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  Pref ace   

 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 modifi ed 
by the addition of methyl groups. DNA methylation patterns are often heritable, 
leading to their classifi cation 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 fi eld 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 fi elds 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 fi eld, including past achievements 
and future challenges. Many of the chapters were written by renowned experts, who 
themselves made central contributions to the developing fi eld. 

 The introduction of the book (Chap.   1    ) by Jurkowska and Jeltsch recaptures the 
development of the fi eld 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 modifi cation 
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 fi eld 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 fl ipping 
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    , Tomkuvienė 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 fi eld, 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 fi eld 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 identifi cation of DNA MTases and the family of TET enzymes, 
which are involved in DNA demethylation. We fi nish by highlighting critical 
questions for the next years of research in the fi eld.  
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   Abbreviations 

  AdoMet    S-Adenosyl-L-methionine   
  HPLC    High-pressure liquid chromatography   
  MTase    DNA methyltransferase   
  RM system    Restriction/modifi cation 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 fi rst 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-fi lling model of the structure of B-DNA with a methylated CpG site. The 
methyl groups are shown in green in the major groove of the DNA. ( c ) Example of the major 
groove readout of an AT base pair by Gln as proposed by Seeman and colleagues in 1976 (Seeman 
et al.  1976 ). This contact 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 Gln 
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 modifi cation, had been systematically started.

2        Discovery and Early Work on DNA MTases 

 DNA methyltransferases were initially discovered as parts of restriction/modifi ca-
tion (RM) systems (Arber and Dussoix  1962 ). S-Adenosyl-L-methionine (AdoMet)-
dependent DNA and RNA methylation activity was fi rst 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 purifi ed in 1982 (Herman and Modrich  1982 ). 
The fi rst 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 fi rst model system 
to study sequence-specifi c 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-
fi cation of enzymes from the original bacterial strains toward recombinant 
expression of cloned enzymes. Therefore, cloning of restriction enzymes moved 
into the center of the scientifi c 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 modifi ed 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 Tawfi k 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 (Tawfi k and Griffi ths  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 fi rst 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 insuffi cient at 
that time, these studies led to the identifi cation 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 identifi ed in the 
early alignment studies could later be connected to defi ned 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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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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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 fi rst structure of a DNA methyltransferase (the bacterial M.HhaI 
enzyme) that was solved in 1993 (Cheng et al.  1993 ). In 1994, the publication of the 
fi rst structure of a DNA methyltransferase (again M.HhaI) 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 
fl ipping), allowing access of the catalytic residues described above to the base. This 
unexpected and seminal discovery highlighted the fl exibility of DNA and the 
dynamic processes that accompany enzymatic catalysis; research subjects that were 
intensively studied afterward. Today, we appreciate base fl ipping 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 fi rst structure of an ade-
nine- N6 MTase (M.TaqI) was published in 1994 as well (but without DNA) (Labahn 
et al.  1994 ), unexpectedly showing that both enzyme families contain a large cata-
lytic domain with an identical fold, consisting of a six-stranded parallel ß-sheet with 
a seventh strand inserted in an antiparallel fashion between the fi fth 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 
ß-sheet is fl anked by α-helices creating two subdomains with Rossmann fold 

a b

  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-fi lling 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 fl ipped adenine base is shown in  black )       
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architecture: one containing the binding site for the AdoMet and the other for the 
fl ipped base (Cheng  1995 ; Jeltsch  2002 ). In addition, all MTases contain a second 
less-conserved domain involved in DNA recognition. The fi rst structure of an ade-
nine-N6 MTase with DNA was solved in 2001 (Goedecke et al.  2001 ). It showed 
that the N6 of the fl ipped 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 specifi city 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-ß-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 fl ipped 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 fl ipped cytosine and 
adenine bases, but also small molecules like catecholamine or amino acids like argi-
nine, leading to the various groups of contemporary MTases specifi c for different 
methylation substrates. Moreover, the initial MTase ancestor has undergone several 
modifi cations 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 identifi ed 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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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 infl uence on the human genome, when Bird discovered the existence of 
the CpG islands (Bird  1980 ; Bird et al.  1985 ), which are defi ned 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 ).

Chlorella sp. (a unicellular green algae)
Chlamydominas (a unicellular green algae)

Tetraodon nigroviridis (buffer fish)
Danio rerio (zebrafish)
Mus musculus (house mouse)
Homo sapiens (human)
Ciona intestinalis (sea vase)
Oikopleura dioica (tunicate)
Bombyx mori (silk moth)
Apis mellifera (honey bee)
Tribolium castaneum (beetle)
Drosophila melanogaster (fruit fly)
Caenorhabditid elegans (a roundworm)
Nematostella vectensis (sea anemone)
Uncinocarpus reesii (a mold)
Neurospora crassa (bread mold)
Ascobolus immersus (a mold)

Saccharomyces pombe (fission yeast)
Saccharomyces cerevisiae (baker yeast)

