytosine is converted to
thymine through deamination, cytosine methylation is necessary to repair the meth-
ylation state after base excision repair. However, the physiological meaning of the
interaction of Dnmt3a with TDG is rather complicated. Recently, 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 Tet enzymes (He et al. 2011; Maiti and Drohat 2011).

24 Functions of Other Regions

An N-terminal sequence upstream of the PWWP domain in Dnmt3a, which is miss-
ing 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).
The N-terminal region containing this DNA-binding sequence is poor in secondary
structure and folding is not induced even by binding to DNA (unpublished observa-
tion). The N-terminal sequence of Dnmt3b, which exhibits no homology with that
of Dnmt3a, binds to CENP-C. CENP-C is a constitutive centromere component and
is necessary for mitosis. It was proposed that CENP-C recruits Dnmt3b to both
centromeric and pericentromeric satellite repeats to methylate these regions
(Gopalakrishnan et al. 2009). Recently, it was reported that an Arg residue in the
N-terminal region undergoes citrullination by peptidylarginine deiminase 4
(PADI4), which stabilizes Dnmt3a and increases the DNA methylation level of the
promoter of the p21 gene (Deplus et al. 2014). Moreover, Dnmt3b binds to NEDDS,
which is a small ubiquitin-like protein, through the region between the ADD and
catalytic domains. NEDD8-modified CUL4A, which is essential for repressive
chromatin formation, binds to Dnmt3b as well (Shamay et al. 2010).

25 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
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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 core-
pressor complex of PR48/HDACI or proto-oncogene c-Myc through the ADD
domain (Fuks et al. 2001; Brenner et al. 2005). 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 methylate the
expression-controlling region of miRNA 124-3 (Senyuk et al. 2011). Recently, it
was reported that noncoding RNA is involved in targeting of Dnmt3b to de novo
methylation sites. pPRNA, 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 inhib-
its 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
interaction with the factors that bind to sequence-specific DNA-binding proteins
has been reported. The 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 meth-
ylation of imprinted genes through interaction with Trim28 (KAP1 or TIF1p)
(Quenneville etal. 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 KRAB zinc finger proteins. As a similar exam-
ple, NEDDS, which is an ubiquitin-like small protein modifier, acts as a tag in guid-
ing Dnmt3b to NEDDylated proteins (Shamay et al. 2010). The main target of
NEDDylation is Cullin, which plays a role in heterochromatin formation.

However, recruitment of Dnmt3a to specific genomic regions does not always
introduce DNA methylation. Although Dnmt3a is recruited to a target sequence by
Ezh2, a component of polycomb repressive complex 2 (PRC2) (Rush et al. 2009);
MBD3, an intrinsic component of corepressor complex NuRD; Brgl, an ATPase
subunit of Swi/Snf chromatin remodeling factor (Datta et al. 2005); or p53 (Wang
et al. 2005), and this recruitment does not affect the DNA methylation state of the
target regions.

2.6 Correlation Between de novo DNA Methylation
and Histone Modifications

The PWWP domains of Dnmt3a and Dnmt3b are reported to be a motif for DNA
binding (Qiu et al. 2002; Purdy et al. 2010) 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. It is not known yet, however, how the PWWP of Dnmt3a or Dnmt3b
selectively recognizes heterochromatin. Such recruitment of Dnmt3a or Dnmt3b to
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specific regions is strongly correlated with the chromatin state or histone modifica-
tions. Trim28, which is reported to interact directly with Dnmt3a (Zuo et al. 2012),
also interacts with Setdbl, a histone H3K9 methyltransferase, and HP1 (Matsui
et al. 2010), which recognizes H3K9me?2/3. Cullin and CENP-C, as described
above, are heterochromatin finders. Many studies have shown that Dnmt3a recog-
nizes the modified or unmodified histone tail. The PWWP domain of Dnmt3a rec-
ognizes H3K36me3 to enhance the DNA methylation activity (Dhayalan et al.
2010), and the ADD domain binds H3K4me0 (Otani et al. 2009; Li et al. 2011) to
enhance the DNA methylation activity (Li et al. 2011). The histone H3 tail with
K4me3 inhibits DNA methylation by Dnmt3a (Zhang et al. 2010; Li et al. 2011).
Dnmt31, a member of the Dnmt3 family with no methylation activity, also contains
an ADD domain and recognizes H3K4meO0 (Ooi et al. 2007). H3K4meO recruits the
Dnmt3a and Dnmt31 de novo methyltransferase complex to methylate the genome.
In addition, symmetric di-methylation of Arg 3 of histone H4 (H4R3me2S) is
reported to be the target of Dnmt3a via the ADD domain for DNA methylation
(Zhao et al. 2009). The histone tail modifications directly recruit de novo-type
Dnmt3a or Dnmt3b to the site of DNA methylation.

3 Enzymes Responsible for the Maintenance of DNA
Methylation Patterns

Dnmt1 is mainly responsible for maintaining DNA methylation patterns during rep-
lication or after repair. Dnmt1 is a large molecule; mouse Dnmt1 comprises 1,620
amino acid residues. Dnmt1 is composed of several domains: the N-terminal inde-
pendently folded domain (NTD), replication foci-targeting sequence (RFTS)
domain, CXXC motif, two bromo adjacent homology (BAH1 and BAH2) domains,
and the catalytic domain (Fig. 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).

3.1 NTD

The NTD of mouse Dnmtl comprising amino acids (aa) 1-248 folds independently
(Suetake et al. 2006). The domain binds many factors and thus functions as a plat-
form 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 oocyte-type Dnmt1
(Mertineit et al. 1998; Gaudet et al. 1998), binds Dnmtl 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 mainte-
nance of the heterochromatin state as well (Rountree et al. 2000).

Proliferating cell nuclear antigen (PCNA), which binds DNA polymerase 6 and
other factors related to replication, is a prerequisite factor for replication. PCNA
binds to the 160-178 aa sequence of mouse Dnmtl. The binding helps Dnmtl
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maintain the methylation profile of the daughter DNA (Chuang et al. 1997) and
recruit Dnmtl to replication foci at the early and middle stages of the S-phase
(Schermelleh et al. 2007). Therefore, it is thought to be involved in the replication-
dependent DNA methylation process. However, the NTD domain containing the
PCNA-binding motif is dispensable for the maintenance of the differentially methyl-
ated 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), heterochro-
matin-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 hetero-
chromatin, indicating that maintenance-type DNA methyltransferase Dnmtl is
tightly linked to histone methylation modification.

Although its function is not known, the NTD binds to cyclin-dependent kinase-
like 5 (CDKLS) (Kameshita et al. 2008) and casein kinase (Sugiyama et al. 2010)
and undergoes phosphorylation. The CDKLS5 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 inter-
action between Dnmtl and CDKLS 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 Dnmtl, also seems to be regulated by
different types of kinases (Estéve et al. 2011; Lavoie and St-Pierre 2011; Lavoie
etal. 2011).

In addition, the NTD of mouse Dnmtl 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 bind-
ing competes with the PCNA binding. Arg 133 and 136 in the sequence are crucial
for the DNA-binding activity (Suetake et al. 2006). We hypothesized that this DNA-
binding activity of the N-terminal domain contributes to the localization of Dnmt1
to AT-rich genome regions such as Linel, 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. Partial digestion with proteases easily
releases 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 Dnmtl 291-1620 aa, the
structure of the RFTS domain has been determined after Pro 357 (Takeshita et al.
2011). The sequence starting from 249 to 356 aa seems to be a flexible region lack-
ing 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
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including this region, Dnmtl 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, the NTD contains a DNA-binding domain, which exhibits a preference
not for the CpG sequence but for an AT-rich sequence (Suetake et al. 2006). The
function of this linker is ambiguous at this moment.

3.2 RFTS Domain

The replication foci-targeting sequence (RFTS) domain follows the NTD. This
domain is necessary for Dnmtl localization at the replication region at the late
S-phase (Leonhardt et al. 1992). This recruitment depends on the tethering of
Uhrfl (ubiquitin-like with PHD and ring finger domains 1) to the hemimethyl-
ated 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 Dnmtl directly
binds (Berkyurek et al. 2014; Bashtrykov et al. 2014a). Direct interaction of the
RFTS domain with the SRA domain accelerates the hemimethylated DNA acces-
sion to the catalytic center. The SRA of Uhrfl and Dnmtl 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 must be involved in the direct interaction between the RFTS and SRA
domains (Fig. 4).

The structure of the human RFTS domain itself has been elucidated (Syeda et al.
2011) and turned out to be almost identical to that in the catalytically active mouse
Dnmtl (Takeshita et al. 2011). The position of the RFTS domain in the catalytically
active Dnmtl 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 hin-
drance. The position of the RFTS domain is stabilized by hydrogen bonds between
the RFTS and catalytic domains. When the substrate DNA is short, DNA methyla-
tion activity is inhibited due to the positioning of the RFTS domain (Syeda et al.
2011; Berkyurek et al. 2014; Bashtrykov et al. 2014b). 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 substrate DNA size is 12 bp, which is exactly the
size that fits into the catalytic pocket of Dnmtl (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 ectopi-
cally added RFTS domain (Syeda et al. 2011; Berkyurek et al. 2014). The fact that
Dnmtl forms a head-to-head dimer through interaction between the RFTS domain
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SRA domain
a (Uhrf1)

Fig. 4 Transfer of hemimethylated DNA from Uhrfl (SRA domain) to the catalytic center of
Dnmtl. (a) Hemimethylated DNA, which appears just after the replication, is occupied by Uhrfl
(SRA domain) (PDB accession number 2ZKE). (b) Considering the reported structure of the
Dnmtl catalytic domain complex with hemimethylated DNA (PDB accession number 4DA4),
SRA and Dnmtl cannot recognize hemimethylated CpG at the same time. (¢) Furthermore, the
RFTS domain occupies the catalytic pocket of Dnmt1 (PDB accession number 3AV6). The SRA
domain of Uhrfl directly interacts with the RFTS domain of Dnmtl to remove the domain from
the catalytic pocket to allow hemimethylated DNA access to the catalytic center

(Fellinger et al. 2009) may contribute to the substrate length dependence of the
activity. Since the full DNA methylation activity is acquired when the substrate
DNA is longer than 30 bp, the catalytic domain of Dnmtl may increase the DNA-
binding affinity by two DNA-binding sites to trigger removal of the RFTS domain
from the catalytic pocket.

Amino acid residues Lys 23 (Nishiyama et al. 2013) and Lys18 of histone H3
(Qin et al. 2015) are reported to be ubiquitylated. These modifications are necessary
for maintenance methylation via the interaction with the RFTS domain. Interestingly,
the ring finger motif of Uhrfl, which is a prerequisite factor for
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replication-dependent maintenance methylation, is involved in the ubiquitylation as
an E3 ligase (Citterio et al. 2004). The tandem Tudor domain and the PHD finger of
Uhrf1 recognize H3K9me3 and H3R2meO (Arita et al. 2012), and the mutation that
inhibits the recognition of H3Kme3 partly inhibits the maintenance DNA methyla-
tion (Rothbart et al. 2012) again indicating the cross talk between DNA methylation
and histone modification.

Following the RFTS domain, there are three residues, Phe 631, 634, and 635, in
an alpha-helix structure interacting with Tyr 1243 and Phe 1246, which are adjacent
to the PCQ loop in catalytic domain motif IV, of which the Cys residue covalently
binds to the target cytosine at the sixth carbon. The interactions pull the PCQ loop
toward the DNA-binding pocket (Takeshita et al. 2011). Mutation of the residues
decreases the DNA methylation activity (unpublished observation).

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 mammalian trithorax-group protein, myeloid/lymphoid leukemia (MLL)
(Cierpicki et al. 2010), CXXC-type zinc finger protein 1 (CXXC1) (Voo et al.
2000), methylated DNA-binding protein 1 (MBD1) (Cross et al. 1997), and other
proteins (Long et al. 2013), including Dnmtl. The CXXC domain of Dnmt1 con-
tains 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).

When the RFTS domain is deleted, the CXXC domain falls into the catalytic
pocket, and the CXXC domain at this position binds to un-methylated DNA (Song
etal. 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 Dnmtl and
thus protects from methylating un-methylated DNA. If this is the case, it is reason-
able to expect that deletion or mutation of the CXXC domain, which prevents the
accession of un-methylated DNA to the catalytic pocket, would increase de novo-
type methylation activity. However, the specificity of Dnmt1 with mutations in the
CXXC domain does not cause any reduction of the genomic DNA methylation level
(Frauer et al. 2011) or the specificity toward hemimethylated DNA methylation
activity (Bashtrykov et al. 2012; Suetake, unpublished observation). In addition,
Song et al. have reported that even Dnmtl with the CXXC domain deleted shows
similar specificity toward a hemimethylated DNA substrate (Song et al. 2012). This
strongly suggests that the CXXC domain binding to un-methylated DNA does not
contribute to inhibition of the methylation of un-methylated DNA. The effect of the
CXXC domain mutation on the DNA methylation activity of Dnmtl is rather con-
troversial as Pradhan et al. reported that the CXXC is necessary for DNA methyla-
tion activity (Pradhan et al. 2008). Therefore, at present, the auto-inhibition
mechanism involving the CXXC domain to prevent de novo methylation proposed
by Song et al. (Song et al. 2011) needs further investigation.
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The next BAHI domain is connected with the CXXC domain by an alpha-helix
structure (Takeshita et al. 2011). This helix is destroyed in the RFTS-deleted Dnmt1
without a change in the CXXC domain structure (Song et al. 2011; Takeshita et al.
2011; Hashimoto et al., PDB accession number 3SWR). A mutation or deletion of
the helix changes the 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
Uhrfl (Berkyurek et al. 2014), it is reasonable to assume that this helix region plays
a crucial role in the release of the RFTS domain from the catalytic pocket.

34 Two BAH Domains

The CXXC domain is followed by two tandem BAH domains. The BAH domains
consisting of a beta-sheet core are functionally correlated to chromatin processes.
The BAH domain of RSC2, which is a component of “remodels the structure of
complex” (RSC) (Chambers et al. 2013), and that of Sir3 (Armache et al. 2011;
Arnaudo et al. 2013; Yang et al. 2013) interact with nucleosomes and that of ORC1,
a subunit of the origin recognition complex (ORC), possesses a hydrophobic cage
recognizing H4K20me2 (Kuo et al. 2012). However, the function of the two BAH
domains of Dnmtl remains unknown.

The two BAH domains of Dnmt1 are connected through an alpha-helix, which
is dumbbell shaped (Takeshita et al. 2011; Song et al. 2011). At the end of the
BAH1 domain, just before the helix linker, there is a zinc finger motif. The forma-
tion of this Zn-finger is necessary for a stable conformation of Dnmt1, as mutations
of the involved Cys residues inhibit solubilization of the Dnmtl protein (unpub-
lished observation).

Interestingly, the first BAH domain (BAH1) possesses a hydrophobic cage, which
is expected to recognize the methylated histone tail. Four out of six amino acid resi-
dues of the hydrophobic cage of the mouse ORCI recognizing H4K20me?2 are con-
served in the BAH1 domain of Dnmtl (Yang and Xu 2013). This may suggest that
Dnmt1 interacts with the methylated histone tail in the nucleosome structure. Since
the cage is masked by a long loop traversing toward the CXXC domain from the
N-terminal end of the BAH1 domain, the methylation modification cannot gain access
to the hydrophobic cage in this conformation (Takeshita et al. 2011). What the target
of this cage structure is remains to be determined. The BAH2 domain possesses a long
protruding loop from its body, of which the distal end interacts with the target recogni-
tion domain (TRD) in the catalytic domain, and adjacent residues interact directly
with the substrate DNA (Song et al. 2012). Although the structure of the two BAH
domains has been elucidated, their function remains elusive. Furthermore, no one has
succeeded in preparing DNA methylation-active Dnmtl without the two BAH
domains suggesting that they play a crucial role in the enzyme folding or activity.

The KG-repeat between the BAH?2 and catalytic domains is conserved among spe-
cies (Tajima et al. 1995; Kimura et al. 1996). Until recently, this repeat was thought to
be just a hinge providing flexibility to the N-terminal region and the catalytic domain.
Recently, it was reported that the KG-repeat is involved in the interaction with
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ubiquitin-specific protease 7 (USP7), which is a deubiquitinating enzyme (Qin et al.
2011). This interaction increases DNA methylation activity possibly through stabiliz-
ing Dnmtl (Cheng et al. 2015). Acetylation of the Lys residues in the KG-repeat
impairs the Dnmt1-USP7 interaction and promotes degradation of Dnmt1.

3.5 Catalytic Domain

Similar to other Dnmts, the ten motifs characteristic of DNA-(cytosine C5)-
methyltransferases are conserved in the catalytic domain of Dnmt1. The DNA meth-
ylation mechanism of Dnmt1 is assumed to be identical to that of M.Hhal (Kumar
et al. 1994). However, different from in M.Hhal (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
(AdoMet) even in the absence of DNA (Takeshita et al. 2011) (Fig. 5a, c). The side
chain of the Cys faces away when AdoMet is catabolized to S-adenosyl-L-
homocysteine (AdoHcy) after the transfer of a methyl group in mouse Dnmtl
(Fig. 5b). Interestingly, the side chain of the Cys in the PCQ loop of human DNMT1
does not completely face away the side chain position even in the AdoHcy-binding
form (Zhang et al. 2015) (Fig. 5d). The effect of this difference between the mouse
and human enzymes remains to be determined.

mDnmt1 + SAM (PDB: 3AV6) mDnmt1 + SAH (PDB: 3AV5)

Fig.5 Positioning of Cys residues that covalently bind the sixth position of the target cytosines in
mouse Dnmtl, human DNMT1, and M.Hhal. Cys 1229 in the PCQ loop of mouse Dnmt] faces
toward or away from the target cytosine in the presence of AdoMet or AdoHcy, respectively (a, b).
On the contrary, in M.Hhal, Cys 81 in the PCQ loop faces away from the target cytosine even in the
presence of AdoMet when DNA is not present (¢). Different from mouse Dnmt1, in human DNMT],
C1226 in the PCQ loop still faces toward the target cytosine in the presence of AdoHcy (d)
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The target recognition domain (TRD) in the catalytic domain of Dnmtl is excep-
tionally long compared to those in other DNA methyltransferases. The TRD covers the
hemimethylated DNA and holds the methylated cytosine through hydrophobic interac-
tions (Song et al. 2012). The target cytosine in the hemimethylated CpG is flipped out
and is directly involved in the catalytic loop. According to the three-dimensional struc-
ture of the complex with hemimethylated DNA and the DNA methylation activity of
the truncated Dnmtl, the recognition and selective methylation of hemimethylated
DNA exist in the catalytic domain itself (Song et al. 2012; Bashtrykov et al. 2012).

4 Cross Talk Between De Novo- 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 Dnmtl, 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 embryonic 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 contribute to the main-
tenance 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 Dnmtl 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, molecular mechanism of the cooperation 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 significant level of de novo-type DNA methylation activity in vitro
(Fatemi et al. 2001; Vilkaitis et al. 2005). Ectopically overexpressed Dnmtl causes
de novo DNA methylation (Takagi et al. 1995; Vertino et al. 1996; Biniszkiewicz
et al. 2002). In Dnmt3a and Dnmt3b knockout ES cells, ectopically introduced DNA
(Lorincz et al. 2002) as well as endogenous regions (Arand et al. 2012) undergo de
novo DNA methylation. Dnmt1 apparently favors de novo methylation near preexist-
ing methylation sites (Vilkaitis et al. 2005; Arand et al. 2012). Therefore, although
the 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 (2009) and Jeltsch and Jurkowska (2014).