Volvox carteri (a green algea)
Physcomitrella patens (a moss)
Selaginella moellendorffii (Spikemoss)
Oryza sativa (rice)
Arabidopsis thelina (Mouse-ear cress)
Populus trichocarpa (Poplar)
Phycomyces blakesleeanus (Pin mould)
Postia placenta (Brown rot fungus)
Laccaria bicolor (a mushroom)
Coprinopsis cinerea (lnky cap fungus)

Dnmts DNA methylation

  Fig. 5    Phylogenic distribution of DNA methylation systems and DNA MTases. The distribution 
of MTases of the DNMT1 ( red ), DNMT3 ( blue ), and chromomethylase families ( green ) is shown 
in several characteristic species.  Red circles  denote plant Met1 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 modifi cations. Reprinted with permission from AAAS)       
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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 fi nd-
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 fl ood of DNA sequences was searched for entries 
containing the characteristic DNA methyltransferase motifs described above. It was 
the bioinformatics approach that was successful at the end, leading to the discovery 
of the DNMT3A and DNMT3B enzymes in 1998 (Okano et al.  1998 ). Shortly 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 effi cient 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 modifi cations 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 DNMT1 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 modifi cations 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 fi eld 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 modifi ed bases in human DNA (Tahiliani et al. 
 2009 ; Kriaucionis and Heintz  2009 ; Munzel et al.  2010 ; Pfaffeneder et al.  2011 ; Ito 
et al.  2011 ; He et al.  2011 ). The exact role of these additional modifi ed 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 modifi cations, like 
histone posttranslational modifi cations, histone variants, or noncoding RNA, and its 
genome-wide and locus-specifi c 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-specifi c genome-wide analysis, but only at defi ned restriction sites. For cyto-
sine- C5 methylation, this situation dramatically changed with the development of 
the bisulfi te 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 fi rst 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 
bisulfi te technology, when the development of single-molecule real-time (SMRT) 
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sequencing for the fi rst 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 fl urry 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, fi rst groups reported global hypomethylation of DNA in cancer cells 
(Feinberg and Vogelstein  1983 ; Gama-Sosa et al.  1983 ). Shortly afterwards, fi rst 
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 confi rmed and extended this 
fi nding 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 fi eld was pioneered by Jones with the devel-
opment of 5-azacytidine (Jones and Taylor  1980 ), which afterwards was confi rmed 
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 
specifi c 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 modifi cation in organismic development and human diseases. Despite 
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decades of active research in the fi elds 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 modifi cation in other higher organisms? We anticipate 
many more years of exciting research to come in the fi eld 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 modifi cation in both DNA and RNA. The simplest modifi cation 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 modifi cation of the 
5-position by electrophiles or by further derivatization of the 5- methylpyrimidines. 
Here, we review the structural diversity of these modifi ed 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 5 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 modifi cation. Remarkably, and in contrast to most other nucleoside modifi ca-
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 5 U, rm 5 U), most prominently as the namesake of 
the T(Tψ)-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 5 C); however, all are introduced at the polynucleotide level. 

 Beyond simple methyl groups, numerous chemically more complex modifi ca-
tions of pyrimidines are known that contain a carbon modifi cation at the 5-position. 
This group may easily represent the largest group of all known modifi cations of 
nucleobases, because it includes a large part of the modifi cations 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 modifi cations are introduced at the 
polynucleotide level, the only exceptions being 5-hydroxymethylpyrimidines 
(5hmC, 5hmU) 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 modifi cations 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, effi ciently incorporates triphosphate ribonucleotides of rT and 
rm 5 C, and even more sterically, demanding carbon-5 modifi cations have been incor-
porated into RNA this way (Vaught et al.  2004 ). Similarly, synthetic modifi cations 
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 modifi cation 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 identifi cation 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 

Y. Motorin et al.



21

electrophilic metabolite, such as S-adenosyl-L-methionine (AdoMet) or  N  5 , N  10 - 
methylenetetrahydrofolate (CH 2 -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 modifi cation 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 5hmC and 5hmU (Fu et al.  2014 ; Pfaffeneder et al. 
 2014 ) will not be discussed here. Instead, we will turn to equally fascinating modi-
fi cations typically found in transfer RNA (tRNA) featuring a uridine at 34-position 
of the anticodon loop. Although this group of modifi cations includes a bewildering 
variety of sophisticated chemical structures, the initial modifi cation reaction bears 
similarities with the aforementioned relatively simple modifi cations. 

1.1     Chemical Structure and Occurrence of Pyrimidine 
C-5 Modifications 

 A surprising variety of pyrimidine modifi cations 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 2  vs. OH at the 4-position, and H vs .  CH 3  at the 5-position, results in eight spe-
cies of pyrimidine nucleosides. Ribothymidine (rT, 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 5 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-modifi cations 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 5hmC and 
5hmU (termed “J-base”) are not just spurious modifi cations 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 fi elds such as epigenetics and developmental biology, while the corresponding 
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modifi cation 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 5 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. 5hmU 
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 5hmU, 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 2 -THF, as will be detailed below.  