5 Conclusions and Perspective

Elucidation of the domain structures of Dnmts has provided important information in
understanding the molecular mechanisms of DNA methylation. Indeed, the complex
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of the ADD domain of Dnmt3a with histone H3 and the PWWP domain of Dnmt3b
with DNA illustrated their functions in the recruitment of the enzymes to specific
sites. Co-crystal structures of Dnmt3a with Dnmt31 and that of Dnmt1 with hemi-
methylated DNA have provided a clue to understand the DNA methylation mecha-
nism. The domain rearrangement of Dnmt3a by histone H3 tail and occupation of the
catalytic pocket of Dnmtl by the RFTS domain have lifted the veils of DNA meth-
ylation tricks. In the near future, by utilizing the structural information, the biochem-
ical approach with site-directed mutagenesis might provide further information in
understanding molecular mechanisms of DNA methylation regulation. To this end,
we need more structural information including complexes with other factors.

In addition to the high-resolution crystal structures, NMR may possibly provide
us with more dynamic structural information in solution, and advanced technology
of single particle analysis by electron microscopy can be a powerful technology to
analyze large complexes that may be involved in DNA methylation regulation.
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Enzymology of Mammalian DNA
Methyltransferases
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Abstract

DNA methylation is currently one of the hottest topics in basic and biomedi-
cal research. Despite tremendous progress in understanding the structures and
biochemical properties of the mammalian DNA nucleotide methyltransferases
(DNMTs), principles of their regulation in cells have only begun to be uncov-
ered. In mammals, DNA methylation is introduced by the DNMT1, DNMT3A,
and DNMT3B enzymes, which are all large multi-domain proteins. These
enzymes contain a catalytic C-terminal domain with a characteristic cytosine-C5
methyltransferase fold and an N-terminal part with different domains that inter-
acts with other proteins and chromatin and is involved in targeting and regula-
tion of the DNMTs. The subnuclear localization of the DNMT enzymes plays
an important role in their biological function: DNMT1 is localized to replicat-
ing DNA via interaction with PCNA and UHRF1. DNMT3 enzymes bind to
heterochromatin via protein multimerization and are targeted to chromatin by
their ADD and PWWP domains. Recently, a novel regulatory mechanism has
been discovered in DNMTs, as latest structural and functional data demonstrated
that the catalytic activities of all three enzymes are under tight allosteric control
of their N-terminal domains having autoinhibitory functions. This mechanism
provides numerous possibilities for the precise regulation of the methyltransfer-
ases via controlling the binding and release of autoinhibitory domains by protein
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factors, noncoding RNAs, or by posttranslational modifications of the DNMTs.
In this chapter, we summarize key enzymatic properties of DNMTs, including
their specificity and processivity, and afterward we focus on the regulation of
their activity and targeting via allosteric processes, protein interactors, and post-
translational modifications.

Abbreviations

ADD domain ATRX-DNMT3-DNMT3L domain

AdoHcy S-Adenosyl-L-homocysteine

AdoMet S-Adenosyl-L-methionine

BAH Bromo-adjacent homology domain

CpG Cytosine-guanine dinucleotide separated by a phosphate
DMAPI1 DNA methyltransferase-associated protein 1
DMR Differentially methylated region

DNMT (Mammalian) DNA nucleotide methyltransferase
HDAC Histone deacetylase

KG repeats Lysine-glycine repeats

KO Knockout

MBD Methyl-binding domain

miRNA MicroRNA

MTase Methyltransferase

5mC 5-Methylcytosine

ncRNA Non(protein)-coding RNA

PCNA Proliferating cell nuclear antigen

PBD PCNA-binding domain

PHD Plant homeodomain

PTM Posttranslational modification

RFTD Replication foci-targeting domain

SIRT1 Sirtuin 1

SRA domain  SET- and RING-associated domain

TRD Target recognition domain

TTD Tandem Tudor domain

UHRF1 Ubiquitin-like with PHD and ring finger domains 1
USP7 Ubiquitin-specific peptidase 7

ZHX1 Zinc finger and homeobox protein 1

1 Introduction

The expression of genes in multicellular organisms is coordinated during develop-
ment and differentiation by epigenetic information comprising DNA methylation,
histone tail modifications, and noncoding RNAs (for general reviews on molecular
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epigenetics, cf. Allis et al. 2015; Armstrong 2013; Bonasio et al. 2010; Jones 2012;
Margueron and Reinberg 2010). In mammals, DNA methylation occurs at the C5
position of the cytosine residues, primarily in CpG dinucleotides [for general reviews
on DNA methylation, cf. Jeltsch and Jurkowska 2014; Jones 2012; Jurkowska et al.
2011a; Klose and Bird 2006; Suzuki and Bird 2008, and other chapters in this book].
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
unmodified sites. In different cell types, approximately 60-80 % of all CpGs in the
human genome are modified (3—8 % of all cytosines). The correct methylation pat-
tern is essential for development, and several diseases, particularly cancer, are asso-
ciated with alterations of DNA methylation [for reviews cf. Baylin and Jones 2011;
Bergman and Cedar 2013; Suva et al. 2013; Hamidi et al. 2015].

In mammals, DNA methylation patterns are introduced during early develop-
ment and maturation of germ cells by DNA methyltransferases DNMT3A and
DNMT?3B, with the help of the stimulatory factor DNMT3L. DNMT3A and
DNMT?3B have been traditionally 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,
DNMT?3 enzymes are highly expressed in undifferentiated cells and germ cell pre-
cursors 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),
where they are tightly bound to nucleosomes containing methylated DNA (Jeong
et al. 2009; Sharma et al. 2011).

After its establishment, the methylation pattern is perpetuated for the rest of the
life of an organism, with only small tissue-specific changes. The palindromic nature
of the CpG sites provides an elegant mechanism for the inheritance of the DNA
methylation mark, because the methylation information is encoded in both DNA
strands. During DNA replication the fully methylated CpG sites get converted to
hemimethylated sites, with the parental strand carrying the original methylation
mark and the daughter strand being devoid of methylation. The methylation pattern
is preserved after each round of DNA replication by the maintenance methyltrans-
ferase DNMT 1. This enzyme is present at the replication fork, where it works as a
molecular copy machine and quickly methylates the hemimethylated CpG dinucle-
otides, thereby restoring the original methylation pattern [for general reviews on
DNA methyltransferases, cf. Jeltsch 2002; Hermann et al. 2004a; Cheng and
Blumenthal 2008; Klose and Bird 2006; Jurkowska et al. 2011a]. DNMT]1 is ubig-
uitously and highly expressed in proliferating cells, representing the major DNA
MTase activity in somatic tissues throughout mammalian development, and is pres-
ent only at low levels in non-dividing cells (Robertson et al. 1999). The subnuclear
localization of DNMT1 changes dynamically during cell cycle; it is diffusely dis-
tributed in the nucleus during interphase, when cells are not replicating, and local-
izes to the replication foci in S-phase, creating a characteristic punctuate pattern
when cells actively synthesize DNA (Easwaran et al. 2004; Leonhardt et al. 1992).
However, it has been recently recognized that this traditional division of tasks into
de novo and maintenance methyltransferases is an oversimplification and that DNA
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methylation is more correctly described as a dynamic process of ongoing methyla-
tion and demethylation and that DNMT1, DNMT3A, and DNMT3B all play roles
in both de novo and maintenance methylation (Jeltsch and Jurkowska 2014). Hence,
the dynamic regulation and targeting of DNMTs control the methylation state of
each CpG site, thereby governing all the biological processes associated with DNA
methylation. As a consequence, the complex role of DNA methylation in human
biology cannot be decoded without understanding of the properties of the DNMTs,
including their regulation, targeting, and interaction with other chromatin factors.

2 General Features of Mammalian DNMTs
2.1 Structure and Domain Composition

Recent structural and biochemical data on DNMTs provided compelling evidence
that the arrangement of the particular domains within the methyltransferases plays a
central role in the regulation of the biological functions of these enzymes. The general
architecture of all three mammalian 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 catalysis (Fig. 1) (Jeltsch
2002; Hermann et al. 2004a; Jurkowska et al. 2011a). The N-terminal parts of vari-
able size are entirely different between the DNMT1 and the DNMT3 family. They
guide the nuclear localization of the enzymes; mediate their interaction with other
proteins, with regulatory nucleic acids (like non-coding RNAs), and with chromatin
modifications; are subject to posttranslational modifications; and are involved in the
allosteric regulation of the enzymes’ activity and specificity.

The C-terminal domains harboring the catalytic centers of the enzymes are
required for binding of the S-adenosyl-L-methionine (AdoMet) cofactor and the
DNA substrate. These parts contain the ten conserved amino acid motifs

4———————— N-terminal part =>4 C-terminal part =

DNA-(cytosine-C*)-MTase motifs
DMAPD PBD NLS RFTD CXXC BAH1 BAH2 (GK),I IvvIvVIll XX

DNMT1 [ | (I [T T (-

PWWP ADD I IWVNIIIIXX

DNMT3A [

PWWP ADD | IVVMIILIXX

DNMT38 [—

ADD | IVVNIII

DNMT3L

Fig.1 Domain structure of the mammalian DNMT enzymes. Abbreviations used: DMAPD DNA
methyltransferase-associated protein 1 interacting domain, PBD PCNA-binding domain, NLS
nuclear localization signal, RFTD replication foci-targeting domain, CXXC CXXC domain, BAH/
and BAH2 bromo-adjacent homology domains 1 and 2, GKn glycine-lysine repeats, PWWP
PWWP domain, ADD ATRX-DNMT3-DNMT3L domain. (With permission from Jeltsch and
Jurkowska 2016, Oxford University Press)
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characteristic for the common structure of all DNA-(cytosine-C5)-MTases (includ-
ing bacterial enzymes and catalytic domains of eukaryotic enzymes) called the
“AdoMet-dependent MTase fold,” which consists of a mixed seven-stranded f3-sheet,
formed by six parallel f-strands and a seventh strand in an antiparallel orientation
inserted into the sheet between strands five and six. Six helices surround the central
[-sheet on both sides (Cheng and Blumenthal 2008; Jeltsch 2002). This domain is
involved in both the cofactor binding (motifs I and X) and binding of the flipped
cytosine base, followed by 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 DNA recognition and specificity.

2.2 Catalytic Mechanism

DNA-(cytosine-C5)-methyltransferases catalyze the transfer of the methyl group
from a cofactor molecule to the C5 position of cytosine residues. In this reaction,
5-methylcytosine (SmC) is created, and the AdoMet is converted to 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 prox-
imity is not possible while the base is located inside the DNA double helix; there-
fore DNA methyltransferases flip their target base out of the DNA during catalysis
and bury it into a hydrophobic pocket of their active center. The base-flipping mech-
anism was first discovered in 1994 for the bacterial DNA C5-MTase M.Hhal
(Klimasauskas et al. 1994). Later, it became clear that it is common to all DNA
methyltransferases (Cheng and Roberts 2001; Jeltsch 2002). Flipping of the cyto-
sine base was also observed in the crystal structure of DNMT1 with bound substrate
DNA that has been solved recently (Song et al. 2012).

The methylation of the C5 position of cytosine is not an easy task, because cyto-
sine is an electron-poor aromatic system and the C5 position is not intrinsically
reactive, such that it will not attack the activated methylsulfonium group of AdoMet
spontaneously. Therefore, a key step in the catalysis of the DNA-(cytosine-C5)-
methyltransferases is the nucleophilic attack of the catalytic cysteine residue located
in the PCQ motif (motif IV) on the C6 position of the cytosine 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 the ENV motif (motif VI) has been proposed to carry out
this reaction. In addition, the arginine residue from the RXR motif (motif VIII) may
be involved in the stabilization of both the glutamate and the cytosine base. 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 elimination reaction (Cheng and
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Roberts 2001; Jeltsch 2002). For DNMT1, kinetic isotope effects have recently
confirmed this two-step mechanism (Du et al. 2016). For DNMT3A, mutations of
the key catalytic residues were found to reduce the catalytic activity, although in
some cases an unexpected residual activity was observed (Reither et al. 2003;
Gowher et al. 2006; Lukashevich et al. 2016).

Further mechanistic details of DNMTs, including their specificity, processivity,
oligomerization, and the mechanism of DNA binding, will be discussed below for
the individual enzyme families.

23 Regulation and Targeting of DNMTs

Despite tremendous progress in understanding the biochemical properties of the
mammalian DNA methyltransferases, their regulation in cells has only begun to be
uncovered. Since mammalian DNMTs do not have strong sequence specificity for
target DNA regions, their targeting combined with regulation of their activity must
play a central role in the generation of methylation patterns. Recently, major discover-
ies have been made, which showed the involvement of the N-terminal domains of the
mammalian DNMTs in the enzymes’ targeting and regulation. In this context, the
ADD and PWWP domains of DNMT3A and DNMT3B, as well as the RFTD of
DNMT]1, were shown to directly bind modified histone H3 tails. Moreover, various
domains (the ADD domain in DNMT3A and the CXXC and RFTD domains in
DNMT1) showed an autoinhibitory interaction with the catalytic domain, demonstrat-
ing that the activity of the enzymes is under tight allosteric control. Similarly, the
interaction of the N-terminal domains of DNMTs with other proteins has been shown
to regulate the enzymes’ activities and genome targeting. Thus, allosteric control rep-
resents a unifying concept in the regulation of DNMTs, which sets the stage for addi-
tional regulatory cues, like interacting proteins or RNAs, chromatin modifications or
PTMs, which can then affect key enzymatic properties of the methyltransferases by
influencing the allosteric conformation changes.

Several interaction partners of DNMTs have been described so far, for example,
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), MeCP2 (Fuks et al. 2003b; Kimura and Shiota 2003) (Rajavelu et al. manu-
script in preparation), or USP7 (Du et al. 2010), whose effect on the MTases has
been thoroughly studied. Other important interaction partners, like HP1-beta (Fuks
et al. 2003a), Mbd3 (Datta et al. 2005), the c-myc oncogene (Brenner et al. 2005);
PU.1 and RP58 transcription factors (Suzuki et al. 2006; Fuks et al. 2001); the zinc
finger proteins ZHX1 and Trim28 (Kim et al. 2007; Quenneville et al. 2011); the pro-
tein lysine methyltransferases (PKMTs) G9a, SUV39HI1 (Fuks et al. 2003a), EZH2
(Vire et al. 2006), and SETDBI1 (Li et al. 2006); and the 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 detail. Finally, various aspects of
the biological function of DNMTs, including their targeting and activity in cells,
are regulated by posttranslational modifications (PTMs). Until now, multiple PTMs,
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including phosphorylation, acetylation, ubiquitination, SUMOylation, and methyla-
tion, have been identified on mammalian DNMTS in proteomic studies. PTMs are
ideally suited to mediate regulation of DNMTSs’ function, either by direct effects
on the catalytic activity or by recruiting modification-specific readers that could
then influence the enzyme’s stability, activity, localization, or interaction with other
proteins. Notably, the few modifications that have been functionally characterized
revealed the important regulatory potential of PTMs, opening the field for future
research.

Finally, non-coding RNA 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 methyla-
tion exists, in which the RNA sequence directly guides DNA methylation (Matzke
and Mosher 2014). Although this pathway is absent in mammals, binding of small
and long non-coding RNAs to mammalian DNMTs has been shown to guide and
regulate their activity. In addition, the piRNA-mediated DNA methylation in the
germ line of many animals, including mammals (Iwasaki et al. 2015), recapitulates
many features of an RNA-directed DNA methylation pathway, but its mechanism is
not yet understood at molecular level. The direct regulation of DNA methylation by
genome-encoded non-coding RNAs adds another dimension to the complex interplay
between genetic information (encoded in the DNA sequence) and epigenetic informa-
tion (encoded in the chromatin modification pattern, including DNA methylation).

3 Structure, Function, and Mechanism of DNMT1
3.1 Domain Composition of DNMT1

DNMT1 is a large enzyme, comprising 1620 amino acids in mouse and 1616 amino
acids in human, but different isoforms of DNMT 1, resulting from alternative splic-
ing or the 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. 1). The N-terminal part serves as a
platform for the assembly of various proteins involved in the control of chromatin
structure and gene regulation.

The very N-terminus of DNMT1 contains the DMAP1 (DNA methyltransferase-
associated protein 1) interaction domain that is involved in the interaction of
DNMT1 with DMAPI, a transcriptional repressor, and in the stability of DNMT1 in
cells. Next to it, the PCNA (proliferating cell nuclear antigen)-binding domain
(PBD) has been mapped (Chuang et al. 1997). This interaction is involved in the
targeting and tethering of DNMTT1 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 chromatin (Easwaran
et al. 2004). This domain interacts with the UHRF1 (ubiquitin-like with PHD and
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a b RFT

Fig.2 Structures of DNMT]1 with different N-terminal domains. (a) DNMT] in active conforma-
tion with DNA (green) bound in the active site (Song et al. 2012). Removal of the autoinhibitory
RFT domain can be triggered by UHRF1 (Berkyurek et al. 2014; Bashtrykov et al. 2014a). (b)
DNMT1 with unmethylated DNA bound to the autoinhibitory CXXC domain (Song et al. 2011).
(c) DNMT1 with the RFT domain blocking access to the active site (Takeshita et al. 2011). (With
permission from Jeltsch and Jurkowska 2016, Oxford University Press)

ring finger domains 1) protein, which harbors an SRA (SET- and RING-associated)
domain that specifically binds to hemimethylated DNA (see below). Moreover, it
binds to ubiquitinated histone H3 tails, a modification introduced by the RING
domain of UHRF1 (Nishiyama et al. 2013; Qin et al. 2015). Next, the N-terminal
part of DNMTT contains a CXXC domain that is composed of eight conserved cys-
teine residues that bind two zinc ions and which binds unmethylated DNA (Pradhan
et al. 2008; Song et al. 2011; Bashtrykov et al. 2012a). The CXXC domain is fol-
lowed by the BAH1 and BAH2 (bromo-adjacent homology 1 and 2) domains that
have been proposed to act as protein-protein interaction modules; however, their
functional role in DNMT1 is unknown.

The C-terminal domain of DNMT1 contains the catalytic center of the enzyme,
but it is not active in an isolated form, both in vitro and in vivo, despite the presence
of all motifs required for the methylation function (Fatemi et al. 2001; Margot et al.
2003). It has been shown that the N- and C- terminal parts of DNMT1 directly inter-
act and that the catalytic domain of DNMTI is under allosteric control of its
N-terminal domain. The structural arrangement of the particular domains in DNMT 1
has recently been revealed by crystallographic studies (Song et al. 2011, 2012;
Takeshita et al. 2011; Syeda et al. 2011) (Fig. 2). They demonstrated that the various
domains in the N-terminal part of DNMT1 surround and contact the C-terminal
catalytic domain. However, all currently available structures of DNMT1 were
obtained with truncated proteins, raising the possibility that they might not reflect
the exact domain arrangement of the full-length protein.

3.2 Structures of DNMT1 and Allosteric Regulation

In recent years, several structures of the 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). They all confirmed that DNMT1 adopts the typical
AdoMet-dependent MTase fold described above. These studies revealed that the
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enzyme unexpectedly undergoes large domain rearrangements, which allosterically
regulate its catalytic activity (Fig. 2).

A DNMT1 C-terminal fragment lacking the RFT and CXXC domains adopted
an open conformation, in which the enzyme was able to bind substrate DNA and
show high catalytic activity (Song et al. 2012) (Fig. 2a). This complex 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 base flipped out of the DNA helix and bound to DNMT1 in a
manner reminiscent of other DNA MTases. In addition, this structure also showed
additional unforeseen rearrangements in the DNMT1-DNA structure, including the
formation of a non-Watson/Crick base pair of the orphan G residue with a G flank-
ing 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.
However, biochemical experiments could not provide evidence for this reshuffling
of base pairs and double-base flipping (Bashtrykov et al. 2012b), which suggests
that the structure still may not capture the true transition state of the enzyme reac-
tion. Moreover, the complex structure revealed several contacts of the enzyme to the
target CpG site, which were validated in kinetic studies as essential for the enzyme
activity and the recognition of the CpG site (described in detail in Sect. 3.3)
(Bashtrykov et al. 2012b).