1.2     Reactivity of Pyrimidines 

 A closer look at the catalytic strategies employed by modifi cation 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 fi nding 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 5cC 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 5hmC was 
ineffi cient. Reaction with formaldehyde may be conducted in the presence of 
amine, resulting in aminomethylation, thus leading to modifi ed pyrimidines that 
closely resemble native counterparts typically found at 34-position of tRNA. Here 
again, the catalytic mechanism in the biosynthesis of these modifi ed bases bears 
similarities (Helm and Alfonzo  2014 ; El Yacoubi et al.  2012 ) with that of other 
modifi cations using CH 2 -THF ( vide infra ).   

2     Enzymatic Mechanisms of Pyrimidine Alkylation 

 Attachment of the alkyl (most frequently -CH 3 ) 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 C5 in U and C is insured either by specifi c DNA-MTases (for 5mC formation) of 
by RNA-specifi c m 5 U-methyltransferases as well as m 5 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 fi rst characterized enzymes used CH 2 -THF as co-substrate, 
yielding dihydrofolate, from which CH 2 -THF was regenerated from serine and 
FADH 2 . 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 2 -THF, but require FADH 2  as a direct reaction cofactor. This 
family is now called FDTS for fl avin-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 fi rst “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 2  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 2  at the 6-position of the 
pyrimidine base. In the case of an enzyme nucleophile, the major reaction steps are 

  Fig. 3    Enzymatic mechanisms for 2′-desoxythymidine formation in DNA building blocks       
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rather similar to the “classical” TS, except the last step of hydride transfer, where 
FADH 2  serves as a hydride donor rather than THF. In the case of the direct activa-
tion of dUTP by FADH 2 , after hydride transfer, the FADH 2  is replaced by CH 2 -THF, 
and the reaction proceeds by the “classical” way, but without covalent intermediate 
at the TS active site. The fi nal 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 (m 5 U) was among the fi rst modifi ed 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 identifi ed AdoMet 
as its CH 3 -group donor and Cys324 as a catalytic nucleophile and suggested a simple 
displacement mechanism of the methylation reaction (Kealey and Santi  1991 ; Kealey 
et al.  1991 ). RUMT catalyzes the modifi cation 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 ). rT was 
also found in bacterial rRNA and a different MTase (ygcA, renamed to RumA/
RlmD) was found to be responsible for its formation. Mutagenesis of RUMT and 
structural studies of RumA identifi ed the residues involved in catalysis (Santi and 
Hardy  1987 ; Kealey et al.  1994 ). Bacteria also have an additional enzyme of the 
same family (RlmC/RumB), catalyzing m 5 U747 formation in 23S rRNA. Activity of 
m 5 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 RlmD fulfi ll the cellular functions of 
TrmA (m 5 U54 in tRNA) and RlmC (equivalent of m 5 U747 in 23S rRNA) (Auxilien 
et al.  2011 ). The analysis of m 5 U54 formation in  B. subtilis  revealed an unexpected 
m 5 U54-MTase in these gram- positive bacteria. The fl avoprotein TrmFO enzyme 
from  B. subtilis  uses CH 2 -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 fl avin FADH 2  cofactor as the TSFD family, as the reducing 
agent in the CH 3 -group transfer. A similar enzyme was found to catalyze the forma-
tion of m 5 U1939 in  M. capricolum  23S rRNA (Lartigue et al.  2014 ). 

 The distribution of m 5 C in cellular RNAs from different life domains is complex. 
In bacteria, this modifi ed 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 
et al.  2013 ), while in Archaea its presence seems to be restricted to tRNAs and some 
sites in mRNAs (Edelheit et al.  2013 ). Three m 5 C residues in  E. coli  rRNA are 
formed by three specifi c enzymes, while in yeast three homologues modify both 
tRNAs and rRNAs. In higher eukaryotes, at least seven or eight specifi c proteins are 
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required for the modifi cation 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 5 C-MTase family were combined with bioinformatic analyses (Bujnicki et al. 
 2004 ), resulting in a subdivision of the known m 5 C-MTases into four major sub-
families: two groups related to Nop2/Nol1 and YebU/Trm4, a large group related to 
RsmB or Ynl022c, and a small group represented by  P. horikoshi  PH1991 and 
human NSUN6. Further inspection of homologues in higher eukaryotes (Pavlopoulou 
and Kossida  2009 ) suggested the existence of a new subgroup of m 5 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 5 C-forming enzymes in the different kingdoms is given in Motorin et al. ( 2010 ). 

 Higher eukaryotes also have another distinct family of m 5 C-RNA-MTAses 
derived from former m 5 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 5 C-MTases acting on DNA, i.e., enzymes of 
the DNMT family, see elsewhere in this book.  