Furthermore, a structure of DNMT1 containing the CXXC domain showed a
CpG site-specific binding of an unmethylated DNA not to the active center, but to
the CXXC domain (Song et al. 2011) (Fig. 2b). This observation led to the proposal
that the CXXC domain has an autoinhibitory function and it acts like a specificity
filter in DNMT1 by preventing unmethylated DNA from accessing the active site.
Kinetic experiments with the same DNMT 1 version 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 evi-
dence for a role of the CXXC domain in the specificity of DNMT1 (Bashtrykov
et al. 2012a), indicating that this point deserves further attention.

Finally, another crystal structure of an almost complete DNMT]1 fragment, but
without DNA, provided additional seminal insight into the mechanism of DNMT1
by showing that the RFT domain binds to the active site cleft of the catalytic domain,
thereby inhibiting the enzyme (Takeshita et al. 2011) (Fig. 2c). Autoinhibition was
observed in biochemical studies as well (Takeshita et al. 2011; Syeda et al. 2011),
and by engineering of this interface it was possible to alter the conformation of
DNMTI, 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 surface clefts of the domains.
Both the linkers and the clefts are subject to many reported PTMs in DNMT]1,
including phosphorylation, acetylation, and ubiquitination, which might directly
control the positioning of these domains in DNMT 1. Accumulating evidence indi-
cates that the autoinhibitory mechanism of the RFT domain plays a central role
as an allosteric trigger in DNMT1 (Fig. 2). Indeed, the interaction of the RFTD
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with UHRF1 has been shown to stimulate the activity of DNMT1 by relieving
autoinhibition (Berkyurek et al. 2014; Bashtrykov et al. 2014a), and its interaction
with ubiquitinated H3 also leads to the activation of the MTase (Nishiyama et al.
2013; Qin et al. 2015).

33 Specificity of DNMT1

DNMT1 shows a preference for hemimethylated DNA as compared to unmethyl-
ated substrates, supporting its role as maintenance MTase (Bashtrykov et al. 2012a,
b; Fatemi et al. 2001; Goyal et al. 2006; Song et al. 2012). Its intrinsic preference
for hemimethylated DNA has been estimated to about 30-40-fold (Jeltsch 2006),
but it depends on the exact substrate sequence, its length, and the reaction condi-
tions. This preference has been investigated for decades, as it is one of the mecha-
nistic foundations of the role of DNA methylation 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 DNMT] 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 SmC 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, if a structure of DNMT1 with an unmeth-
ylated DNA bound to the active center became available, which currently is not the
case. The recognition of the SmC-G base pair is mediated by M1535, K1537,
Q1538, and R1237, which form side chain and backbone H-bonds to the edges of
the base pair in the major and minor groove (Song et al. 2012). These interactions
explain why the SmC and the corresponding G in the target DNA strand are very
accurately recognized by DNMT1 and why they cannot be exchanged by other
nucleotides (Bashtrykov et al. 2012b).

3.4 Processivity of DNMT1

DNMTT is a highly processive enzyme, able to methylate long stretches of hemi-
methylated DNA without dissociation from the substrate, a property that fits per-
fectly to its function as a molecular copy machine at the DNA replication fork (Goyal
et al. 2006; Hermann et al. 2004b; Vilkaitis et al. 2005). Interestingly, processive
methylation is restricted to 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 a 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 dissociation 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 chromatin
is reassembled.
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3.5 Allosteric Regulation and Targeting of DNMT1

3.5.1 The DNMT1-PCNA Interaction

The subnuclear localization of DNMT1 changes dynamically during the cell cycle
(Hermann et al. 2004a; Jurkowska et al. 2011a). It is diffusely distributed in the
nucleus during interphase when cells are not replicating. In the early and mid-S-
phase, DNMT 1 localizes to the replication foci in cells actively synthesizing DNA,
creating a characteristic punctuate pattern. 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 replication
foci-targeting domain (RFTD) (Leonhardt et al. 1992), and the BAH domains (Liu
et al. 1998) (Fig. 2). However, deletion of the RFTD or BAH domains did not affect
the delivery of DNMTT to the replication fork (Easwaran et al. 2004), suggesting
that the PBD 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. In addition, both proteins co-
localize in vivo, indicating that PCNA might recruit DNMTT to the replication fork
and load it onto DNA. Indeed, the expression of a truncated DNMT1, lacking parts
of the PBD, 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, indicat-
ing that the interaction of PCNA with DNMT1 contributes to the efficiency of DNA
re-methylation, but it is not absolutely necessary for this process. In addition,
in vitro experiments provided evidence that the interaction with PCNA increases
DNA binding and catalytic activity of DNMT1 (lida et al. 2002), uncovering the
first molecular details of this process.

During progression of the S-phase, the subnuclear pattern of DNMT1 localiza-
tion 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 repli-
cating heterochromatic satellite DNA (Leonhardt et al. 1992; O’Keefe et al. 1992;
Easwaran et al. 2004). In addition, some DNMT1 remains associated with centro-
meric heterochromatin in the late S- and G2-phases, even after heterochromatin rep-
lication. The interaction with heterochromatin is mediated by the PBD and occurs
in a replication-independent manner (Easwaran et al. 2004), and it is at least in part
mediated by the UHRF1 protein, as described in the next paragraph.

3.5.2 The DNMT1-UHRF1 Interaction

Another pathway of DNMT1 targeting has been discovered more recently with the
finding that UHRF1 is required for maintaining DNA methylation in mammals
(Bostick et al. 2007; Sharif et al. 2007). UHRF1 specifically binds to hemimethyl-
ated 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 localiza-
tion to replicating heterochromatin is dependent on the presence of hemimethylated
DNA (Sharif et al. 2007). UHRF]1 co-localizes with DNMT1 and PCNA at replicat-
ing heterochromatic regions during mid- to late S-phase, and DNMT1 association
with chromatin is lost in UHRF1 knockout (KO) cells (Sharif et al. 2007; Bostick
et al. 2007). Remarkably, the phenotype of the UHRF1 KO in mice mimics that of the
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Fig.3 Regulatory mechanisms controlling the activity and stability of DNMT1. The figure illus-
trates the complex interplay between DNMT1, UHRFI, and chromatin. Enzymatic activities are
indicated by arrows. Binding (“reading”) interactions are symbolized by dotted lines. For details
cf the text

DNMT1 KO, as UHRF1-deficient embryos die shortly after gastrulation and show
significantly reduced levels of DNA methylation (Sharif et al. 2007), indicating that
UHREF]1 has a central role in the maintenance of DNA methylation. These data led
to a model that UHRFI recruits DNMT]1 to replicated hemimethylated DNA to
facilitate its efficient re-methylation (Jeltsch 2008) (Fig. 3).

Later, it was found that two reading domains of UHRF1 recognize histone marks:
the tandem Tudor domain (TTD) of UHRF1 binds methylated lysine 9 and unmeth-
ylated lysine 4 on histone 3 tail (Nady et al. 2011; Rothbart et al. 2012) and the plant
homeodomain (PHD) of UHRF]1 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 localization of UHRF1 to heterochromatin and for
maintenance 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 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, and the interaction with hemimethylated DNA
by UHRFI are all necessary for the guidance of DNMT1 and faithful maintenance
of DNA methylation (Rothbart et al. 2013; Liu et al. 2013) (Fig. 3).

In addition to its role in targeting of DNMT1, UHRF1 was also shown to stimu-
late the catalytic activity of DNMT1 directly, 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 was shown to
ubiquitinate H3 at K18 and K23 (Nishiyama et al. 2013; Qin et al. 2015).
Ubiquitinated H3 is bound by DNMT1, leading to the stimulation of its methyl-
transferase activity. In addition, UHRF1 is involved in the ubiquitination of DNMT],
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which reduces DNMT 1'’s stability (see below). All these observations demonstrate
that UHRFI is a multifaceted regulator of DNMT1 and the entire maintenance
DNA methylation machinery (Fig. 3).

3.5.3 Binding of the DNMT1-RFTD to H3 Ubiquitination

Recent studies demonstrated that UHRF1-dependent ubiquitination of histone H3
has an essential role in DNMT1 function, as a catalytically inactive RING domain
mutant of UHRF1 failed to recruit DNMT1 to the replication sites (Nishiyama
et al. 2013). The molecular mechanism of this observation has begun to be uncov-
ered with the finding that DNMT1 preferentially associates with ubiquitinated H3
though its replication foci-targeting domain and that this interaction leads to the
activation of the enzyme (Nishiyama et al. 2013; Qin et al. 2015). The ubiquitina-
tion 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). Ubiquitination has been observed
at K18 and K23 of H3 and also on DNMT1 itself, but it is unclear at present how
these findings are related. These data indicate an important additional connection
between the DNMT1 and UHRF1 chromatin interactions, which is essential for an
efficient maintenance methylation to occur (Fig. 3).

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

DNMTT has been shown to possess multiple DNA-binding sites, which contribute
to the allosteric regulation of its activity and specificity. Many groups have 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 sub-
strates. The molecular mechanism of the allosteric activation of DNMT1 is
unknown; 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 process. In
addition, an inhibitory effect of unmethylated substrates was demonstrated in sev-
eral 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 bind-
ing 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 derepression 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 different sites is not clear at
present.
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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 completely unmethylated. The occurrence of the bimodal methyla-
tion patterns could be explained by the allosteric binding of the substrate DNA to a
secondary site, because DNMT1 would be activated on methylated regions and
inactivated on unmethylated DNA. Consequently, highly methylated regions will
tend to gain methylation, whereas low methylated regions will tend to lose even
their residual methylation.

In addition to DNA, DNMT1 has been shown to bind different RNAs. Initial stud-
ies showed that DNMTI1 purified from insect cells contains inhibitory RNA
(Glickman et al. 1997a). Later, it had been discovered that RNA binding regulates the
activity of DNMTT1 in a locus-specific manner. A long non-coding RNA (ncRNA)
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
proposed a model, in which the ncRNAs transcribed at one locus function as a shield
for this locus preventing its methylation. Thereby, the expression of the locus would
be perpetuated. Recently, it was also reported that DNMT1 binds to miRNAs like
miR-155-5p. Similarly as the long non-coding RNAs, miRNAs function as inhibitors
of DNMT1, and the transfection of miRNAs to cells caused changes in the cellular
methylation (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 miR-
NAs act as DNA-competitive inhibitors (Zhang et al. 2015a). These findings suggest
that the inhibition of DNMT1 by RNAs is based on a direct competition of the RNA
inhibitor and DNA substrate 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 yet understood at a molecular level
and deserve additional experimental work.

3.6 PTMs of DNMT1

3.6.1 Phosphorylation of DNMT1

DNMT1 is subject to several posttranslational modifications like phosphorylation,
methylation, ubiquitination, acetylation, and SUMOylation. Following the initial
identification of S515 as a major phosphorylation site in DNMT]1 purified from
insect cells (Glickman et al. 1997b), several more phosphorylated serine and threo-
nine residues have been identified in targeted and high-throughput proteomic
approaches with DNMT1 purified from human cells. Currently, >60 phosphoryla-
tion sites have been mapped on human and mouse DNMT1 (http://www.phospho-
site.org), but only few of them have been functionally studied. The phosphorylated
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S515 is involved in the interaction between the N-terminal and catalytic domains of
DNMT1 that is necessary for the activity of the enzyme (Goyal et al. 2007).
Phosphorylation of S146 introduced by casein kinase 1 delta/epsilon decreases the
DNA-binding affinity of DNMT1 (Sugiyama et al. 2010), and phosphorylation of
S127 and S143 regulates the interaction of DNMT1 with PCNA and UHRF1
(Hervouet et al. 2010). Moreover, phosphorylation of DNMT1 by PKC has been
reported, but the target sites have not been identified yet (Lavoie et al. 2011). The
S143 of DNMT1 is phosphorylated by AKT1, which leads to the stabilization of the
methyltransferase (Esteve et al. 2011). Recently, a specific 14-3-3 family reader
protein for this modification has been identified (Esteve et al. 2016). It binds to the
phosphorylated DNMT1, leading to the inhibition of DNMT1 activity, aberrant
DNA methylation, and cell invasion (Esteve et al. 2016). The functional signifi-
cance of many of the other phosphorylations in DNMT1 still a waits to be eluci-
dated. In particular, the influence of the PTMs on the allosteric regulation of DNMT 1
activity and specificity needs to be studied.

3.6.2 Acetylation of DNMT1

Multiple acetylation sites have been identified on DNMT1 up to date in proteomic
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 involve-
ment of acetylation in the control of DNMT1 stability (Zhou et al. 2008; Peng et al.
2011). Recently, an elegant mechanism regulating the abundance of DNMT 1 during
the cell cycle has been identified. It starts with the acetylation of DNMT1 by the
acetyltransferase Tip60, in the KG linker, followed by UHRFI-mediated ubiquiti-
nation, resulting in proteasomal degradation of DNMT at the end of DNA replica-
tion. 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 has been solved and revealed that this interaction is
dependent on the KG linker of DNMT]1, explaining why acetylation of this region
impairs complex formation and promotes degradation of DNMT1 (Cheng et al.
2015). In addition, it has been shown that SIRT1 deacetylates DNMT1 at several
sites and thereby regulates the activity and function of the methyltransferase
(Peng et al. 2011).

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 during late S-phase and it
promotes proteasomal degradation of the enzyme in a cell cycle-dependent manner
(Esteve et al. 2009). The methylation level is higher in the absence of the LSDI
lysine demethylase, suggesting that the K142 methylation of DNMT|1 is reversible
and can be removed by LSD1 (Wang et al. 2009). In addition, it is antagonistic with
the phosphorylation of DNMT1 at S143 by AKT1 kinase described above (Esteve
etal. 2011).
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4 Structure, Function, and Mechanism of DNMT3 Enzymes
4.1 Domain Composition of DNMT3 Proteins

The DNMT3 family contains three members: DNMT3A, DNMT3B, and DNMT3L,
which in human comprise 912 aa, 853 aa, and 387 aa, respectively (Fig. 1). Several
isoforms of DNMT3A and DNMT3B, resulting from alternative splicing or the use
of alternative start codons, have been identified both in mice and human (Jurkowska
et al. 2011a). Besides the C-terminal domain required for catalysis, DNMT3A and
DNMT3B possess an N-terminal domain involved in the targeting of the enzymes
to chromatin and regulation of their function (Jurkowska et al. 2011a). In this part,
two functional domains are present: the ADD (ATRX-DNMT3-DNMT3L) domain,
also known as PHD (plant homeodomain), and the PWWP domain, which is miss-
ing in DNMT3L.

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), E2H2 (Vire et al. 2006), and deacetylase HDACI1; reading domain
proteins, including HP18 (Fuks et al. 2003a), Mbd3 (Datta et al. 2005), and MeCP2
(Kimura and Shiota 2003; Fuks et al. 2003b; Rajavelu et al., manuscript in prepara-
tion), as well as transcriptional factors PU.1 (Suzuki et al. 2006), Myc (Brenner
et al. 2005), and RP58 (Fuks et al. 2001); and remodeling factors hSNF2 (Geiman
et al. 2004) and SMARCA4 (Datta et al. 2005). The ADD domain has been impli-
cated 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 could have direct regulatory effects on the
catalytic activity of the MTase.

The PWWP domain of DNMT3A and DNMT3B is a conserved 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).
It has been shown that the PWWP domains of DNMT3A and DNMT?3B specifically
recognize the H3K36 trimethylation mark (Dhayalan et al. 2010; Baubec et al.
2015). These domains are essential for the targeting of DNMT3 enzymes to peri-
centromeric 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). It has been suggested that the PWWP domain would
synergistically bind both H3K36me3 histone tail and DNA through its conserved
aromatic cage and a positively charged surface, respectively (Qin and Min 2014;
Qiu et al. 2002; Rondelet et al. 2016). 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).
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The part of DNMT3A and DNMT3B N-terminal to the PWWP domain is the
least conserved region between both enzymes. Consequently, this part may be
responsible for targeting of the enzymes to different genomic loci. This domain was
shown to bind DNA (Suetake et al. 2011), and it is important for anchoring the
enzymes to nucleosomes (Jeong et al. 2009; Baubec et al. 2015). However, up to
date no molecular or biological function has been assigned to this part.

The C-terminal domains of DNMT3A and DNMT3B, which enclose the cata-
Iytic centers of the enzymes, share approximately 85 % sequence homology, and, in
contrast to the catalytic domain of DNMT]1, they are active in an isolated form
(Gowher and Jeltsch 2002) and have been used as a model system to study the cata-
lytic mechanism and specificity of the DNMT3 proteins. Interestingly, isolated cata-
lytic 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). It has been shown recently that the ADD
domain of DNMT3A, which directly interacts with the catalytic domain of the
methyltransferase, is responsible for this inhibition in the absence of histones (Guo
et al. 2015) (Fig. 4). This model is further supported by kinetic experiments, show-
ing that binding of ADD domain of DNMT3A to H3 tail stimulates the activity of
the enzyme (Guo et al. 2015; Li et al. 2011; Zhang et al. 2010).

DNMT?3L, the third member of the DNMT3 family, lacks parts of the N-terminal
region including the PWWP domain. Strikingly, it carries amino acid exchanges and
deletions within the conserved DNA-(cytosine-C5)-MTase motifs, which include
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.

4.2 Structures of DNMT3A and Allosteric Regulation

Up to date, structures containing truncated DNMT3A/DNMT3L complexes (Jia
et al. 2007; Guo et al. 2015) and one structure of DNMT3L (Ooi et al. 2007) have
been solved. In addition, the structures of isolated ADD and PWWP domains in free
and peptide-bound forms have been obtained as well (Otani et al. 2009; Qiu et al.
2002; Rondelet et al. 2016). The structure of the complex of the C-terminal domains
of DNMT3A/DNMT3L has been solved in 2007, being the first structure published
for a mammalian DNMT. It showed that the complex forms a linear heterotetramer
consisting of two DNMT3L (at the edges of the tetramer) and two DNMT3A mol-
ecules (in the center) (Jia et al. 2007) (Fig. 4). The heterotetrameric structure of the
complex was confirmed in solution (Jurkowska et al. 2008). The structure also
revealed that the C-terminal domain of DNMT3A contains two interfaces for pro-
tein-protein contacts: a hydrophobic one generated by the stacking interaction of
two phenylalanine residues (called FF interface), which mediates the DNMT3A/
DNMT?3L interaction, and a polar interface generated by a hydrogen-bonding net-
work between arginine and aspartate residues from both subunits (called RD inter-
face), which can only mediate DNMT3A/DNMT3A interactions, since the
corresponding region is absent in DNMT3L. DNA-binding studies showed that the
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ADD bound to
allosteric site

ADD bound to
autoinhibitory site

Dnmt3L Dnmt3A Dnmt3A Dnmt3L

Fig. 4 Structure and allosteric regulation of DNMT3A. The picture shows the structure of the
DNMT3A/DNMT3L heterotetramer (Jia et al. 2007). The ADD domain of the dark blue DNMT3A
subunit is shown in the autoinhibitory conformation (orange) and in the active conformation (red)
(Guo et al. 2015); the ADD domain of the cyan DNMT3A subunit has been omitted for clarity.
Binding of the H3 peptide (purple) to the ADD domain occurs by interaction with the residues,
which are involved in the autoinhibitory-binding interface. Therefore, peptide binding is only pos-
sible 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). (With permission from Jeltsch and Jurkowska
2016, Oxford University Press)

central DNMT3A/DNMT3A interface in the tetramer creates the DNA-binding site,
while both interfaces are essential for AdoMet binding and catalytic activity
(Jurkowska et al. 2008). The dimerization of DNMT3A via the RD interface
increases the size of the DNA interface, and this may compensate for the small TRD
of DNMT?3A. It is interesting to note that this arrangement is different in prokary-
otic DNA MTases, some of which also dimerize (including M.RsrI (Scavetta et al.
2000) and M.Mboll (Osipiuk et al. 2003), which have been structurally character-
ized). Different from DNMT3A, in these cases dimers containing two symmetri-
cally related separate DNA-binding sites are formed.