2.3     Catalytic Mechanisms in the Formation of rT, m 5 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 2 -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 rT can be formed from 
either AdoMet or CH 2 -THF. This has interesting implications, namely, (i) that a 
cytidine methyltransferase using CH 2 -THF might so far have eluded detection and 
(ii) that the formation of rT 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 modifi cations occurring in tRNA, we note that a covalent 
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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  (ii)). 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 5 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 5 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 5 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 
modifi cations are found at uridine 34 in the anticodon of tRNAs, where they play a 
crucial role in mRNA decoding. Alkylations predominate among these modifi ca-
tions, and some of the enzymatic mechanisms bear strong similarity with those 
applied in simple methylations. For example, certain enzymes use CH 2 -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 2  
(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 modifi cation. 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 5 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 ).   

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



30

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 refl ected 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 modifi cations 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 modifi cations (Motorin and Helm  2011 ). This is likely due to the 
fact that their principle occurrences in tRNA and rRNA concern heavily modifi ed 
RNAs, where a plethora of modifi cations cooperate in a network fashion to modu-
late RNA activity (Motorin and Helm  2010 ). The role of U34 modifi cations 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 modifi cation 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 fi ndings that tRNA anticodon modifi cations 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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    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 specifi c DNA sequence context. 
Most bacterial DNA methyltransferases belong to restriction-modifi cation 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 signifi cance of bacterial DNA 
methylation.  

  Abbreviations 

   AdoMet    S-Adenosyl-L-methionine   
  CcrM    Cell cycle-regulated methylase   
  Cori    Replication origin of the  Caulobacter  chromosome   
  CRISP-R    Clustered regularly interspaced short palindromic repeats   
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  IPD    Interpulse duration   
  LD 50     Median lethal dose   
  Mod    Modifi cation gene in restriction-modifi cation systems   
  oriC    Replication origin of the  E. coli  chromosome   
  SMALR    Single-molecule modifi cation 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 specifi c DNA 
motifs, and it occurs after DNA replication. The majority of DNA methyltransferases 
described in the literature are part of restriction-modifi cation systems, each made of 
a restriction endonuclease and an adenine or cytosine DNA methyltransferase. In the 
1960s, restriction-modifi cation of DNA provided an explanation for an enigmatic 
phenomenon described in the previous decade: the modifi cation of bacteriophage 
host range upon passage through specifi c 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-
cifi c methylation pattern at adenine or cytosine moieties (Arber and Linn  1969 ). 

 Restriction-modifi cation systems are classifi ed 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    Classifi cation of restriction-modifi cation systems   

 Type  Composition  Cofactors  DNA restriction pattern 

 I  Multiple subunits  Mg ++  
 AdoMet 
 ATP 

 Random cleavage far from asymmetrical 
recognition sites 

 II  Separate enzymes for restriction 
and modifi cation 

 Mg ++   Cleavage within symmetrical 
recognition sequences 

 IIs  Separate enzymes for restriction 
and modifi cation 

 Mg ++   Cleavage at fi xed distance from 
symmetrical recognition sequences 

 III  Separate enzymes for restriction 
and modifi cation 

 Mg ++  
 ATP 

 Cleavage at fi xed distance from 
symmetrical recognition sequences 

 IV  Several subunits  Mg ++  
 GTP 

 Cleavage of DNA containing methylated 
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 modifi cation. 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-modifi cation systems in which 
DNA methylation protects against endonucleolytic cleavage, restriction systems spe-
cifi c 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- 
modifi cation 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- 
modifi cation 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-modifi cation 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 ; Løbner-Olesen et al.  2005 ; Wion and Casadesus  2006 ). 
Solitary methyltransferases may have derived from ancestral restriction- modifi cation 
systems that lost their restriction enzyme component. In support of this view, 
restriction-modifi cation systems in which the modifi cation 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-modifi cation 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 fi nding that a prophage-
encoded DNA methyltransferase belonging to a restriction- modifi cation 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 fi ndings, 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 specifi c 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 fi ve promoters (Løbner-Olesen et al.  1992 ), and one of them 
is regulated by the growth rate. This control adjusts the cellular level of Dam, which 
consists of about 130 molecules during exponential growth in rich medium. The 
level of Dam methylase may be additionally controlled by proteolysis (Calmann 
and Marinus  2003 ).  

2.2     CcrM Methylase 

 CcrM (acronym for “cell cycle-regulated methylase”) was initially identifi ed 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-fi xing 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 
a role 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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MutH from the ternary complex, and DNA unwinding is followed by single-strand 
degradation by exonucleases. The resulting gap is then fi lled 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 
confi ned 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 ).

  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)       
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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 fi rst 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 
(Løbner-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 ; Løbner-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 fi ve 
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 confi rm 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. Verifi cation of a methylation-sensitive DNA- 
protein interaction requires electrophoretic mobility shift analysis and/or DNAse I 
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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. 
Defi ning the region that needs to be examined for potentially relevant GATCs can 
thus be diffi cult. 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 classifi ed 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 specifi c 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 signifi cance 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 specifi city: 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-specifi c 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  traJ  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-specifi c 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 TraJ, 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, TraJ 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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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 ). 