Recently, new structures of a longer DNMT3A C-terminal fragment including the
ADD domain in complex with DNMT3L have been solved and made seminal contri-
butions to our understanding of 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 conformation
(allosteric binding), while it blocks access to the active center and inhibits catalysis
in the other (autoinhibitory binding) (Guo et al. 2015) (Fig. 4). These data indicate
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that DNMT?3A, like DNMT]1, is under tight allosteric control by domain rearrange-
ments, illustrating a fascinating convergence of the regulatory mechanisms 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 DNMT?3A depends on its binding to the ADD domain, leading to the stabi-
lization of the ADD at the allosteric binding site (Li et al. 2011; Guo et al. 2015).

4.3 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. Although both enzymes methylate cytosine residues predominantly in the
context of CpG dinucleotides, they can also introduce methylation 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 are widespread in embryonic
stem (ES) cells and brain, where DNMT3A and DNMT3B enzymes are highly
expressed, but not in cells where DNMT3 enzymes are downregulated (Lister et al.
2009; Varley et al. 2013; Lister et al. 2013; Guo et al. 2014). Recently, a survey of
the human body epigenome revealed an unexpected presence of non-CpG methyla-
tion at lower levels in almost all human tissues (Schultz et al. 2015). Studies with
different DNMT KO cell lines confirmed that DNMT3 enzymes introduce the non-
CpG methylation in cells (Ziller et al. 2011; Arand et al. 2012). Methylation outside
of the CpG context cannot be maintained by DNMT1, which is very specific for
CpG sites. Recently, evidence was provided that non-CpG methylation can recruit
MeCP2 (Guo et al. 2014; Gabel et al. 2015; Chen et al. 2015), disruption of which
is implicated in the Rett syndrome, leading to the repression of long genes in the
brain (Gabel et al. 2015).

In addition to their preference for the methylation of CpG sites, both DNMT3A
and DNMT3B are very sensitive to the sequences flanking their target 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 was shown that purine
bases are preferred at the 5’ end of the CpG sites, whereas pyrimidines are favored
at their 3’ end (Lin et al. 2002; Handa and Jeltsch 2005; Jurkowska et al. 2011c).
Interestingly, experimental flanking preferences of DNMT3A and DNMT3B cor-
relate with the statistical data on the methylation levels of CpG sites found in the
human genome (Handa and Jeltsch 2005; Zhang et al. 2009), suggesting that the
inherent sequence preferences of de novo enzymes might contribute to the selection
of specific genomic regions that undergo methylation. One further consequence of
the strong flanking sequence preferences of DNMT3A and DNMT?3B 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
automatically leads to the preferential methylation of one strand, meaning that
DNMT3 enzymes tend to generate hemimethylated products. In vitro experiments
have shown that the products of DNMT3A methylation can be readily methylated
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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 resi-
dues in the DNA-binding site of DNMT3A showed that exchanges of critical resi-
dues causes massive changes of flanking sequence preferences (Gowher et al. 2006).
Interestingly, this includes the exchange at R881, a residue frequently mutated in
AML cancer (Hamidi et al. 2015). However, mechanistic understanding of the non-
CpG recognition and flanking sequence preferences of DNMT3 enzymes awaits the
availability of structures of DNMT3 enzymes with bound substrate DNA.

4.4 Processivity 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 shown to methylate 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 manner (Holz-Schietinger
and Reich 2010). However, at the same time, DNMT3A was shown to bind coopera-
tively to DNA forming large multimeric protein/DNA fibers (Jia et al. 2007;
Jurkowska et al. 2008; Rajavelu et al. 2012) (Fig. 5). These properties appear mutu-
ally 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. Recent biochemical studies did not
detect processive DNA methylation by DNMT3A (Emperle et al. 2014).

4.5 Oligomerization of DNMT3 Enzymes

DNMT?3 enzymes have been shown to exhibit a complex oligomerization and mul-
timerization potential including two independent orthogonal multimerization reac-
tions [for a review cf. Jeltsch and Jurkowska 2013]. First, DNMT3A multimerizes
on DNA and binds to DNA in a cooperative manner, 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 subchapters (Fig. 5).

4.5.1 Multimerization of DNMT3A and DNMT3A/DNMT3L on DNA

As described above, DNMT3A forms a linear heterotetrameric complex with
DNMTS3L, in which two central DNMT3A subunits interacting via the RD inter-
face generate the DNA-binding pocket (Fig. 5a) (Jia et al. 2007; Jurkowska et al.
2008). DNA binding by DNMT3A is nonspecific (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. 5). Interestingly, two adjacent DNMT3 complexes
in such filament contact one CpG site in both DNA strands providing an option
for the enzyme to directly methylate both DNA strands (Jurkowska et al. 2008).
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a b Multimerization of DNMT3A or DNMT3A protein
DNMT3A/3L complexes on DNA multimerization
DNMT3L
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Potential 2D multimerization in heterochromatin

Fig. 5 Multimerization of DNMT3A and DNMT3A/DNMT3L complexes. (a) Structure of the
DNMT3A/DNMT3L complex with bound DNA is shown. (b) Schematic models of DNMT3A
multimerization on DNA, protein multimerization and binding to several DNA molecules, and the
combination of both processes

However, a productive interaction with neighboring CpG sites is only possible if
they are present in a distance of approximately 10 bps, 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 correlation
of methylation between sites localized ~10 bps apart (Jia et al. 2007; Jurkowska
et al. 2008). Interestingly, an enrichment of CpG sites in such distance is observed
in the differentially methylated regions (DMRs) of 12 maternally imprinted mouse
genes, which are biological substrates of the DNMT3A/DNMT3L complex, sug-
gesting that the favorable CpG spacing could make these sequences good sub-
strates for the MTase complex (Jia et al. 2007). Of note, the 10 bps periodicity of
the methylation patterns has been observed in genome-wide methylation studies
(Lister et al. 2009; Smallwood et al. 2011).

Multimerization of DNMT3A or DNMT3A/DNMT3L tetramers on DNA leads
to a cooperative DNA binding, as confirmed by different methods, including coop-
erative binding detected in gel retardation assays, sigmoidal binding curves of DNA
substrates observed in solution DNA-binding experiments, and direct imaging of
DNMT3-DNA filaments by atomic force microscopy (Jia et al. 2007; Jurkowska
et al. 2008; Rajavelu et al. 2012; Emperle et al. 2014). The interface of adjacent
DNMT3A complexes bound to DNA has been mapped to a loop within the putative
TRD of DNMT3A, and mutation of residues within this region disrupted multimer-
ization (Rajavelu et al. 2012). Interestingly, it also led to the loss of heterochromatic
enrichment of DNMT3A, suggesting that cooperative DNA binding and multimer-
ization of DNMT3A complexes on DNA contribute to the heterochromatic localiza-
tion of the enzyme in cells. Recent studies have further shown that the cooperative
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binding of DNMT?3A to long DNA substrates increases the rate of DNA methyla-
tion (Emperle et al. 2014), indicating that it is important for DNA methylation by
DNMT3A. However, the exact role of cooperative DNA binging of DNMT3A in
cells needs further investigation. In addition, the sizes of DNMT3A-DNA filaments
in living cells are currently unknown; one may speculate that binding of up to five
complexes would be possible in the linker DNA regions. This is in agreement with
biochemical data showing preferential methylation of linker DNA by DNMTS3
enzymes in vitro (Gowher et al. 2005b; Takeshima et al. 2008; Felle et al. 2011). In
vivo studies also confirmed this observation, showing that DNMT3B expressed in
yeast preferentially methylates linker DNA (Morselli et al. 2015). A similar pattern
was also observed after the reintroduction of DNMT3 enzymes into correspond-
ing KO ES cell lines (Baubec et al. 2015). Longer filaments may form if DNMT3
binding is coupled with nucleosome remodeling. Consistently, DNMT3 enzymes
were shown to form complexes with various chromatin remodelers, including
SMARCA4 (Datta et al. 2005), CHD4 (Cai et al. 2014), hSNF2 (Geiman et al.
2004), and HELLS (Zhu et al. 2006; Myant and Stancheva 2008), and the interac-
tion with HELLS is essential for DNA methylation (Muegge 2005). In line with this
model, it has been documented that remodeling activity promotes 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 DNA, in agreement with its strong binding to methylated chromatin (Jeong et al.
2009; Sharma et al. 2011).

4.5.2 Protein Multimerization of DNMT3 Enzymes

After the discovery of the heterotetrameric structure of DNMT3A/DNMT?3L, it was
also shown that DNMT?3A alone forms protein filaments (Fig. 5b), which can lead
to its reversible aggregation as observed in different studies (Jurkowska et al. 2011b;
Kareta et al. 2006). The reason for this is that the FF interface of the DNMT3A/
DNMTS3L tetramer is symmetric, so that it also supports the symmetric interaction
of two DNMT3A molecules in addition to the mixed interaction of DNMT3A with
DNMT?3L. Hence, each DNMT3A subunit contains two interfaces for trophic inter-
action with another DNMT3A subunit, the RD interface and the FF interface, which
explains why it can form protein fibers. Notably, the addition of DNMT3L directs
the preferential formation of defined DNMT3A/DNMT3L heterotetramers that can-
not oligomerize further, 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 such 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 biophysi-
cal experiments (Jurkowska et al. 2011b). The ability to form protein oligomers
plays a central role in the heterochromatin localization of DNMT3A, as non-
oligomerizing DNMT3A mutants affected at the interfaces lost the ability to bind to
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heterochromatin, despite the presence of intact PWWP and ADD domains. Since
heterochromatic DNA is densely packed, it can provide several DNA strands for
DNMT?3A interaction in matching geometry, and this might contribute to guiding
DNMT?3A to pericentromeric chromatin.

Despite significant progress in dissecting protein multimerization of the DNMT3
enzymes, many questions are still not resolved. For example, DNMT3A has been
shown to form catalytically active heterodimers with DNMT?3B that use the same
interfaces as described above for DNMT3A (Li et al. 2007). However, it is currently
unknown what are the relative affinities for the symmetric DNMT3A and DNMT3B
interactions, as compared to the mixed interaction of DNMT3A and DNMT3B at
the two interfaces. 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 pre-
ferred over the DNMT3A/DNMT3A interaction. Finally, the direct proof for the
existence of DNMT?3 protein multimers in cells that are larger than the tetrameric
structure observed in the DNMT3A/DNMT3L complex still needs to be provided.

4.6 Direct Chromatin Interaction of DNMT3 Enzymes

4.6.1 Binding of the DNMT3 ADD Domain to H3 Tails

The ADD domains of all three DNMT3 proteins were shown to interact specifi-
cally with histone H3 tails unmethylated at lysine 4 (Fig. 4), and the binding was
disrupted by either the di- and trimethylation or acetylation of K4 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). Interestingly, H3K4me1, which is observed at enhancers, does not hin-
der the binding of ADD much, but 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 have been solved (Ooi et al. 2007; Otani
et al. 2009). Interestingly, binding to H3 tails stimulates the methylation of chroma-
tin-bound DNA by DNMT?3A in vitro (Zhang et al. 2010) and it directly activates
DNMT?3A by an allosteric mechanism (Li et al. 2011). This regulatory mechanism
has recently been confirmed 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 stabi-
lizes the active conformation, leading to an allosteric activation of DNMT3A (Guo
et al. 2015). These results indicate that the ADD domain of DNMT3A can guide
DNA methylation in response to specific histone modifications and provide the
first evidence that DNA methyltransferases could be targeted to chromatin carrying
specific marks. Indeed, a strong correlation 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 important role in the generation of the genomic DNA meth-
ylation pattern. This hypothesis was recently experimentally verified, when it was
shown that a DNMT3A enzyme with an engineered ADD domain able to tolerate
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K4 methylation or T6 phosphorylation generates abnormal DNA methylation pat-
terns in cells (Noh et al. 2015) and DNMT3B artificially introduced in yeast does
not methylate genomic regions with high H3K4me3 content (Morselli et al. 2015).

4.6.2 Binding of DNMT3 PWWP Domain to H3 Methylated 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 to gene bodies, via
specific recognition of histone H3 tails trimethylated at lysine 36 (Dhayalan et al.
2010). In addition, the interaction of DNMT3A with H3K36me3 increases the
activity of DNMT3A on chromatin, which carries this mark (Dhayalan et al. 2010).
However, the molecular mechanism of this regulation remains unknown. These
findings can explain the genome-wide correlation of DNA methylation and
H3K36me3 methylation both in the gene bodies and in heterochromatin. 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).
Additionally, 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). A sub-
set of heterochromatin containing repetitive sequences with copy number variations
is strongly enriched in H3K36me3 (Ernst et al. 2011), which can explain the role of
the DNMT3A PWWP domain in the heterochromatic localization of the enzyme
and the strong correlation of DNA methylation and H3K36me3 observed in genome-
wide DNA methylation studies (Meissner et al. 2008; Hodges et al. 2009). The
central role of K36 methylation in targeting of DNA methylation has been experi-
mentally confirmed in yeast (Morselli et al. 2015) and in a study showing that the
methylation of gene bodies by DNMT3B directly depends on H3K36 methylation
and an intact DNMT3B PWWP domain (Baubec et al. 2015).

In addition to H3 binding, the PWWP domains of DNMT3A and DNMT3B were
shown to interact with DNA to a variable degree, with DNMT3B PWWP binding
DNA more strongly (Qiu et al. 2002; Purdy et al. 2010). Similarly, a combined
interaction with methylated H3K36 and DNA has been observed for other PWWP
domains as well (Dhayalan et al. 2010; van Nuland et al. 2013). This finding is not
unexpected, as the K36 side chain emerges from the nucleosome body next to one
turn of the bound DNA. H3K36me3 and DNA binding by PWWP domains are
mediated by two adjacent interfaces, one featuring an aromatic cage for peptide
binding and the other one displaying a basic region for DNA interaction. Recently,
a mechanism for the recognition of nucleosomes and DNA methylation by
DNMT3A has been proposed, based on a structural model of the full-length
DNMT3A/DNMT3L heterotetramer in complex with an H3K36me3-modified
dinucleosome (Rondelet et al. 2016). It suggested that the targeting of DNMT3A
occurs through a specific recognition and binding of H3K36me3 by the PWWP
domain, which is followed by an activation of the catalytic domain through the
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binding of H3 tails unmodified at K4 to the ADD domain, resulting in the methyla-
tion of nearby cytosines. This model predicts that DNA methylation by the hetero-
tetramer would occur on the linker DNA between the nucleosomes, which is in
agreement with results of in vitro and in vivo studies as described above (Gowher
et al. 2005b; Takeshima et al. 2008; Felle et al. 2011; Baubec et al. 2015; Morselli
et al. 2015). Overall, the multivalent interaction of the DNMT3 enzymes with chro-
matin through multimerization and the ADD and PWWP domains may explain the
extraordinarily strong binding of these enzymes to nucleosomal heterochromatic
DNA (Jeong et al. 2009; Sharma et al. 2011), which consequently is methylated in
the cell.

4.7 DNMT3-Interacting Proteins

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

4.7.1 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 gametogen-
esis and embryonic stages of development (Bourc’his et al. 2001; Hata et al. 2002;
Bourc’his and Bestor 2004), where it functions as a stimulatory factor of DNMT3A
and is needed to establish DNA methylation patterns in the developing germ line
cells. The structure of the complex of the C-terminal domains of DNMT3A and
DNMTS3L provided the structural basis for the DNMT3A/DNMT3L interaction and
offered mechanistic explanation for the observed stimulatory effect of DNMT3L. It
revealed that the interaction of DNMT3A with DNMT3L through the FF interface
influences the structure of DNMT3A via the a-helices C, D, and E. Residues from
these helices directly interact with the key catalytic and AdoMet-binding residues,
which may explain the stimulatory effect DNMT3L exerts on DNMT3A AdoMet
binding and catalysis (Jia et al. 2007).

As described above, binding of DNMT3L to DNMT3A leads to the disruption of
DNMT3A protein oligomers, and this changes the subnuclear localization of
DNMT3A in cells (Fig. 6). In vivo, DNMT3L was shown to release DNMT3A from
heterochromatin, by disrupting large DNMT3A oligomers and converting them into
defined tetramers, which are homogenously distributed in the cell nucleus
(Jurkowska et al. 2011b). The redistribution of DNMT3A may be important for the
methylation of imprinted differentially methylated regions (DMRs) and other tar-
gets in gene promoters, which generally are euchromatic. This finding goes in line
with the discovery that DNMT3L favors DNA methylation in gene bodies (Neri
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Heterochromatic DNMT3A Euchromatic DNMT3A
Autoinhibited Active
Activated by H3 tail binding

Fig. 6 Mechanisms regulating the activity and localization of DNMT3A. Different interactors
and PTMs regulate the activity and localization in a concerted fashion. DNMT3L stimulates
DNMT3A and promotes its euchromatic localization. Contrarily, MeCP2 interaction and CK2-
mediated phosphorylation downregulate the activity of DNMT3A and promote its heterochromatic
localization, where the interaction with modified H3 tails could allosterically stimulate the enzyme

et al. 2013). Hence DNMT3L, which was originally discovered as a stimulator of
DNMT3A (Gowher et al. 2005a), also changes the subnuclear localization of this
enzyme (Jurkowska et al. 201 1b). Recent data indicate that the combined regulation
of 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 (Figs. 3
and 4).

4.7.2 Interaction of DNMT3A with MeCP2

Recently, we identified the chromosomal protein MeCP2, which binds methylated
DNA with its methyl-binding domain (MBD), as a direct and strong interactor of
DNMT3A and DNMT3B, and mapped this interaction to the TRD of MeCP2 and
the ADD domain of the DNMT3 enzymes (Rajavelu et al., manuscript in prepara-
tion). 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. We could show that binding of MeCP2 allo-
sterically stabilizes the autoinhibitory conformation of DNMT3A. Interestingly,
this interaction and its resulting inhibition were relieved by histone H3 binding to
DNMT3A. In addition, we also observed that MeCP2 contributes to the heterochro-
matic 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 interacting
partners, like MeCP2 and histone H3 tails. In this model, MeCP2 binding inacti-
vates DNMT3A, thereby preventing aberrant methylation of bulk DNA. At the
same time, it helps to deliver DNMT3A to heterochromatin. After binding to chro-
matin, which presents H3 tails modified in a PTM pattern matching the specificity
of DNMTS3A, the allosteric inhibition is relieved, and the activated enzyme can
methylate its target sites.
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Interestingly, MeCP2 functions as a perfect antagonist of DNMT3L, which
increases the activity of DNMT3A and leads to its release from heterochromatin as
described above. Moreover, 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 illus-
trates an unexpected mechanistic convergence in the regulation and targeting of
DNMT?3A by interactors and posttranslational modifications (Fig. 6).

4.8 Phosphorylation of DNMT3A

The regulation of the DNMT3 enzymes by phosphorylation has not been studied
almost at all, despite the fact that >70 phosphorylation sites have been identified in
DNMT3A and DNMT3B in global proteomic studies (http://www.phosphosite.org).
The unique example has been recently provided investigates the phosphorylation of
DNMTS3A by 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 S389, located
next to the PWWP domain, and that CK2-mediated phosphorylation increases the het-
erochromatic targeting of DNMT3A and reduces its DNA methylation activity (Deplus
et al. 2014). This effect was reflected by changes in the cellular DNA methylation after
CK2 knockout, which may explain global hypomethylation in cancer cells overex-
pressing CK2. These data further support the view that the combined regulation of
enzymatic activity and localization is a general principle in the regulation of DNMT3A
(as already observed for the DNMT3L and MeCP2 interaction) (Fig. 6).

4.9 Binding of Regulatory DNA and RNA to DNMT3 Enzymes

Similar as in DNMT1, additional DNA-binding 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
as well (Purdy et al. 2010). Moreover, the very N-terminal part of DNMT3A was
shown to bind DNA (Suetake et al. 2011). Later, it was shown that long noncod-
ing RNAs bind strongly to the catalytic domain of DNMT3A, causing inhibi-
tion of the enzyme (Holz-Schietinger and Reich 2012). In addition, the authors
detected binding of RNA to allosteric sites, which did not change the catalytic
activity. Besides, it was shown that a non-coding RNA derived from the rDNA
promoter binds to the promoter forming RNA/DNA triplex structures that are spe-
cifically recognized by DNMT3B, establishing a novel pathway of RNA-directed
DNA methylation (Schmitz et al. 2010; Bierhoff et al. 2010). Future work will
show if RNA triplex-based recruitment emerges as new and general principle
of the RNA-dependent recruitment of DNMTs and other chromatin-interacting
enzymes.
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5 Outlook

After almost 40 years of intensive research in the DNA methylation field, we have
learned a great deal about the biochemical, structural, and enzymatic properties of
the mammalian DNA methyltransferases. However, 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 maintenance
of the dynamic DNA methylation patterns in living cells. Recent 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 influ-
encing domain rearrangements, any posttranslational modifications and interaction
partners, (like proteins, allosteric DNA, or noncoding RNAs) at various parts of the
methyltransferases could directly regulate the enzymatic activity and specificity of
the DNMTs via allosteric effects, providing new and fascinating perspectives on the
investigation of the effects of interactors and PTMs on these enzymes. Finally, the
connection of DNMTs and non-coding RNA adds a novel and yet underexplored
link between the sequence of the genome and its DNA methylation pattern.
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Genetic Studies on Mammalian DNA
Methyltransferases

Jiameng Dan and Taiping Chen

Abstract

Cytosine methylation at the C5-position, generating 5-methylcytosine (5SmC), 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 predominantly in the con-
text of CpG dinucleotides, with the majority (60-80 %) of CpG sites in their
genomes being methylated. DNA methylation plays crucial roles in the regula-
tion of chromatin structure and gene expression and is essential for mammalian
development. Aberrant changes in DNA methylation levels and patterns are asso-
ciated with various human diseases, including cancer and developmental disor-
ders. DNA methylation is mediated by three active DNA methyltransferases
(Dnmts), namely, Dnmt1, Dnmt3a, and Dnmt3b, in mammals. Over the last two
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
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mammalian Dnmts, focusing on their roles in embryogenesis, cellular differen-
tiation, genomic imprinting, and X-chromosome inactivation.

Abbreviations

5caC 5-Carboxylcytosine

5fC 5-Formylcytosine

S5hmC 5-Hydroxymethylcytosine
5mC 5-Methylcytosine

ADCA-DN  Autosomal dominant cerebellar ataxia deafness and narcolepsy
ADD ATRX-Dnmt3-Dnmt3L

AML Acute myeloid leukemia

BAH Bromo-adjacent homology

DKO Double knockout

DMR Differentially methylated region

DNMT DNA methyltransferase

ES Embryonic stem

EST Expressed sequence tag

HP1 Heterochromatin protein 1

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

ICF Immunodeficiency centromeric instability and facial anomalies

ICM Inner cell mass

ICR Imprinting control region

KAP1 KRAB-associated protein 1

KRAB Kriippel-associated box

IncRNA Long non-coding RNA

MBD3 Methyl CpG-binding domain protein-3

MEF Mouse embryonic fibroblast

MTA2 Metastasis tumor antigen 2

NLS Nuclear localization signal

NuRD Nuclear remodeling and histone deacetylation

PBD PCNA-binding domain

PCNA Proliferating cell nuclear antigen

PGC Primordial germ cell

PHD Plant homeodomain

PRC2 Polycomb repressive complex 2

PWWP Proline-tryptophan-tryptophan-proline

RFTS Replication foci-targeting sequence

RING Really Interesting New Gene

SRA SET- and RING-associated

TDG Thymine DNA glycosylase

TTD Tandem tudor domain

UBL Ubiquitin-like
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Uhrfl Ubiquitin-like with PHD and RING finger domains 1
Xa Active X chromosome

XCI X-chromosome inactivation

Xi Inactive X chromosome

Xic X-inactivation center

Xist X-inactive-specific transcript

Xm Maternal X chromosome

Xp Paternal X chromosome

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 methyla-
tion could serve as a heritable epigenetic mark for cellular memory. Recognizing that
the CpG dinucleotide is self-complementary, they postulated that methylated and
unmethylated CpG sites could be copied when cells divide so that DNA methylation
patterns would be replicated semiconservatively like the base sequence of DNA itself
(Holliday and Pugh 1975; Riggs 1975). A prediction of the theory was the existence
of at least two DNA methyltransferase activities: de novo methyltransferase(s) would
methylate unmodified DNA and establish DNA methylation patterns, and mainte-
nance methyltransferase(s) would recognize hemimethylated sites and “copy” the
methylation patterns from the parental strand onto the daughter strand at each round
of DNA replication.

1.1 Dnmt1:The Major Maintenance Methyltransferase

The first mammalian DNA methyltransferase gene, Dnmt1, was cloned from murine
cells (Bestor et al. 1988). The Dnmtl 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
Dnmtls isoform (generally referred to as Dnmtl) which consists of 1620 amino
acids. Transcription initiation within an oocyte-specific exon (exon 10) produces a
transcript that utilizes a downstream AUG as the translation initiation codon. As a
result, the oocyte-specific isoform, Dnmtlo, lacks the N-terminal 118 amino acids
of Dnmtls (Mertineit et al. 1998). Although Dnmtlo is more stable than Dnmtls,
genetic evidence suggests no functional difference between these isoforms (Ding
and Chaillet 2002). Human DNMT]1, consisting of 1616 amino acids, is nearly 80 %
identical to the mouse Dnmt1 at the amino acid level.

Dnmtl contains a C-terminal catalytic domain containing characteristic amino
acid sequence motifs that are homologous to bacterial DNA methyltransferases and
an N-terminal regulatory region that is not present in bacterial enzymes (Bestor
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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 replication machinery, a nuclear local-
ization 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. 1a). Recent structural data revealed that the RFTS
domain binds to the catalytic domain and blocks the catalytic center, suggesting an
autoinhibitory role in the regulation of enzymatic activity (Takeshita et al. 2011).

In vitro biochemical assays revealed that, although Dnmtl is capable of methyl-
ating both unmethylated and hemimethylated CpG dinucleotides, its activity toward
hemimethylated substrates is far more efficient (Pradhan et al. 1999). Dnmt1 is
ubiquitously expressed through development, with high levels in proliferating cells.
Dnmtl associates with the DNA replication machinery at S phase and with hetero-
chromatin at late S and G2 phases (Chuang et al. 1997; Easwaran et al. 2004;
Leonhardt et al. 1992; Schneider et al. 2013), suggesting that Dnmtl-mediated
methylation is coupled to DNA replication. These findings supported the notion that
Dnmtl functions as a maintenance enzyme (Fig. 1b). However, because Dnmtl, the
only known DNA methyltransferase at the time, also has de novo methylation activ-
ity in vitro, it was initially debated whether de novo methylation and maintenance
methylation are carried out by Dnmtl alone or by two or more distinct enzymes
(Bestor 1992).

Genetic studies in mouse models and murine cells helped settling the debate.
Several DnmtI mutant alleles were generated by gene targeting. The DnmtI" allele
(n stands for N-terminal disruption) was reported in 1992 (Li et al. 1992). This
allele, in which a genomic region coding 60 amino acids near the N-terminal end
was replaced by a neomycin resistance cassette, is a partial loss-of-function (hypo-
morphic) mutation. Dnm¢I"" embryos have a ~70 % reduction in global DNA meth-
ylation and show mid-gestation lethality (Li et al. 1992). Subsequently, the Dnmt1*
allele (s stands for Sall site) was reported, which had a neomycin resistance cassette
inserted into a Sall site in exon 17, disrupting the RFTS (Li et al. 1993). The Dnmt1*
allele is functionally more severe than the DnmzI" allele, as Dnmt1** embryos show
lower levels of DNA methylation and earlier lethality (Lei et al. 1996). However, it
was unclear whether the DnmtI* allele was a null mutation, because the C-terminal
catalytic domain was intact. To completely inactivate Dnmtl, Lei et al. generated
the Dnmtl° 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 activity (Lei et al. 1996). The development of Dnmtl embryos is
arrested prior to the 8-somite stage, significantly earlier than the developmental
phenotype of Dnmt1"" embryos, while the viability and proliferation of DnmtI null
embryonic stem (ES) cells are not affected (Lei et al. 1996). Inactivation of Dnmt1
by mutating the cysteine (C1229) residue at the catalytic center (PC motif) results
in similar developmental defects (Takebayashi et al. 2007), suggesting that the phe-
notype is largely due to the loss of catalytic activity. DNA methylation analyses
revealed that Dnmtl null embryos and ES cells contain low but stable levels of
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Fig.1 DNA methyltransferases and major regulatory proteins involved in DNA methylation. (a)
Schematic diagrams of Dnmtl, Dnmt3a, Dnmt3b, Dnmt3L, and Uhrfl. 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), but their N-terminal regulatory regions are distinct. Functional
domains of the proteins are indicated. PBD PCNA-binding domain, NLS nuclear localization sig-
nal, RFTS replication foci-targeting sequence, CXXC a cysteine-rich domain implicated in binding
CpG-containing DNA sequences, BAH bromo-adjacent homology domain, PWWP proline-
tryptophan-tryptophan-proline domain, ADD ATRX-Dnmt3-Dnmt3L domain, and UBL ubiquitin-
like domain; 77D tandem tudor domain, PHD plant homeodomain, SRA SET- and RING-associated
domain, and RING Really Interesting New Gene domain. (b) De novo and maintenance methyl-
transferase activities. The de novo methyltransferases Dnmt3a and Dnmt3b, in complex with their
accessory factor Dnmt3L, methylate unmodified DNA and establish methylation patterns. 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
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5-methylcytosine (SmC) and methyltransferase activity. Moreover, the de novo
methylation activity is not impaired by Dnmt1 loss, as integrated provirus DNA in
MoMuLV-infected DnmtI null ES cells becomes methylated at a similar rate as in
wild-type ES cells (Lei et al. 1996). Taken together, these studies provided compel-
ling evidence for the existence of one or more DNA methyltransferases that are
important for de novo methylation.

1.2 Dnmt2/Trdmt1: A tRNA Methyltransferase

Results from genetic studies of Dnmtl prompted the search for more DNA meth-
yltransferase genes. In 1998, several groups reported the identification 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 eukaryotic DNA cytosine
methyltransferases, Dnmt2 has no detectable DNA methyltransferase activity in
standard in vitro assays. Furthermore, inactivation of Dnm?2 in mouse ES cells 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 methyl-
transferase, specific for cytosine 38 in the anticodon loop of aspartic acid tRNA,
and has been renamed tRNA aspartic acid (D) methyltransferase 1 (Trdmtl) (Goll
et al. 2000).

13 Dnmt3a and Dnmt3b: The De Novo Methyltransferases

By searching an expressed sequence tag (EST) database using full-length bacterial
type II cytosine-C5 methyltransferase sequences as queries, Okano et al. identified
two additional homologous genes, Dnmt3a and Dnmt3b, in 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 are unrelated 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. 1a). Both domains are implicated in chromatin binding. The PWWP
domain is required for heterochromatin localization and mediates H3K36me3 bind-
ing (Baubec et al. 2015; Chen et al. 2004; Dhayalan et al. 2010). The ADD domain
interacts with the N-terminal tail of histone H3, and the interaction is disrupted by
various posttranslational modifications of H3, including di- and trimethylation of
K4, acetylation of K4, and phosphorylation of T3, S10, or T11 (Otani et al. 2009;
Noh et al. 2015; Zhang et al. 2010).

Dnmt3a produces two major isoforms, Dnmt3a and Dnmt3a2, driven by differ-
ent promoters (Chen et al. 2002). The full-length Dnmt3a protein, consisting of
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908 amino acids in mouse and 912 amino acids in human, is expressed ubiqui-
tously at relatively low levels. The Dnmt3a2 transcript is initiated in intron 6 of the
Dnmt3a gene and encodes a protein that lacks the N-terminal 219 (in mouse) or
223 (in human) amino acids of Dnmt3a. Dnmt3a2, which is catalytically active, is
the predominant form in mouse ES cells, 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). The Dnmt3b gene produces multiple alternatively
spliced isoforms, some of which encode catalytically inactive protein products.
The longest isoform, Dnmt3b1, consists of 859 amino acids in mouse and 853
amino acids in human, respectively. Both 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 mouse ES
cells, whereas Dnmt3b2, an active form, and Dnmt3b3, an inactive form, are
expressed at low levels in many somatic cells (Chen et al. 2002). There is evidence
that catalytically inactive Dnmt3b protein products may 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
methylation and altered gene expression in both transgenic mice and human cancer
cells (Ostler et al. 2012; Shah et al. 2010).

Several lines of evidence suggest the involvement of Dnmt3a and Dnmt3b in de
novo DNA methylation (Fig. 1b). First, Dnmt3a and Dnmt3b are highly expressed
in early embryos (and ES cells) and developing germ cells, where an active de novo
methylation takes place, but are downregulated in somatic tissues and when ES
cells are induced to differentiate (Okano et al. 1998a). Second, recombinant
Dnmt3a and Dnmt3b proteins methylate unmethylated and hemimethylated DNA
with equal efficiency (Okano et al. 1998a). Genetic studies provided definitive
evidence that Dnmt3a and Dnmt3b were the long-sought de novo methyltransfer-
ases. Inactivation of both Dnmt3a and Dnmt3b by gene targeting blocks de novo
methylation in ES cells 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).

It is worth noting that the de novo DNA methyltransferase activity of Dnmt3a
and Dnmt3b is not only essential for the establishment of new DNA methylation
patterns but also important for the faithful maintenance of these patterns. In cul-
ture, Dnmt3a/3b double knockout (DKO) ES cells exhibit gradual loss of global
DNA methylation and, after multiple passages, show severe hypomethylation
(Chen et al. 2003), suggesting that Dnmtl and Dnmt3 enzymes have distinct and
nonredundant functions but act cooperatively in the maintenance of global DNA
methylation. Based on the kinetics of DNA methylation loss, it was proposed that
Dnmtl is the major maintenance methyltransferase that, upon DNA replication,
methylates hemimethylated CpG sites with high efficiency but not absolute fidel-
ity, whereas Dnmt3a and Dnmt3b, as de novo methyltransferases, act as “proof-
reading” enzymes that methylate the hemimethylated CpG sites missed by Dnmt1
(Chen et al. 2003).
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1.4 Dnmt3L: A Regulator of De Novo Methylation

A third member of the Dnmt3 family, Dnmi3-like (Dnmt3L), was originally isolated
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, respec-
tively. 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 essential for enzymatic activity, includ-
ing the PC dipeptide at the active site and the sequence motif involved in binding of
the methyl donor S-adenosyl-L-methionine (Aapola et al. 2000, 2001; Hata et al.
2002) (Fig. la). Therefore, Dnmt3L has no methyltransferase activity. However,
Dnmt3L has been shown to interact with Dnmt3a and Dnmt3b, stimulate their enzy-
matic 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 develop-
ment is also strikingly similar to that of Dnmt3a and Dnmt3b, including high expres-
sion in developing germ cells, early embryos, and ES cells (Hata et al. 2002). These
findings indicate that Dnmt3L may regulate Dnmt3a/3b functions (Fig. 1b). Genetic
studies indeed demonstrate that Dnmt3L is an essential accessory factor of Dnmt3a
in the germ line. Dnmt3L homozygous 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 activation of retrotransposons in spermatogonia and spermato-
cytes, due to failure to establish methylation at these elements, 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 pheno-
type is indistinguishable from that of mice with conditional Dnmt3a deletion in
germ cells (Kaneda et al. 2004). Recently, Dnmt3L was shown to antagonize DNA
methylation at H3K4me3/K27me3 bivalent promoters, which are often associated
with developmental genes, and favor DNA methylation at gene bodies in ES cells.
It was suggested that Dnmt3L, via its ADD domain, interacts with Polycomb repres-
sive complex 2 (PRC2) in competition with Dnmt3a and Dnmt3b to maintain low
methylation levels at regions with H3K27me3, thus maintaining hypomethylation at
promoters of bivalent developmental genes (Neri et al. 2013). The physiological
relevance of this finding remains to be determined, given that zygotic Dnmt3L is not
required for embryonic development and postnatal survival (Bourc’his et al. 2001;
Hata et al. 2002).

1.5 Uhrf1: A Regulator of Maintenance Methylation

Besides Dnmts, a number of DNA methylation regulators have been identified,
including the multi-domain protein Uhrfl (ubiquitin-like with PHD and RING fin-
ger domains 1), also known as NP95 (mouse) and ICBP90 (human) (Fig. 1a).
Genetic studies demonstrated an essential role for Uhrfl in maintaining DNA
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methylation (Fig. 1b). Uhrfl 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 biochemical evidence
suggested functional interactions between Uhrfl and Dnmtl. Uhrfl co-localizes
with Dnmt1 at DNA replication foci and heterochromatin, and Dnmt1 fails to enrich
at these regions in the absence of Uhrf1l (Bostick et al. 2007; Liu et al. 2013; Sharif
et al. 2007). These findings suggest that Uhrf1 is a key accessory factor for directing
Dnmtl to hemimethylated CpG sites. However, it remains somewhat controversial
as to whether Uhrf1 directly recruits Dnmtl or indirectly controls Dnmt1 localiza-
tion by affecting chromatin structure. 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 Interesting New Gene (RING) domain (Fig. 1a). All the
domains, with the exception of UBL, have been shown to be important for Dnmt1
subnuclear localization and maintenance of DNA methylation. Biochemical and
structural evidence revealed that the SRA domain preferentially binds hemimethyl-
ated 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 also 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, additionally, interacts with histone H3 tails
with unmethylated R2 (H3R2me0) (Cheng et al. 2013; Liu et al. 2013; Rothbart
etal. 2012, 2013; Rottach et al. 2010). Recent studies suggested that Uhrf1, via the
E3 ligase activity of its RING domain, mediates ubiquitylation of H3K23 and
H3K18, creating binding sites for Dnmtl (Nishiyama et al. 2013; Qin et al. 2015).
It is worth noting that Uhrf1 has also been shown to control Dnmtl ubiquitylation
and stability (Du et al. 2010; Qin et al. 2011). Indeed, a recent study revealed that
Uhrfl overexpression results in DNA hypomethylation, due to destabilization and
delocalization of Dnmtl, which led the authors to propose that Uhrfl overexpres-
sion, which is frequently observed in cancer cells, is a mechanism underlying global
DNA hypomethylation in cancer (Mudbhary et al. 2014).

2 Dnmts in Embryonic Development and Cellular
Differentiation

2.1 Dynamic Changes of DNA Methylation During Early
Embryogenesis

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. The maternal genome is demethylated mainly through DNA
replication-dependent passive dilution because of deficient maintenance
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methylation, presumably due to the exclusion of Dnmt1 from the nucleus (Hirasawa
et al. 2008; Howell et al. 2001). In contrast, demethylation of the paternal genome
involves both active and passive mechanisms. Shortly after fertilization and before
the first cell division, the SmC dioxygenase Tet3 converts the majority of SmC in the
male pronucleus to 5-hydroxymethylcytosine (ShmC) (Gu et al. 2011; Wossidlo
et al. 2011). ShmC can be further oxidized to S-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). ShmC,
5fC, and 5caC can also be passively diluted during cleavage divisions (Inoue et al.
2011; Inoue and Zhang 2011). As a result of these processes, DNA methylation
marks inherited from gametes are largely erased by the blastocyst stage, with the
exception of imprinting control regions (ICRs) and some retroelements, which
resist this wave of global demethylation (Borgel et al. 2010; Smith et al. 2012).
Around the time of implantation, de novo methylation takes place when the inner
cell mass (ICM) starts to differentiate to form the embryonic ectoderm. Lineage-
specific DNA methylation patterns are then stably maintained.