  Fig. 2    Activation of  traJ  transcription by strand-specifi c 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  traJ  gene and permits  traJ  
transcription in one daughter plasmid molecule only. Reconstruction of the active  traJ  state in the 
recipient cell after mating is hypothetical       
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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 
 ftsZ  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 specifi c 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 specifi c 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 fi ndings 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 ; Coffi n and Reich  2008 ). Non-processive GATC sites have been found, for 
instance, in DNA-binding sequences for Lrp, OxyR, Fur, and other transcription 
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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 Bäumler  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 fi mbrial adhesins mediating adher-
ence to the urinary tract epithelium. Populations of uropathogenic  E. coli  contain a 
mixture of  pap  ON  and  pap  OFF  cells, and the  pap  OFF  subpopulation is always larger 
because switching is skewed toward the OFF state (van der Woude et al.  1996 ; 
Hernday et al.  2002 ). The  pap  ON  and  pap  OFF  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 prox ), and the distal site 
(GATC dist ). In the OFF state, GATC prox  is nonmethylated and GATC dist  is methylated. 
In the ON state, GATC prox  is methylated and GATC dist  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 affi nity 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 prox , while GATC dist  is meth-
ylated. This DNA methylation pattern undergoes endless propagation unless a pro-
tein called PapI is present (Kaltenbach et al.  1995 ; Hernday et al.  2003 ). 

 Expression of the switching factor PapI is low and probably noisy (Hernday et al. 
 2002 ,  2003 ). Above a critical threshold, PapI 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 PapI prevents methylation of GATC dist , which 
becomes nonmethylated. In turn, GATC prox  is no longer bound by Lrp and is methyl-
ated by the Dam methylase. This confi guration (GATC dist  nonmethylated, GATC prox  
methylated) permits  pap  transcription (Casadesus and Low  2006 ; van der Woude 
et al.  1996 ). A positive feedback loop sustains the  pap  ON  state: one of the proteins 
encoded by the  pap  operon, PapB, enhances transcription of the  papI  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 fl uctuations 
(Casadesus and Low  2006 ). 
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 Switching from ON to OFF requires a decrease in the concentration of PapI 
below a critical threshold, perhaps by proteolytic degradation (van der Woude et al. 
 1996 ). In the absence of PapI, 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 GATC dist , and Lrp translocation to the downstream sites hin-
ders methylation of GATC prox  (van der Woude et al.  1996 ; Casadesus and Low 
 2006 ). The  pap  OFF  pattern (GATC dist  methylated, GATC prox  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  fi mbrial operons, and the architecture of their regulatory regions is 

  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 PapI 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       
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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 biofi lm 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  ON  state requires full (two-strand) 
GATC methylation and may be facilitated by the fact that the  agn43  GATC sites do 
not have fl anking 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  OFF  state can occur after DNA replication, when the 
three GATCs are hemimethylated (Wallecha et al.  2002 ). OxyR has a higher affi nity 
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 
(Cota et 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 ON  and 
OpvAB OFF  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-modifi cation systems has been found to regulate expression of specifi c 
genes, giving rise to a phase-variable regulon or “phasevarion” (Vasu and Nagaraja 
 2013 ). Certain phasevarions conserve their restriction-modifi cation activity (Fox 
et al.  2007b ); in others, however, the modifi cation 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-defi cient 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 infl uenzae  may control at least 15 genes, and the 
ModA11 phasevarion of  Neisseria meningitidis  may control up to 80 genes 
(Srikhanta et al.  2010 ). In the human pathogens  Haemophilus infl uenzae ,  Neisseria 
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meningitidis ,  Neisseria gonorrhoeae,  and  Helicobacter pylori , the loci under Mod 
control include genes with roles in envelope structure, synthesis of fl agella, viru-
lence, and stress responses (Srikhanta et al.  2010 ). In  N. gonorrhoeae,  lack of the 
ModA13 methylase alters antimicrobial resistance, invasion of epithelial cells, and 
biofi lm 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 benefi ts 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 dcm  mutants show increased expression of the sigma factor 
RpoS (Kahramanoglou et al.  2012 ) and overexpress a membrane protein involved in 
ethidium bromide transport (Militello et al.  2013 ). In  Helicobacter pylori , lack of an 
orphan C5-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 diffi culty to detect methylated bases (particularly N6-methyladenine, the most 
common modifi cation 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 modifi cations 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 fl uorescent 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 fl uorescence whose color 
identifi es the nucleotide. The sequencing device monitors not only the fl uorescence 
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- 
amplifi ed (nonmethylated) DNA identifi es 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 benefi ts 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 signifi cant 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 specifi city of a DNA methyltransferase belonging to a 
restriction- modifi cation 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-modifi cation 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 specifi city 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 identifi cation of the Dam methylation patterns 
associated with  ovpAB  phase variation required independent examination of 
OpvAB ON  and OpvAB OFF  bacterial lineages (Cota et al.  2016 ). The same limitation 
may apply to the identifi cation 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 modifi cation 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 fi rst investigated in  Salmonella enterica . A simple genetic 
approach was to compare the median lethal dose (LD 50 ) 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 LD 50  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 ineffi cient 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 ); 
(ii) reduced motility, due to chaotic expression of fl agellar 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 
et al.  2002 ; Heithoff et al.  2001 ); and (v) defi cient biofi lm 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 infl uenzae , 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-specifi c differences in DNA methylation may control 
lineage-specifi c 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 (Fälker 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” (Fälker 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 
infl uenzae , 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 (Løbner-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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    Atsushi     Nakagawa    , and     Hironobu     Kimura   