2.2 Embryonic and Adult Phenotypes of Dnmt Mutant Mice

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 threshold level is essential for embry-
onic 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 pre-
somite and 8-somite stage around E9.5 (Lei et al. 1996). DNA methylation analysis
showed that embryos deficient for Dnmtl undergo dramatic decreases in global
DNA methylation (Lei et al. 1996; Li et al. 1992), in agreement with its role as the
major maintenance Dnmt. Disruption of Dnmit3b 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 to be normal at birth but become runted and die at about 4 weeks (Okano
etal. 1999). Consistent with the developmental phenotypes, DNA methylation anal-
ysis of E9.5 embryos revealed that germ line-specific genes, pluripotency genes,
hematopoietic genes, and eye genes are severely hypomethylated in the absence of
Dnmt3b but not of Dnmt3a (Borgel et al. 2010). This suggested that Dnmt3b is the
main enzyme responsible for de novo methylation during embryogenesis. Dnmt3b
shows a dynamic expression change during pre- and early postimplantation devel-
opment, 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 Dnm#3b”- embryos (Borgel et al. 2010),
suggesting that Dnmt3a cooperates with Dnmt3b to methylate some loci. Indeed,
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Dnmt3a/3b DKO embryos exhibit more severe defects than Dnmt3b™" 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).

Conditional knockout (KO) studies have also demonstrated that Dnmts and DNA
methylation are essential in various organs and tissues. For example, disruption of
both Dnmtl and Dnmt3a in forebrain excitatory neurons leads to abnormal synaptic
plasticity and deficits in learning and memory (Feng et al. 2010). Conditional dele-
tion of Dnmtl at sequential stages of T cell development has also revealed a critical
role for DNA methylation in T cell development, function, and survival. Specifically,
deletion of Dnmtl in early double-negative thymocytes leads to an impaired sur-
vival of TCRap(+) cells and the generation of atypical CD8(+) TCRyd(+) cells and
deletion of Dnmtl in double-positive thymocytes impairs activation-induced prolif-
eration but differentially enhanced cytokine mRNA expression by naive peripheral
T cells (Lee et al. 2001).

2.3 Cellular Defects of Dnmt Mutations

The mechanisms underlying the developmental defects observed in Dnmt mutant
mice are not fully understood. Dnmt1, Dnmt3a, and Dnmt3b are all highly expressed
in pluripotent ES cells, but disruption of these genes individually, both Dnmt3a and
Dnmt3b, or even all three Dnmts, has no deleterious effects on mouse ES cells in the
undifferentiated state (Lei et al. 1996; Li et al. 1992; Okano et al. 1999; Tsumura
et al. 2006). However, Dnmt1” and Dnmt3a/3b DKO ES cells die upon induction of
differentiation (Chen et al. 2003; Lei et al. 1996; Tucker et al. 1996). Interestingly,
a recent study showed that, in contrast to mouse ES cells, human ES cells require
DNMTI, but not DNMT3A and DNMT3B, for survival (Liao et al. 2015). It is well
established that mouse and human ES cells represent different pluripotent states,
with human ES cells resembling the more mature epiblast state (Tesar et al. 2007),
which may explain the sensitivity of human ES cells to loss of DNA methylation.
During development, 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 Dnmtl in mouse embryonic fibroblasts (MEFs) leads to severe hypomethylation
and cell death, and Dnmt3b-deficient MEFs show modest hypomethylation, chro-
mosomal 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 DNMT 1 has no effect on the survival and proliferation
of the colon cancer cell line HCT116 (Rhee et al. 2000), disruption of the DNMT1
catalytic domain in HCT116 leads to mitotic catastrophe and cell death (Chen et al.
2007). Taken together, these results suggest crucial roles for DNA methylation in
cellular differentiation and in the viability and proper functioning of differentiated
cells. Deregulation of gene expression likely plays a major role in the developmen-
tal and cellular defects associated with Dnmt mutations.
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3 Dnmts in Genomic Imprinting

In early 1980s, elegant nuclear transplantation experiments using pronuclear stage
embryos showed that mouse embryos constructed to contain only maternal or pater-
nal diploid genome complements fail to develop beyond mid-gestation. This sug-
gested that the parental genomes are functionally nonequivalent 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 chromo-
some translocations in mice showed that specific chromosome segments function
differently depending on the parental origin (Cattanach and Kirk 1985). In early
1990s, the first murine imprinted genes, Igf2r, Igf2, and HI19, were discovered,
which are expressed only from one parental allele (Barlow et al. 1991; Bartolomei
et al. 1991; DeChiara et al. 1991). To date, approximately 150 imprinted genes,
which exhibit monoallelic expression strictly according to the parental origin,
have been identified in mouse (http://www.mousebook.org/mousebook-catalogs/
imprinting-resource), and many of them are also imprinted in human. Imprinted
genes are involved in diverse biological processes, including embryonic develop-
ment, placental formation, fetal and postnatal growth, and adult behavior (Frontera
et al. 2008; Reik and Walter 2001). In human, altered expression of imprinted genes,
due to genetic and epigenetic changes, has been linked to infertility, molar preg-
nancy, and various congenital disorders such as Prader-Willi syndrome, Angelman
syndrome, Beckwith-Wiedemann syndrome, and Silver-Russell syndrome (Butler
2009; Tomizawa and Sasaki 2012; Walter and Paulsen 2003). Loss of imprinting
(biallelic expression or silencing of imprinted genes) is also frequently 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 is
controlled by an ICR, an essential regulatory sequence that contains one or more
differentially methylated regions (DMRs) between the two alleles. Thus, allele-
specific DNA methylation is believed to be the primary epigenetic mark that con-
trols the monoallelic expression of imprinted genes.

The life cycle of DNA methylation imprints consists of three major steps: estab-
lishment, maintenance, and erasure (Fig. 2).

3.1 Establishment of Methylation Imprints

DNA methylation imprints are acquired in the germ line, with the majority being
established during oogenesis (maternally imprinted) and only four known loci (H19,
DIk1-Gtl2, Rasgrfl, and Zdbf2) being established during spermatogenesis (pater-
nally imprinted). Conditional deletion of Dnmt3a in primordial germ cells (PGCs)
disrupts both maternal and paternal imprinting. Embryos from crosses between con-
ditional Dnmt3a mutant females and wild-type males die around E10.5, and condi-
tional Dnmt3a mutant males are sterile due to impaired spermatogenesis (Kaneda
et al. 2004). Dnmt3L KO mice show an identical phenotype, with the exception of
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Fig.2 Life cycle of DNA methylation imprints. The paternal (blue) and maternal (red) methyla-
tion imprints are established during gametogenesis and transmitted to the offspring through fertil-
ization. These marks are maintained and control monoallelic 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 reestablished in later stages of
germ cell development

one paternally methylated locus, DIkI-Gt/2, which is methylated in Dnmt3L KO but
not in Dnmt3a mutant spermatogonia (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 is responsible for the establishment of germ line imprints,
and Dnmt3L is an essential cofactor for Dnmt3a in this regard.

How Dnmt3L facilitates Dnmt3a function in the germ line is not fully under-
stood. Dnmt3L, via its C-terminal domain, forms a tetrameric complex with Dnmt3a
and, via its ADD domain, interacts with the N-terminal tail of histone H3 (Hata
et al. 2002; Jia et al. 2007; Ooi et al. 2007; Suetake et al. 2004). These findings led
to the hypothesis that Dnmt3L plays a critical role in targeting Dnmt3a to specific
chromatin regions, including imprinted loci. A recent study showed that, similar to
Dnmt3L null mutant mice, mice homozygous for an engineered point mutation
(D124A) in the Dnmt3L ADD domain exhibit DNA methylation and spermatogen-
esis defects (Vlachogiannis et al. 2015), supporting a critical role of the ADD
domain in Dnmt3L function in the male germ line. It would be interesting to
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determine whether female mice homozygous for the D1124 A mutation show defects
in the establishment of maternal imprints. However, the Dnmt3a ADD domain also
binds H3K4-unmethylated histone H3 (Otani et al. 2009; Zhang et al. 2010), which
raises the question of the specific role of the Dnmt3L ADD domain. It is possible
that Dnmt3L interacts with one or more proteins or histone marks that are not rec-
ognized by Dnmt3a.

The observation that H3K4 modifications disrupts the interaction between
Dnmt3 proteins and histone H3 (Ooi et al. 2007; Otani et al. 2009; Zhang et al.
2010) suggests that chromatin organization may be an important determinant of the
sites of de novo DNA methylation in the germ line. Indeed, genetic evidence indi-
cated 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).
KDMIB is highly expressed in growing oocytes, where maternal imprints are
acquired, but shows little expression in most somatic tissues. KdmIb KO mice are
viable and show no defects in spermatogenesis and oogenesis, and male mice are
fertile. However, oocytes from KDM 1B-deficient females exhibit global accumula-
tion 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 suggested that removal of H3K4me? is a prereq-
uisite for de novo DNA methylation. There is also evidence that transcription is an
additional requirement in specifying DNA methylation, at least at some maternally
imprinted loci. In the mouse Gnas locus, transcription initiated at the promoter of
Nesp535, a gene upstream of the DMRs of the Gnas locus, occurs in growing oocytes,
placing a large genomic region, including 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 has also
been shown to depend upon transcription (Smith et al. 2011).

3.2 Maintenance of Methylation Imprints

The paternal and maternal imprints are transmitted to the zygote through fertiliza-
tion, and despite extensive demethylation during preimplantation development (as
described above), parental allele-specific DNA methylation imprints are faithfully
maintained through development and adult life. Notably, recent genome-wide DNA
methylation analyses revealed far more differentially methylated loci in oocytes and
sperm than the number of imprinted genes (Kobayashi et al. 2012; Smallwood et al.
2011; Smith et al. 2012). Thus, the previous notion that imprinted loci are deter-
mined by distinct methylation patterns in gametes has been revised to the current
view that genomic imprinting results from selective maintenance of germ line-
derived allele-specific methylation. Genetic studies using conditional KO mice
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demonstrated that Dnmt1, but not Dnmt3a or Dnmt3b, is responsible for maintain-
ing methylation marks at imprinted loci during preimplantation development
(Hirasawa et al. 2008). The oocyte-specific variant, Dnmtlo, is the predominant
Dnmtl isoform in preimplantation embryos (Hirasawa et al. 2008; Kurihara et al.
2008). However, offspring of females lacking Dnmtlo exhibit only a ~50%
reduction of methylation at certain imprinted loci (Howell et al. 2001). While initial
evidence suggested that the somatic form, Dnmtls, does not express until the blas-
tocyst stage (Ratnam et al. 2002), subsequent work showed that Dnmtls is present
at very low levels in the nucleus of oocytes and preimplantation embryos (Hirasawa
et al. 2008; Kurihara et al. 2008). Conditional deletion of DnmtI (both Dnmtlo and
Dnmtls) in growing oocytes leads to a partial loss of methylation imprints in the
offspring (Hirasawa et al. 2008), resembling the effect of Dnmtlo loss (Howell
et al. 2001). However, ablation of both maternal and zygotic Dnmtl results in a
complete loss of methylation at paternally and maternally methylated DMRs in
embryos (Hirasawa et al. 2008). Therefore, both maternal and zygotic Dnmt1 pro-
teins are necessary for the maintenance of methylation imprints in preimplantation
embryos. Dnmtl1 is also responsible for the maintenance of methylation imprints in
postimplantation 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 meth-
ylation is maintained at imprinted genes but not at other sequences in preimplanta-
tion embryos. Genetic and epigenetic features may distinguish imprinted loci from
other regions. Several other factors have been shown to be essential for the main-
tenance of DNA methylation imprints. PGC7 (also known as Stella and Dppa3), a
DNA-binding protein, is highly expressed in oocytes and persists in preimplanta-
tion embryos. Genetic evidence suggested that, in early embryos, maternal PGC7
plays a crucial role in protecting the maternal genome against DNA demethylation.
PGC7 also protects the paternally imprinted H/9 and Rasgrfl against demethyl-
ation (Nakamura et al. 2007). While the mechanisms involved remain to be deter-
mined, PGC7 has been shown to play a role in chromatin condensation during
oogenesis and to protect the maternal genome against Tet3-mediated conversion of
5mC to 5ShmC in early embryos (Bian and Yu 2014; Liu et al. 2012; Nakamura
et al. 2012). Gene targeting experiments in mice have also implicated the involve-
ment of the Kriippel-associated box (KRAB)-containing zinc-finger protein
ZFP57 in the maintenance of genomic imprints (Li et al. 2008), and human ZFP57
mutations are associated with hypomethylation at multiple imprinted loci in
patients with transient neonatal diabetes (Mackay et al. 2008). ZFP57 specifically
binds the methylated allele of ICRs, recognizing a hexanucleotide sequence
(TGCCGC) shared by all murine ICRs and some human ICRs (Quenneville et al.
2011). ZFP57 interacts with KRAB-associated protein 1 (KAP1, also known as
TRIM28), which acts as a scaffold protein for various heterochromatin proteins,
including heterochromatin protein 1 (HP1), the histone H3K9 methyltransferase
Setdbl (also known as ESET and KMTI1E), the nuclear remodeling and histone
deacetylation (NuRD) complex, and Dnmt proteins and Uhrf1 (Nielsen et al. 1999;
Quenneville et al. 2011; Ryan et al. 1999; Schultz et al. 2001, 2002; Zuo et al.
2012). Ablation of either maternal or zygotic KAP1 causes partial loss of DNA
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methylation imprints, and 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). Depletion of the NuRD components methyl CpG-
binding domain protein-3 (MBD3) or metastasis tumor antigen 2 (MTA2) also
results in reduction of methylation at some imprinted loci in preimplantation
embryos (Ma et al. 2010; Reese et al. 2007). The current view is that the ZFP57/
KAP1 complex specifically recruits the DNA methylation machinery, as well as
other heterochromatin proteins, to the methylated allele of ICRs to maintain
genomic imprints and control monoallelic expression of imprinted genes.

33 Erasure of Methylation Imprints

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-extraembryonic interface and eventually arrive at the genital ridge by
E12.5. Recent 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 affect-
ing almost all genomic regions. Passive demethylation likely plays a major role in
this phase, as Dnmt3a, Dnmt3b, and Uhrf1 are repressed 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, germ line-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. 2013). Genetic studies suggested that
Tetl- and Tet2-mediated 5SmC oxidation is important in the second phase of
demethylation (Zhao and Chen 2013).

4 Dnmts in X-Chromosome Inactivation

In mammals, sex determination is controlled by a pair of sex chromosomes, the X
and the Y. Whereas the Y chromosome harbors very few protein-coding genes com-
pared to other chromosomes, the X chromosome has a relatively high gene density.
The balance of X-linked gene dosage between XX females and XY males is
achieved through X-chromosome inactivation (XCI), whereby one of the two X
chromosomes present in female mammals is inactivated. Marsupial mammals show
imprinted XCI, with only the paternal X chromosome (Xp) being inactivated.
Eutherian mammals exhibit two forms of XCI: imprinted Xp inactivation in the
early embryo and extraembryonic tissues and random inactivation of either Xp or
the maternal X chromosome (Xm) in the embryonic (epiblast) lineage (Payer and
Lee 2008; Wutz 2011).
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Our knowledge about XCI mostly came from studies in the mouse. In the female
zygote, both X chromosomes appear active. Soon thereafter, a series of events result
in the inactivation of Xp. This imprinted XCI occurs in a two-step manner, with Xp
repeat elements first silenced at the two-cell stage followed by Xp genic silencing
emerging at the eight- to sixteen-cell stage. Imprinted XCI is complete by the blas-
tocyst stage. Whereas inactivation of Xp is maintained in extraembryonic tissues, it
is reversed in the ICM of the blastocyst, resulting in the biallelic expression of
X-linked genes. Shortly after implantation, epiblast cells undergo random XCI
(Payer and Lee 2008). Murine ES cells, derived from the ICM, represent a useful
model for the study of XCI. Undifferentiated murine ES cells, like ICM cells, have
two active X chromosomes, and random XCI can be recapitulated during in vitro
differentiation (Chaumeil et al. 2004).

The process of XCI, which converts an X chromosome from relatively open
euchromatin to highly condensed heterochromatin (known as the “Barr body”), can
be divided into three steps: initiation of X inactivation, spreading of heterochroma-
tin to the entire chromosome, and maintenance of the inactive state (Fig. 3). XCI is
controlled by the X-inactivation center (Xic), a complex locus on the X chromo-
some that determines how many (counting step) and which X chromosomes (choice
step) will be silenced. A critical gene in Xic encodes the “X-inactive-specific tran-
script” (Xist), a 17-kb long, non-coding RNA (IncRNA). Xist is expressed only from
the presumptive inactive X chromosome (Xi) and then coats the same chromosome
in cis (Clemson et al. 1996). This step is necessary and sufficient for the initiation
of XClI, as targeted disruption of the Xist gene abrogates XCI (Marahrens et al.
1997; Penny et al. 1996), and Xist transgenes on autosomes can induce autosomal
gene inactivation (Jiang et al. 2013; Lee and Jaenisch 1997; Lee et al. 1996). The
Xic also harbors several other genes encoding proteins and non-coding RNAs,
including the Xist antisense RNA Tisix, the Jpx and Ftx RNAs, and the E3 ubiquitin
ligase RNF12, that act as part of a sophisticated regulatory network to modulate Xist
expression in cis and in trans (Gendrel and Heard 2014). Xist is also required for the
spreading of XCI from the Xic to the rest of the chromosome. Xist RNA is able to
recruit PRC2, a complex responsible for the deposition of H3K27me3, which con-
tributes to chromatin and transcriptional changes during the initiation and spreading
of XCI (Zhao et al. 2008; da Rocha et al. 2014; Cifuentes-Rojas et al. 2014). Once
established, the globally silent state and heterochromatin structure of Xi are trans-
mitted through somatic cell division and clonally inherited. Although Xist is not
required for the maintenance of gene silencing on the Xi (Brown and Willard 1994;
Csankovszki et al. 1999), it appears to be important for maintaining the heterochro-
matin structure of Xi, as deletion of Xist leads to refolding of the Xi into a structure
resembling the active X chromosome (Xa) (Splinter et al. 2011).

The link between DNA methylation and XCI has been well established. In
somatic tissues, the 5" end of the Xist gene is fully methylated on Xa and completely
unmethylated on Xi. Similarly, in tissues that undergo imprinted Xp inactivation,
the paternal Xist allele is unmethylated, and the maternal allele is fully methylated
(Norris et al. 1994). Studies of DnmtI-deficient ES cells and embryos revealed that
XCI can occur in the absence of DNA methylation, but maintenance of Xist
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Fig.3 Major steps of
X-chromosome
inactivation. The process
of X-chromosome
inactivation can be divided
into three steps: (1)
initiation (Xist RNA is
expressed from the
presumptive inactive X
(Xi), but not the active X
(Xa)), (2) spreading (Xist
RNA coats the entire

Xi chromosome, which
recruits other factors

(e.g., PRC2 complex,
Dnmts) to induce
heterochromatinization),
and (3) maintenance (the
highly compacted
chromatin structure and
most of the genes on Xi are
stably maintained and
clonally transmitted
through somatic cell
divisions). DNA
methylation is required for
the stable maintenance of
Xi-linked gene silencing

Maintenance

promoter methylation is necessary for its stable repression in differentiated cells
(Beard et al. 1995; Panning and Jaenisch 1996; Sado et al. 2000). A recent study
showed that loss of Dnmtlo disrupts imprinted XCI and accentuates placental
defects in females (McGraw et al. 2013). De novo DNA methylation is also dispens-
able for the initiation and propagation of XClI, as Xist expression is appropriately
regulated and XCI occurs properly in female embryos deficient for both Dnmt3a
and Dnmt3b (Sado et al. 2004). Interestingly, despite multiple mechanisms involved
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in X-chromosome gene silencing, approximately 25 % of genes on Xi escape inac-
tivation to some extent and exhibit biallelic expression in females (Carrel and
Willard 2005; Yang et al. 2010). The promoter regions of these escapee genes are
unmethylated (Weber et al. 2007). Furthermore, treatment of cells with the demeth-
ylating agents 5-azacytidine and 5-azadeoxycytidine has been shown to reactivate
some genes on Xi (Haaf 1995). Collectively, these findings indicate that DNA meth-
ylation is not required for the initiation and propagation of XCI but is an essential
component of the epigenetic mechanisms that stably maintain the silent state of
Xi-linked genes.