    Abstract 
   In mammals, three DNA methyltransferases, Dnmt1, Dnmt3a, and Dnmt3b, have 
been identifi ed. Dnmt3a and Dnmt3b are responsible for establishing DNA 
methylation patterns produced through their de novo-type DNA methylation 
activity in implantation stage embryos and during germ cell differentiation. 
Dnmt3-like (Dnmt3l), which is a member of the Dnmt3 family but does not 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 Dnmt1 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    Immunodefi ciency, 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, Dnmt1, Dnmt3a, and 
Dnmt3b, have been identifi ed (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 (Dnmt3l), 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 
Dnmt1 faithfully propagates them to the next generation after DNA replication. 
Dnmt1 preferentially methylates hemimethylated CpG sites, which appear after 
DNA replication and repair.
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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 

a

b

  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 Dnmt3l. 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. Dnmt3l, a member of the 
Dnmt3 family, lacks the catalytic domain and thus does not exhibit DNA methylation activity       
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comprising a PWWP, ADD (Atrx-Dnmt3-Dnmt3l), 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 ). Dnmt3l, 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 fi ve- 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 affi nity 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 affi nity of Dnmt3b to 
DNA than that of Dnmt3a could be the reason for the specifi c methylation of major 
satellites by Dnmt3b. A point mutation in the PWWP domain in Dnmt3b was found 
to be the cause of the immunodefi ciency, 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 fi nger 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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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 fi nal 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-Dnmt3l (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 

  Fig. 2    Structure of the PWWP domain of Dnmt3b. ( a ) Ribbon diagram of the PWWP domain, 
which is changed to SWWP in Dnmt3b ( left ), 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 Dnmt3l (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 Dnmt3l and Dnmt3a       
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H4 symmetrically di-methylated at Arg 3 (H4R3me2s) (Zhao et al.  2009 ), or histone 
H3 un-methylated at Lys 4 (H3K4me0) (Otani et al.  2009 ; Zhang et al.  2010 ). 

 The three-dimensional structure of the ADD domain of Dnmt3a is similar to those 
of Dnmt3l and ATRX (Argentaro et al.  2007 ; Ooi et al.  2007 ) (Fig.  2b ) and possibly 
Dnmt3b as well (Dhayalan et al.  2011 ). The affi nity of the ADD domain of Dnmt3a 
to histone H3 tail is in the sub-micromolar range and is decreased by methylation 
modifi cation 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 fi ts into the shallow groove of the PHD fi nger 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 affi nity is tenfold higher. As described 
below, Dnmt3l interacts directly with Dnmt3a and Dnmt3b (Suetake et al.  2004 ), and 
the proteins exist as a complex in embryonic stem (ES) cells (Li et al.  2007a ). 
Selective recognition of H3K4me0 by the ADD domains of Dnmt3a (Dnmt3b) and 
Dnmt3l 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 
specifi cally recognizes H3K9me2/3. 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 H3K4me0 
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.

2.3        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 Dnmt3l has been determined (Jia 
et al.  2007 ). It is a heterotetramer comprising two Dnmt3a molecules in the center 
and one Dnmt3l 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 
affi nity for substrate DNA as the DNA-binding site of Dnmt3a is rather small com-
pared to that of bacterial M.HhaI. In the absence of Dnmt3l, however, Dnmt3a tends 
to polymerize using the same interaction surface as Dnmt3l. 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 Dnmt3l may promote 

  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 Dnmt3l without ( upper ) 
or with ( lower ) a histone H3 tail. The catalytic domain is shown in magenta, the ADD domain in 
cyan, and the C-terminal region of Dnmt3l in gray.  S -Adenosyl-L-homocysteine (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-
lytic 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 Dnmt3l can be the underlying mechanism for the 
enhancement of DNA methylation activity of Dnmt3a (Jurkowska et al.  2011 ), 
especially in germ line cells to increase Dnmt3a availability and DNA methylation 
activity for the generation of global DNA methylation (Bourc’his et al.  2001 ; Hata 
et al.  2002 ; Kaneda et al.  2004 ). 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 ).  

2.4     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 NEDD8, 
which is a small ubiquitin-like protein, through the region between the ADD and 
catalytic domains. NEDD8-modifi ed CUL4A, which is essential for repressive 
chromatin formation, binds to Dnmt3b as well (Shamay et al.  2010 ).  

2.5     Factors That Guide Dnmt3 to the Regions 
to Be Methylated 

 There have been several reports on the factors bringing Dnmt3 enzymes to specifi c 
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-specifi c DNA-binding 
proteins may recognize such a sequence. For example, Dnmt3a binds to the core-
pressor complex of PR48/HDAC1 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. pRNA, which binds the promoter of rRNA coding genes and 
forms a DNA/RNA triplex, recruits Dnmt3b to its target regions (Schmitz et al. 
 2010 ). However, it was also reported that the DNA/RNA heteroduplex rather 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-specifi c DNA-binding proteins 
has been reported. The KRAB zinc fi nger protein family, which determines target 
regions for methylation, comprising more than 300 genes (Liu et al.  2013 ), is an 
example. ZFP57, a KRAB zinc fi nger protein, binds to DNA in a sequence-specifi c 
manner and plays crucial roles in the establishment and maintenance of the meth-
ylation of imprinted genes through interaction with Trim28 (KAP1 or TIF1β) 
(Quenneville et al.  2011 ,  2012 ). Trim28 interacts with Dnmt3a, Dnmt3b, and Dnmt1 
(Zuo et al.  2012 ) and acts as a scaffold to guide Dnmts to a variety of target sequences 
utilizing sequence-specifi c binding KRAB zinc fi nger proteins. As a similar exam-
ple, NEDD8, which is an ubiquitin-like small protein modifi er, 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 specifi c 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; Brg1, 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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specifi c regions is strongly correlated with the chromatin state or histone modifi ca-
tions. Trim28, which is reported to interact directly with Dnmt3a (Zuo et al.  2012 ), 
also interacts with Setdb1, a histone H3K9 methyltransferase, and HP1 (Matsui 
et al.  2010 ), which recognizes H3K9me2/3. Cullin and CENP-C, as described 
above, are heterochromatin fi nders. Many studies have shown that Dnmt3a recog-
nizes the modifi ed or unmodifi ed 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 ). 
Dnmt3l, a member of the Dnmt3 family with no methylation activity, also contains 
an ADD domain and recognizes H3K4me0 (Ooi et al.  2007 ). H3K4me0 recruits the 
Dnmt3a and Dnmt3l 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 modifi cations 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 Dnmt1 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 Dnmt1 associated protein 1 
(DMAP1), which is a factor that represses transcription by cooperating with histone 
deacetylase HDAC2. DMAP1 binds to Dnmt1 at replication foci to assist mainte-
nance of the heterochromatin state as well (Rountree et al.  2000 ). 

 Proliferating cell nuclear antigen (PCNA), which binds DNA polymerase δ and 
other factors related to replication, is a prerequisite factor for replication. PCNA 
binds to the 160–178 aa sequence of mouse Dnmt1. The binding helps Dnmt1 
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maintain the methylation profi le of the daughter DNA (Chuang et al.  1997 ) and 
recruit Dnmt1 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 specifi cally methylates H3K9 (Estève 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 Dnmt1 is 
tightly linked to histone methylation modifi cation. 

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

 In addition, the NTD of mouse Dnmt1 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  Line1 , satellite, and the promoter of tissue- 
specifi c silent genes to maintain the fully methylated state of the repaired region that 
is hemimethylated (Suetake et al.  2006 ). 

 After the NTD, a fl exible 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 Dnmt1 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 fl exible 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, Dnmt1 is fully active as a maintenance methyltransferase, at 
least in ES cells (Garvilles et al.  2015 ). The 1–353 sequence, which contains the 
NTD and the linker, binds to un-methylated DNA with CpG (Fatemi et al.  2001 ). 
However, 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 Dnmt1 localization at the replication region at the late 
S-phase (Leonhardt et al.  1992 ). This recruitment depends on the tethering of 
Uhrf1 (ubiquitin-like with PHD and ring fi nger 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 Dnmt1 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 Uhrf1 and Dnmt1 cannot bind to the 
same CpG site at the same time due to steric hindrance (Arita et al.  2008 ; Song 
et al.  2012 ). This clearly indicates that there must be a mechanism to hand the 
hemimethylated CpG from the SRA domain over to the catalytic center of Dnmt1, 
which 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 
Dnmt1 (Takeshita et al.  2011 ). The position of the RFTS domain in the catalytically 
active Dnmt1 is intriguing. Since the RFTS domain is inserted into the catalytic 
pocket, a substrate DNA cannot gain access to the catalytic center due to steric 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 fi ts into the catalytic pocket of Dnmt1 (Song et al.  2012 ), Dnmt1 cannot 
methylate substrate DNA. The DNA methylation activity of Dnmt1 that lacks the 
RFTS domain toward short hemimethylated DNA is effi ciently inhibited by ectopi-
cally added RFTS domain (Syeda et al.  2011 ; Berkyurek et al.  2014 ). The fact that 
Dnmt1 forms a head-to-head dimer through interaction between the RFTS domain 
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(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 Dnmt1 may increase the DNA- 
binding affi nity 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 modifi cations are necessary 
for maintenance methylation via the interaction with the RFTS domain. Interestingly, 
the ring fi nger motif of Uhrf1, which is a prerequisite factor for 