5 Concluding Remarks

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 meth-
ylation in mammals. Genetic studies using Dnmt mutant mice and murine cells have
provided important insights into the roles of DNA methylation in various develop-
mental and cellular processes (Table 1). It is generally believed that DNA methyla-
tion, a relatively stable epigenetic mark, acts in concert with other epigenetic
mechanisms such as histone modifications to stably maintain gene silencing and chro-
matin structure. It is well documented that aberrant DNA methylation patterns are
associated with various human diseases. Studies in recent years have also identified
genetic alterations affecting major components of the DNA methylation machinery,
including DNA methylation “writers” (DNMTs), “erasers” (e.g., TETs), and “read-
ers” (e.g., MeCP2), in cancer and developmental disorders (Hamidi et al. 2015). For
example, DNMTI mutations are reported in two related neurodegenerative diseases
(hereditary sensory and autonomic neuropathy with dementia and hearing loss type IE
(HSAN IE), autosomal dominant cerebellar ataxia, deafness, and narcolepsy
(ADCA-DN)), DNMT3A mutations are frequently found in acute myeloid leukemia
(AML) and other hematologic malignancies, and DNMT3B mutations cause the
immunodeficiency, centromeric instability, and facial anomalies (ICF) syndrome
(Hamidi et al. 2015). The mechanisms by which these mutations contribute to the
disease phenotypes are generally not well understood. Besides their values in eluci-
dating the fundamental functions of DNA methylation, Dnmt mutant mice and cells
provide important research tools for investigating the effects of DNMT mutations
found in human patients. For instance, by expressing a Dnmt3a protein harboring a
point mutation equivalent to human DNMT3A:R882H (the most prevalent DNMT3A
mutation in AML) in Dnmt3a and Dnmt3b mutant murine ES cells, we recently dem-
onstrated that this mutation, which occurs on only one allele in AML patients, not
only leads to haploinsufficiency of DNMT3A enzymatic activity but also exhibits
dominant-negative effect by forming functionally deficient complexes with wild-type
DNMT3A and DNMT3B (Kim et al. 2013). Most of the DNMT mutations identified
in patients are not null alleles, making Dnmt KO mice less ideal for modeling human
diseases. With the development of new technologies such as CRISPR/Cas9-mediated
gene editing, it now becomes more feasible to create genetically engineered animal
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Table 1 Developmental phenotypes of Dnmt knockout mice

Gene Mutations Major developmental phenotypes References
Dnmtl DnmtI"™ ~70 % reduction in global DNA Lietal. (1992)
methylation, embryonic lethality at
E12.5-15.5
Dnmtl< ~90 % reduction in global DNA Lei et al. (1996);
methylation, developmental arrest Sado et al. (2000)
at E8.5, embryonic lethality before
8-somite stage at~E9.5. Unstable
random XCI
DnmtI** ~90 % reduction in global DNA Beard et al.
methylation, developmental arrest | (1995); Lei et al.
at E8.5, embryonic lethality (1996)
at~E9.5. Loss of methylation at
Xist locus and abnormal Xist
expression in male embryos
Dnmtlo™ Maternal-effect phenotype: partial | Howell et al.
loss of DNA methylation imprints, | (2001); McGraw
defects in imprinted XCI, et al. (2013)
embryonic lethality at
mid-gestation
Maternal Complete loss of paternal and Hirasawa et al.
and zygotic Dnmt3a” | maternal methylation imprints, (2008)
embryonic lethality at
mid-gestation
Dnmt3a Dnmit3a’ Gut malfunction, spermatogenesis Okano et al.
defects, death at ~4 weeks of age (1999)
Dnmt3a™ in PGCs Failure to establish maternal and Kaneda et al.
paternal methylation imprints, (2004)
spermatogenesis defects
Dnmt3b Dnmt3b™ Hypomethylation of minor satellite | Okano et al.
DNA, neural tube defects, (1999)
embryonic lethality at E14.5-18.5
Dnmt3a’-, Failure to initiate de novo Okano et al.
Dnmt3b™" methylation after implantation, (1999)
developmental arrest at E8.5
Dnmt3L Dnmt3L" Failure to establish maternal and Bourc’his et al.
paternal methylation imprints, (2001); Hata et al.
spermatogenesis defects (2002)

and cellular models that better recapitulate the major features of human diseases asso-
ciated with DNMT mutations. Genomic, epigenomic, transcriptomic, and proteomic
analyses of these models will be powerful approaches for defining the molecular
mechanisms and pathways involved in pathogenesis. Ultimately, such studies will
likely lead to novel therapeutic and preventive strategies.
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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 multinational consortium studies, it has become possible to profile the
genomes and epigenomes of thousands of primary tumors from nearly every
cancer type. From these genome-wide studies, it became clear that the dynamic
regulation of DNA methylation is a critical epigenetic mechanism of cancer ini-
tiation, maintenance, and progression. Proper control of DNA methylation is not
only crucial for regulating gene transcription, but its broader consequences
include maintaining the integrity of the genome and modulating immune
response. Here, we describe the aberrant DNA methylation changes that take
place in cancer and how they contribute to the disease phenotype. Further, we
highlight potential clinical implications of these changes in the context of prog-
nostic and diagnostic biomarkers, as well as therapeutic targets.
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CIMP CpG island methylator phenotype
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DNMTi DNA methyltransferase inhibitor
dsRNA  Double-stranded RNA

ERV Endogenous retrovirus

GBM Glioblastoma multiforme

MDS Myelodysplastic syndrome
TCGA  The Cancer Genome Atlas

TSGs Tumor suppressor genes

1 Cancer and Epigenetics

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, invasion, and metastasis (Hanahan and Weinberg
2011). Both genetic and epigenetic alterations underlie these processes. Genetic
changes contributing to tumorigenesis have been well studied and include mis-
sense mutations, copy number variations, insertions, deletions, and recombination
of DNA. Complementary to these genetic events, it is now accepted that oncogenic
traits also accumulate through epigenetic disturbances (Baylin and Jones 2011;
Sandoval and Esteller 2012).

DNA methylation, histone tail modifications, nucleosome positioning, and non-
coding RNA are the epigenetic mechanisms crucial for the maintenance of heritable
changes in gene expression potential and chromatin organization over cell genera-
tions. Epigenetic regulation of transcription allows genetically identical cells to
establish distinct cellular phenotypes.

Recent next-generation sequencing studies of cancer genomes have revealed fre-
quent and recurrent mutations in a wide variety of epigenetic modulators, including
mediators of DNA methylation, covalent histone modifiers, and genes encoding
subunits of chromatin remodelers (You and Jones 2012; Shen and Laird 2013).
Aberrant activity of these key epigenetic players results in the deregulation of gene
expression and has been implicated in many malignancies, including numerous can-
cers (Sharma et al. 2010; Hanahan and Weinberg 2011).

2 DNA Methylation and DNA Methyltransferases

Mammalian DNA methylation primarily occurs as a covalent addition of methyl
group to the carbon-5 atom of cytosine in a cytosine-guanine (CpG) dinucleotide.
This enzymatic reaction is catalyzed by three DNA methyltransferases (DNMTs).
DNMT3A and DNMT3B show equal preference to hemimethylated and unmeth-
ylated DNA molecules and are essential for the creation of initial DNA methyla-
tion marks (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). After replication of the DNA, the newly synthe-
sized strand does not carry the methylation modification. DNMT1 preferentially
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catalyzes the covalent addition of the methyl group onto the unmethylated strand of
the hemimethylated DNA molecule. While DNMT 1 carries out the majority of the
DNA methylation in a dividing cell, DNMT3a/3b strongly associate with nucleo-
somes to permit efficient propagation of DNA methylation by modification of those
sites missed by DNMT1 (Okano et al. 1999; Liang et al. 2002; Rhee et al. 2002;
Jones and Liang 2009; Sharma et al. 2011).

DNMTs are responsible for laying down methyl groups, whereas the recently
identified ten-eleven translocation (TET) family of dioxygenases provide a para-
digm for DNA demethylation. These enzymes, through successive enzymatic reac-
tions, can oxidize 5-methylcytosine (SmC) to 5-hydroxymethylcytosine (ShmC) and
5-formylcytosine (5fC) to 5-carboxylcytosine (5caC) (Ko et al. 2010; Pastor et al.
2011, 2013). The oxidization of SmC contributes to the passive loss of DNA meth-
ylation over cell replication. In addition, the oxidized intermediates can be restored
to cytosine by iterative oxidation followed by base excision repair mediated by thy-
mine DNA glycosylase (TDG) (Kohli and Zhang 2013). Together, with DNMTs,
these enzymes provide a model for the dynamic regulation of DNA methylation.

3 CpG Islands

Methylated cytosine residues are susceptible to spontaneous deamination resulting
in the poorly repaired cytosine to thymine transition. As a result, nearly a third of all
disease-causing familial mutations and single-nucleotide polymorphisms are found
in methylated CpG sites. Similarly, in somatic cells, CpG residues in the gene body
or coding regions habitually contribute to mutational hot spots, such as in the case
of inactivating C to T transitions at the tumor suppressor gene p53 (Pfeifer 2000;
Jones and Baylin 2002).

Another consequence of this phenomenon is that there is a reduced representation
of the CpG palindrome globally in the human genome, except in genomic regions
designated as CpG islands (CGls). CGIs were first defined by Gardiner-Garden and
Frommer as a 200-bp DNA with a C+G content of 50 % and an (observed CpG)/
(expected CpG) in excess of 0.6 (Gardiner-Garden and Frommer 1987). While the
majority of CpGs are methylated, CpG sites located in CGIs remain overwhelmingly
unmethylated (Meissner et al. 2008). These islands are often, but not exclusively,
found in the nearly half of all gene promoters (Mikkelsen et al. 2007; Meissner et al.
2008). Non-CGI promoters, on the other hand, are predominantly methylated and
silent. These genes are more likely to be tissue specifically expressed; therefore,
only a small subset of non-CGI promoters remain unmethylated and accessible for
transcription factors in each tissue type (Eckhardt et al. 2006).

4 DNA Methylation in Normal Mammalian Tissue

Under normal physiological conditions, DNA methylation is vital to the mainte-
nance of genome integrity, as methylation of repeat regions prevents retrotranspo-
son activity. It is also involved in suppressing genes in a tissue-specific context and
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in facilitating allelic expression through genomic imprinting, and it is required for
the inactivation of the additional copy of the X-chromosome in females (Smith and
Meissner 2013).

Over evolutionary times, the mammalian genome has accumulated a large num-
ber of parasitic transposable, retroviral, repeat elements. These elements make up
more than a third of the human genome (Cordaux and Batzer 2009). CpG methyla-
tion of transposable elements silences the elements and prevents their transcription.
DNA methylation of these repeat elements is central to the maintenance of genomic
integrity (Yoder et al. 1997).

The epigenetic phenomenon of genomic imprinting results in the unequal con-
tribution of the chromosomes inherited from each parent to the embryonic devel-
opment. Imprinted genes are expressed in a parental-origin-specific manner rather
than from both chromosomes. DNA methylation is the key mechanism, by which
the 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 gene inherited from the father is expressed (Li et al. 1993; Ferguson-
Smith 2011).

X-chromosome inactivation is a developmentally necessary process, by which
the dosage of X-linked genes in females is equalized to the dosage of those genes in
males (Pessia et al. 2012). In mammals, the choice of the X-chromosome to be
inactivated is random. The process is initiated and propagated by the increased
expression of the noncoding RNA XIST on the X-chromosome that is going to be
inactivated (Xi). This then triggers a cascade of events that finally result in the
exclusion of RNA polymerase, as well as the recruitment of repressive histone
marks to Xi (Pontier and Gribnau 2011). Once the inactive X has been established,
DNA methylation of CpG islands is necessary for the maintenance of the silenced
state (Bestor et al. 2015).

5 DNA Methylation in Cancer

Broad changes of the epigenome accompany cancer initiation and progression. It
has been known for decades that cancer cells display a global loss of CpG methyla-
tion, including regions with low density of CpG sites, repeat elements, retrotranspo-
sons, and laminin-associated domains (LADs). This phenomenon occurs juxtaposed
with concomitant locus-specific hypermethylation at CpG islands and CpG island
shores (Weisenberger and Liang 2015).

5.1 Hypermethylation

5.1.1 Promoters

Epigenetic processes such as DNA methylation serve as a secondary mechanism for
the inactivation of tumor suppressor genes (TSGs) in addition to genetic changes
(Jones and Laird 1999; You and Jones 2012). The hypermethylation of CGI pro-
moters in cancer cells is inversely correlated with gene expression and results in
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Fig. 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 expression,
while red arrow marks the absence of expression. (a) In normal mammalian tissue, genes that are
actively transcribed have unmethylated promoters and some methylation in the gene body. (b)
With the onset of cancer, however, promoter hypermethylation can turn off the expression of
genes, and gene body hypermethylation can permit a more robust expression of some genes. (c)
Treatment with DNA methyltransferase inhibitors such as 5-Aza-CdR can restore gene expression
by removing aberrant methylation

the silencing of many known tumor suppressor genes (Fig. 1b) (Jones and Baylin
2007; Irizarry et al. 2009; Ehrlich and Lacey 2013; Shen and Laird 2013). Silencing
of cell cycle regulators and DNA repair genes through DNA methylation has been
reported in many different cancer types and is often mutually exclusive with the
genetic inactivation of the gene (Sakai et al. 1991; Costello et al. 1996; Alvarez-
Nuifiez et al. 2006; Chiang et al. 2006). Sporadic breast and ovarian cancer display a
loss of BRCA 1 expression due to promoter hypermethylation. Similarly, epigenetic
silencing of tumor suppressor VHL via promoter methylation predisposes individu-
als to several malignancies including clear cell renal cell carcinoma (Herman et al.
1994; Esteller et al. 2000; Esteller 2001; Chiang et al. 2006; Creighton et al. 2013).

Silencing of DNA repair genes contributes to a greater burden of genomic insta-
bility and genetic mutations. O6-Methylguanine-DNA methyltransferase (MGMT),
a DNA repair enzyme responsible for clearing out alkylation adducts on DNA, is
frequently hypermethylated in many cancer types including gliomas and colorectal
cancer. Consequently, MGMT was one of the first cancer DNA methylation bio-
markers to be discovered. The suppression of MGMT due to promoter hypermethyl-
ation results in increased susceptibility to genetic mutations in essential genes such
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as p53 and KRAS. Interestingly, loss of MGMT makes the cell more vulnerable
to treatment by chemotherapeutic agent temozolomide (TMZ). Clinical studies in
glioblastoma multiforme (GBM) suggest that treatment with TMZ is most benefi-
cial in cases where the tumor presents MGMT promoter hypermethylation (Donson
et al. 2007; Silber et al. 2012; Zarnett et al. 2015).

Similarly, promoter hypermethylation of the mismatch repair gene MLH]1 is fre-
quent in cancers. Studies have confirmed that the hypermethylation leads to an
increased promoter nucleosome occupancy and decreased expression of MLH1 (Lin
et al. 2007). MLH] inactivation due to promoter methylation is strongly associated
with hypermethylation of a subset of CpG islands, and it is the primary mechanism
for microsatellite instability, contributing to the pathogenesis of many cancers
including colorectal and endometrial carcinomas (Weisenberger et al. 2006; Hitchins
et al. 2007; Hinoue et al. 2012; Li et al. 2013).

Hypermethylation of CpG islands can also contribute to the loss of imprint-
ing. When the imprinted locus IGF2/HI19 becomes aberrantly methylated, the
expression of the growth factor IGF2 is increased (Ravenel et al. 2001; Kaneda
and Feinberg 2005). Sustained overexpression of IGF2 has been noted to contrib-
ute to the development and progression of cancers such as colorectal and gastric,
and the loss of imprinting at this locus is the most common alteration in Wilms’
tumor (Li et al. 1993; Taniguchi et al. 1995; Wu et al. 1997; Cui 2007; Bjornsson
et al. 2007).

Aberrant DNA methylation is a widespread phenotype in cancer, and identify-
ing the specific alterations driving the tumor phenotype can guide therapeutic strat-
egies. In a recent study, our group applied the concept of DNA methylation
addiction to identify epigenetic drivers of tumorigenesis. We hypothesized that
cancer cells depend on the methylation of a few vital regions for survival, and these
regions would be more likely to maintain DNA methylation when methylation
levels were reduced artificially. Because these regions contribute to the fitness of
the cancer cell, they are likely to be driving the tumor condition. To test this
hypothesis, global DNA methylation of colorectal line HCT116 was compared to
its lowly methylated derivative line lacking one or more of DNMTs (Rhee et al.
2000, 2002). Epigenetic drivers were ascertained by recognizing genomic regions
that maintain methylation preferentially and in a cancer specific manner in the
HCT116 derivative line. One of the candidate epigenetic drivers identified by this
approach was interleukin-1 receptor-associated kinase 3 (IRAK3). The IRAK3 pro-
moter is specifically hypermethylated in cancers, and this correlates with the
reduced expression of the gene in many cancers including colon adenocarcinoma
relative to normal tissue. Importantly, IRAK3 indirectly inhibits multiple pathways
essential for cancer survival, including the STAT3, NF-kB, and MAPK pathways.
Therefore, downregulation of IRAK3 is greatly beneficial for cancer progression.
Knocking down IRAK3 in a non-tumorigenic cell line was sufficient to increase
colony formation in vitro. IRAK3 is silenced in HCT116 by DNA methylation, and
overexpression of JRAK3 in this line accounted for a decreased cell viability (De
Carvalho et al. 2012).
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5.1.2 Noncoding RNAs

Aside from canonical gene promoters, methylation also plays an important role in
the regulation of noncoding RNA (ncRNA), such as microRNA (miRNA), small
nucleolar RNA (snoRNA), vault RNA (vtRNA), and long noncoding RNA
(IncRNA). These elements are critical regulators of cellular processes including
proliferation, differentiation, and development (Esteller 2011). Aberrant hyper-
methylation can result in deregulation of microRNAs and contribute to cancer
development. In bladder cancer cells, treatment with the DNMTi 5-Aza-2’-
deoxycytidine (5-Aza-CdR) leads to the upregulation of miR-127 and the subse-
quent downregulation of the proto-oncogene BCL-6 (Saito et al. 2006; Ehrlich
2010; Kulis et al. 2013). Likewise, when the microRNA miR-124a becomes
silenced due to hypermethylation in acute lymphoid leukemia (ALL), it activates
the CDK6-RB1 oncogene pathway, contributing to poor patient survival (Agirre
et al. 2009). It has also been observed in ALL that the CpG islands upstream of
snoRNAs SNORD123, U70C, and ACA59B endure a cancer-specific hypermeth-
ylation resulting in their transcriptional silencing (Ferreira et al. 2012). Gastric
cancer and acute myeloid leukemia (AML) patients with CpG hypermethylation
of the ncRNA nc866, also known as vtRNA2-1, show poor survival (Treppendahl
et al. 2012; Lee et al. 2014). In vitro knockdown of nc866 in gastric cell lines
leads to the induction of known oncogenes, and overexpression of the ncRNA
reduces cellular proliferation (Lee et al. 2014). In myelodysplastic syndrome
(MDS), both vtRNA1-2 and vtRNA1-3 can be silenced by promoter methylation,
and the hypermethylation of the vtRNA 1-3 promoter is associated with a decreased
survival in lower-risk MDS patients (Helbo et al. 2015). Finally, a recent study has
detected epigenetic silencing of a partially annotated IncRNA MORT via DNA
hypermethylation to be highly significant for the immortalization of human mam-
mary epithelial cells. Deficient MORT expression is also common in most cancers
and can be reactivated by 5-Aza-CdR treatment, suggesting a role for this IncRNA
in immortalization during oncogenesis (Vrba et al. 2015). These findings and
many others make it clear that aberrant methylation of ncRNAs with tumor sup-
pression effects is a fundamental feature of cancer and has a vital role in the dis-
ease progression.

5.2 Hypomethylation

Although CpG hypomethylation was the first methylation change discovered in can-
cer, the implication of this dysregulation in tumorigenesis has often been over-
looked. Feinberg and Vogelstein, as well as Gama-sosa et al., identified a global
decrease in SmC content across numerous cancer types (Gama-sosa et al. 1983;
Feinberg and Vogelstein 1983). Hypomethylation can be an early event in tumori-
genesis and is frequently detected in benign hyperplasia. Loss of methylation is
more prominent with tumor progression, and metastatic lesions possess greater
demethylation than primary tumors (Li et al. 2014b).
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The majority of the decrease in CpG methylation occurs in intergenic and
intragenic regions. These genomic areas are replete with repetitive and transpos-
able elements. DNA methylation suppresses these elements and their hypomethyl-
ation can contribute to ectopic gene expression. Long interspersed nuclear element
1 (LINE]I) retrotransposons are mobile genetic elements responsible for much of
the endogenous mutagenesis in humans. LINE] insertions can greatly affect gene
expression and DNA methylation is key to the silencing of LINEI. The hypometh-
ylation of the CpG island at the promoter of LINE! stimulates the adoption of a per-
missive chromatin architecture at the alternative MET promoter, thereby activating
the oncogene (Wolff et al. 2010). LINE1 hypomethylation has also been recognized
as an indicator of tumor progression and prognosis in several cancer types includ-
ing prostate, melanoma, bladder, and renal cancer (Yegnasubramanian et al. 2008;
Ecsedi et al. 2013; Andreotti et al. 2014; Su et al. 2014; Karami et al. 2015). Another
class of repeat elements known as short interspersed nuclear elements (SINEs) is
also similarly regulated by methylation, and studies have observed loss of methyla-
tion at these repeats in acute myeloid leukemia (AML) (Saied et al. 2012).

Although hypomethylation of non-CGI promoters is much less frequent than
hypermethylation of promoter CGIs, it can result in the upregulation of oncogenes
and proto-oncogenes (Feinberg and Vogelstein 1983; Sges et al. 2014). In metastatic
non-small cell lung cancer tumors, for example, the putative oncogene engulfment
and cell motility 3 (ELMO3) gene is significantly overexpressed as a result of its
promoter hypomethylation (Sges et al. 2014). In osteosarcoma, Iroquois homeobox
1 (IRX1) is upregulated and is pro-metastatic. The increase of I[RXI gene expression
is found in both metastatic osteosarcoma cell lines and primary patient samples (Lu
etal. 2015). In both cases the gain in expression is associated with hypomethylation
of the gene promoter.

5.3 DNA Methylation at Intergenic and Intragenic
Regions in Cancer

For decades, much of the research efforts in cancer epigenetics had been concen-
trated on the regulation of DNA methylation at gene promoters. Advances in next-
generation and high-density array sequencing have allowed researchers to expand
their studies of DNA methylation to a genome-wide context. In doing so, it has
become increasingly evident that non-promoter intragenic and intergenic regions
are also dynamically regulated and contribute to physiological changes as well as to
the development of disease states.

5.3.1 DNA Methylation Changes in Transcribed Regions

Unlike promoters, where methylation contributes to a “closed” chromatin archi-
tecture resulting in gene repression, the methylation level in transcribed regions
(bodies) of genes is often positively correlated with gene expression. A recent inves-
tigation of glioblastoma samples revealed functional roles for gene body methyla-
tion in affecting MGMT expression (Moen et al. 2014). The study found that tumors
with unmethylated MGMT promoter and high gene body methylation maintained
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a high MGMT expression. As previously mentioned, MGMT expression confers
resistance to TMZ therapy. Consequently, pretreating glioblastoma cell lines with
DNMTi decitabine to reduce MGMT body methylation significantly sensitized
them to the temozolomide treatment (Moen et al. 2014).

Gene bodies are mostly CpG poor, contain numerous repetitive and transposable
elements, and are extensively methylated. While DNA methylation inhibits initia-
tion of transcription, it enables transcription elongation (Kulis et al. 2013; Lou et al.
2014). Furthermore, methylation in the gene body can also add to transcription
efficiency by regulating the usage of alternate start sites. Global methylome analysis
of GBMs purports a role for gene body hypomethylation in stimulating the tran-
scription from alternate promoters resulting in an increased expression of alterna-
tive transcripts and expression of oncogenic protein isoforms (Nagarajan et al.
2014). Finally, loss of methylation in gene bodies can reveal distal regulatory ele-
ments (enhancers) that might have been muted tissue specifically. A recent large-
scale analysis comparing DNA methylation profiles of normal B cell and chronic
myeloid leukemia revealed widespread gene body hypomethylation targeting par-
ticularly enhancer sites (Kulis et al. 2012).

5.3.2 DNA Methylation and Enhancers

Along with promoters, enhancers play a significant role in regulating the expression
and activity of target genes. Enhancers serve as a platform for transcription factors
(TFs), which bind the DNA through sequence recognition. The presence of multiple
TFs at the enhancer is usually necessary for enhancer activation. Additionally, func-
tional enhancers are decorated with active histone marks including H3K4mel and
H3K27ac. Through long-range interactions such as “looping,” these distal elements
are able to deliver the bound accessory proteins to promoters and stimulate robust
transcription. Of note, each enhancer can regulate the activity of multiple promoters
(Bulger and Groudine 2011).

Although methylation of DNA has been noted to be inversely correlated with the
presence of active histone marks, such as those that delineate active enhancers (Lay
et al. 2015; Jones 2012; Kelly et al. 2012), expression-related methylation sites co-
localizing with enhancers have also been observed. Not only is methylation at these
sites inversely correlated with gene expression, similar to promoters, but they are
often better predictors of expression levels than the promoter methylation (Aran
et al. 2013; Aran and Hellman 2013). Furthermore, enhancers can regulate gene
expression in a cell-type-specific manner even when the promoter is continually
unmethylated (Aran et al. 2013).

TF recognition sequences and other DNA-binding elements are mostly situated
in unmethylated DNA. DNA methylation can thwart the association of TF to DNA,
and conversely, the presence of TFs can promote DNA hypomethylation by prevent-
ing DNMTs from accessing DNA (Calo and Wysocka 2013). Thus, subtle modula-
tion of DNA methylation at enhancers can greatly affect gene expression of multiple
target genes.

In cancer, hypomethylation of intergenic and intragenic enhancers can reveal
binding motifs for TFs and induce downstream expression changes (Kulis et al.
2013; Aran et al. 2013). On the other hand, DNA hypermethylation at enhancers
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can decommission them, resulting in a loss of active histone marks and loss of
transcription factor binding. Such alterations can modulate gene transcription inde-
pendent of promoter methylation fluctuations (Kulis et al. 2013).

6 Tumor Stratification and DNA Methylation Marker
Discovery Accelerated by TCGA

6.1 Consortium Data

Recent technological advancements in DNA sequencing have made it feasible to
generate genome-wide genetic and epigenetic profiles for numerous tumor and
normal samples. Integrating all the various datasets allows us to construct a more
complete picture of how the different constituents of the tumor machinery contrib-
ute to the initiation and progression of malignant tumors. Moreover, large sample
sizes and available patient information make it feasible to stratify tumors into sub-
groups that can be tackled as unique entities for more personalized and effective
treatment options. However, numerous bioinformatics and logistic challenges arise
with such large datasets. To address these challenges, many research groups have
come together to work in multinational consortia, such as Encyclopedia of DNA
Elements (ENCODE), NIH Roadmap Epigenomics Mapping Consortium, and The
Cancer Genome Atlas (TCGA). The ENCODE project has surveyed a number of
cell lines to extrapolate functional and regulatory elements of the genome, and the
NIH Roadmap has focused its resources on interrogating various tissue types to
identify tissue-specific regulation of the epigenome, while TCGA has comprehen-
sively collected data from 10,000 tumor samples across 30 cancer types (ENCODE
Project Consortium 2004; Birney et al. 2007; Bernstein et al. 2010; Chadwick 2012;
ENCODE Project Consortium 2012; Weinstein et al. 2013; Tomczak et al. 2015).
Molecular profiles generated by TCGA include whole-exome sequencing for muta-
tional information, RNA sequencing of the transcriptome, single-nucleotide poly-
morphism (SNP) arrays to determine somatic copy number variations, and Illumina
Infinium Bead Array analysis of global methylation status (Tomczak et al. 2015).
Along with the molecular information, TCGA also gathers details on tumor grade,
stage, and prognosis. Researches, therefore, have been able to take advantage of the
vast treasure trove of molecular data generated by these consortia to stratify cancer
types into subgroups, gain insights into the mechanisms specific to these subgroups,
and identify subgroup-specific therapeutic targets (Weisenberger 2014).

6.2 CpG Island Methylator Phenotype (CIMP) Stratifies
Tumor Subclass

In 1999, Toyota et al. noted that a subset of colorectal cancers showed cancer-specific
hypermethylation of specific CpGs. Moreover, this subset of tumors displayed a
concordant hypermethylation of p/6, THBSI, and hMLHI promoters. The group
coined this phenomenon as CpG island methylator phenotype (CIMP). They further
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postulated that CIMP contributes to tumorigenesis by concurrently incapacitat-
ing multiple tumor suppressor genes through hypermethylation of their respective
CGI promoters (Toyota et al. 1999). In 2006, Weisenberger and colleagues utilized
methylation data from CRC samples to identify a panel of markers that identified
the CIMP-positive tumors. This subset of CRC tumors robustly correlated with the
V6EBRAF mutation and microsatellite instability (Weisenberger et al. 2006). While
the molecular basis for the onset of CIMP in CRC is still unclear, several studies
have now unequivocally proven its existence.

One of the first mechanistic insights into CIMP generation in cancer came from
investigating promoter-associated hypermethylation in gliomas. Using TCGA data,
Noushmehr et al. comprehensively characterized DNA methylation of GBM tumor and
identified a CIMP type that defines a subset of gliomas. Interestingly, G-CIMP tumors
were tightly associated with a high frequency of isocitrate dehydrogenase 1 (IDHI)
somatic mutations (Noushmehr et al. 2010; Brennan et al. 2013). Somatic mutations of
IDH|1 confer gain of function activity in the mutant isoform allowing the mutated pro-
tein to produce 2-hydroxygluterate (2-HG). This oncometabolite is an inhibitor of the
TET family dioxygenases and Jumonji-C domain containing histone lysine demethyl-
ases. Thus, production of 2-HG results in the accumulation of DNA methylation along
with aberrant histone methylation (Dang et al. 2009). More recent studies have shown
that the IDH1 mutation alone is sufficient to establish a hypermethylator phenotype in
gliomas and that this hypermethylator status is retained in both early and late tumor of
the same patient, suggesting that CIMP phenotype is an early event that is likely driv-
ing the tumorigenesis (Turcan et al. 2012; Hill et al. 2014).

Similar to GBMs, AML tumors bear IDHIand IDH2 mutations as well as TET
mutations. IDHI and IDH2 mutations are mutually exclusive, while TET2 muta-
tions are mutually exclusive with all IDH mutations, suggesting redundant activity
of the proteins. TCGA and others have shown that AML tumors with mutations in
IDH proteins or TET enzymes show substantial DNA hypermethylation (Figueroa
et al. 2010; Shih et al. 2012).

To date, several reports have described CIMPs in many additional cancers includ-
ing gastric, breast, bladder, melanoma, prostate, hepatocellular, and endometrial
cancer. Stratifying cancers into subsets according to DNA methylation can provide
valuable prognostic, diagnostic, and therapeutic insights. In the case of GBMs,
G-CIMP patients tend to be younger in age and have better survival outcomes than
the non-G-CIMP patients. Similarly, Fang and colleagues found that B-CIMP+
breast tumors were associated with estrogen receptor (ESR1)-/progesterone recep-
tor (PGR)-positive tumors, and the CIMP status was a strong prognosis indicator.
B-CIMP+ patients had a lower risk of metastasis and better clinical survival (Fang
etal. 2011). Recognizing and understanding the onset of the methylator phenotype
can thus help researchers to better strategize therapeutic options.

6.3 DNA Methylation-Based Biomarkers

DNA methylation is an extremely stable mark, and the methylation status of loci
can be readily obtained from blood, urine sediments, and even highly processed
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tissues. Thus, markers based on the DNA methylation status of CpG sites are
convenient prognostic and diagnostic tools (Laird 2003; Levenson 2010).

Being able to integrate DNA methylation data with gene expression profiles of
hundreds of tumor and normal samples permits the discovery of individual tumor
suppressors and oncogenes, as well as the identification of methylation signatures
such as CIMP. In addition, this vast data trove can be mined for biomarker identifi-
cation and validation. Using TCGA high-grade serous ovarian cancer datasets,
researchers have been able to identify promoter methylation events in 168 genes,
including BRCAI. Inactivation of BRCAI due to promoter methylation and muta-
tions of the locus are mutually exclusive. While high-grade serous ovarian patients
carrying genetic mutations in BRCAI show better overall survival than patients with
BRCAI wild-type gene, interestingly, patients with epigenetic silencing of BRCAI
do not carry this survival advantage (TCGA 2011).

Comprehensive examination of 446 clear cell renal cell carcinomas (ccRCC) led to
the recognition of UQCRH as a putative tumor suppressor in ccCRCC. Hypermethylation
of the locus was observed in 36 % of the tumors and it correlated with higher stage
and grade. Additionally, by correlating clinical outcomes with protein signatures,
it became evident that a glycolytic shift similar to the “Warburg effect” occurs in
ccRCC. One of the drivers of this shift was the promoter hypomethylation of MIR21,
a negative regulator of the tumor suppressor PTEN. The loss of promoter methyla-
tion correlated with increased expression of MIR21 and was associated with a worse
patient outcome (Creighton et al. 2013).

Researchers outside the consortium have also been able to use repository to dis-
cover and validate biomarkers. For example, using methylation data of 194 AML
patients collected by TCGA, a recent study identified a CpG site in the complement
component 1 subcomponent R (C1R) to be a strong predictor of overall survival.
Patients with high levels of cytosine methylation at this site showed a significantly
longer overall survival than those with low levels of methylation (BoZi¢ et al. 2015).

7 DNA Methylation as a Therapeutic Target

Epigenetic aberrations in cancers including differential DNA methylation can be
used to distinguish tumor subtypes, indicate treatment responsiveness, predict clini-
cal outcomes, and determine therapeutic strategies. Epigenetic profiles can reveal
molecular pathways most vulnerable to chemotherapeutic agents, and methylation
changes can often serve as a barometer for treatment efficacy (Kelly et al. 2010).
Unlike genetic modifications, DNA methylation is both somatically heritable and
reversible. Thus, DNA methylation changes affected through pharmacological
intervention can have long-lasting impact. In addition, cancer cells can become
addicted to the advantages rendered by the atypical methylation landscape making
them increasingly vulnerable to epigenetic therapy (Mair et al. 2014). To this end,
DNMT inhibitors have been successfully employed in preclinical and clinical set-
tings with the goal of eliminating aberrant methylation (Yamazaki and Issa 2013;
Juo et al. 2015).
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DNA methyltransferase inhibitors (DNMTi), such as the cytidine analogs 5-Aza-
2’-deoxycytidine (5-Aza-CdR) and decitabine, become incorporated into DNA dur-
ing replication and are recognized as natural substrate by DNMTs. The DNMT
initiates the methylation reaction by covalently binding DNA. The resolution of this
covalent bond is impeded by Aza-cytosine, and the covalent sequestering of DNMTs
to DNA concedes the integrity of the DNA molecule and elicits DNA damage
response. This triggers proteomic degradation of the bound DNMT contributing to the
subsequent loss of methylation marks (Christman 2002; Stresemann and Lyko 2008).

5-Azacytidine is currently FDA approved to treat high-risk MDS patients and
has resulted in successful clinical outcomes (Fenaux et al. 2009). Preclinical data
are also available for other cytidine analogs, such as S110 which shows better stabil-
ity and activity relative to 5-Aza-CdR (Yoo et al. 2007; Chuang et al. 2010).
Treatment by DNMTi can sensitize cancers to other chemotherapeutic agents such
as in the case of administrating SGI-110 to hepatocellular carcinoma cells. SGI-110
significantly synergized with oxaliplatin and resulted in greater cytotoxicity (Kuang
et al. 2015).

DNMTi can also prove to be immunomodulatory. The hypomethylation induced
in epithelial ovarian carcinoma cells upon treatment with SGI-110 results in the
increased expression of cancer-testis antigens, thereby, enhancing the recognition of
EOC cells by antigen-specific CD8+ T-cells. This contributes to restricted tumor
growth and better survival in a xenograft setting (Srivastava et al. 2015).

Additionally, numerous tumor suppressor gene promoter targets of DNMTi have
been identified, including pl16, MYODI, RASSFIA, and TIMP3 (Toyota 2001;
Christman 2002). The chromatin remodeler protein CHDS is considered a tumor
suppressor in many cancer types and is frequently silenced through multiple epigen-
etic mechanisms including promoter hypermethylation (Fujita et al. 2008; Gorringe
et al. 2008; Wang et al. 2011). A study performed in a colorectal cancer model
found that treatment with 5-Aza-CdR partially restored CHDS protein expression
(Fatemi et al. 2014). In AML cells, researchers have found that DNMTi can initiate
apoptosis in a p53-independent manner. Here, 5-Aza-CdR administration can
demethylate the promoter of p73, a member of the p53 family of transcription fac-
tors. The expression of TP73 induces p21 protein expression, which in turn renders
the cell more sensitive to chemotherapeutics and mediates the cytotoxicity of the
drug (Schmelz et al. 2005).

Better understanding of the role of intergenic methylation in the recent years
has led researchers to realize that in addition to promoter methylation, gene body
methylation might also serve as a therapeutic target for demethylating chemothera-
peutic agents such as 5-Aza-CdR (Fig. 1b, c¢). In our recent study, genome-wide
methylation levels were assayed at various time points after a short treatment of the
colorectal cell line HCT116 with 5-Aza-CdR. The study not only confirmed that
loss of methylation from the gene body correlated with loss of gene expression,
but importantly, the rate of re-methylation after drug withdrawal determined the
strength of reexpression. By taking advantage of HCT116 derivative lines lacking
various DNA methyltransferases, the study was able to conclude that the re-methyl-
ation was dependent on DNMT3B. Moreover, clustering the genomic regions into
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groups according to the rates of re-methylation, researchers noticed that rapidly
re-methylating genes are enriched for oncogenic genes such as c-MYC targets and
metabolic pathway genes. Thus, a potential mechanism of action for DNA methyl-
transferase inhibitors could be through mitigating the effect of deregulated c-MYC
(Kasinathan and Henikoff 2014; Yang et al. 2014). This study defined a causal link
between gene body DNA methylation and gene expression and recognized that gene
body methylation can be targeted to lower gene expression of oncogenes critical to
cancer progression.

The effects of DNMT inhibitors are diverse, and therapeutic responses have a
slow onset. Additionally, low doses of DNMTi are sufficient for long-lasting loss of
tumorigenicity and self-renewal with minimal cytotoxic effect. All of this indicates
that supplementary to acute reexpression of tumor suppressor genes or downregula-
tion of crucial oncogene, other mechanism(s) must exist by which DNA methyl-
transferase inhibitors can target methylatio