  Fig. 4    Transfer of hemimethylated DNA from Uhrf1 (SRA domain) to the catalytic center of 
Dnmt1. ( a ) Hemimethylated DNA, which appears just after the replication, is occupied by Uhrf1 
(SRA domain) (PDB accession number 2ZKE). ( b ) Considering the reported structure of the 
Dnmt1 catalytic domain complex with hemimethylated DNA (PDB accession number 4DA4), 
SRA and Dnmt1 cannot recognize hemimethylated CpG at the same time. ( c ) Furthermore, the 
RFTS domain occupies the catalytic pocket of Dnmt1 (PDB accession number 3AV6). The SRA 
domain of Uhrf1 directly interacts with the RFTS domain of Dnmt1 to remove the domain from 
the catalytic pocket to allow hemimethylated DNA access to the catalytic center       
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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 fi nger of 
Uhrf1 recognize H3K9me3 and H3R2me0 (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 modifi cation. 

 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 fi nger 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 fi nger 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 Dnmt1. The CXXC domain of Dnmt1 con-
tains two C4-type zinc fi ngers. 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 
et al.  2011 ). Song et al. proposed that binding of the CXXC domain to un- methylated 
DNA is a mechanism to inhibit its accession to the catalytic center of Dnmt1 and 
thus 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 specifi city 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 specifi city toward hemimethylated DNA methylation 
activity (Bashtrykov et al.  2012 ; Suetake, unpublished observation). In addition, 
Song et al. have reported that even Dnmt1 with the CXXC domain deleted shows 
similar specifi city 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 Dnmt1 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 BAH1 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 
Uhrf1 (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.  

3.4     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 Dnmt1 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 fi nger motif. The forma-
tion of this Zn-fi nger is necessary for a stable conformation of Dnmt1, as mutations 
of the involved Cys residues inhibit solubilization of the Dnmt1 protein (unpub-
lished observation). 

 Interestingly, the fi rst 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 ORC1 recognizing H4K20me2 are con-
served in the BAH1 domain of Dnmt1 (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 modifi cation 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 Dnmt1 without the two BAH 
domains suggesting that they play a crucial role in the enzyme folding or activity. 

 The KG-repeat between the BAH2 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 fl exibility 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-specifi c protease 7 (USP7), which is a deubiquitinating enzyme (Qin et al. 
 2011 ). This interaction increases DNA methylation activity possibly through stabiliz-
ing Dnmt1 (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.HhaI (Kumar 
et al.  1994 ). However, different from in M.HhaI (Cheng et al.  1993 ), the position of 
the side chain of Cys in the PCQ loop, which is expected to form a covalent bond 
with the sixth carbon of the target cytosine base (Song et al.  2012 ), turns toward 
target cytosine on the addition of methyl-group donor  S -adenosyl-L- methionine 
(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 Dnmt1 
(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.

  Fig. 5    Positioning of Cys residues that covalently bind the sixth position of the target cytosines in 
mouse Dnmt1, human DNMT1, and M.HhaI. Cys 1229 in the PCQ loop of mouse Dnmt1 faces 
toward or away from the target cytosine in the presence of AdoMet or AdoHcy, respectively ( a ,  b ). 
On the contrary, in M.Hha1, Cys 81 in the PCQ loop faces away from the target cytosine even in the 
presence of AdoMet when DNA is not present ( c ). Different from mouse Dnmt1, in human DNMT1, 
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 Dnmt1 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 fl ipped 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 Dnmt1, 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 Dnmt1, as described above. However, it has been reported that 
Dnmt3a and/or Dnmt3b are also necessary for maintaining the methylation of repeat 
elements (Liang et al  2002 ). In  Dnmt3a  and  Dnmt3b  double-knockout ES cells, DNA 
methylation gradually decreased during culture (Chen et al.  2003 ). A similar decrease 
in DNA methylation has been observed in mouse embryonic fi broblasts 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 Dnmt1 at replication foci, since Dnmt1 is loaded at an early 
stage of replication, and Dnmt3a and Dnmt3b at a rather late stage of replication 
(Alabert et al.  2014 ). Therefore, 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 signifi cant level of de novo-type DNA methylation activity in vitro 
(Fatemi et al.  2001 ; Vilkaitis et al.  2005 ). Ectopically overexpressed Dnmt1 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 specifi c 
sites. Co-crystal structures of Dnmt3a with Dnmt3l 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 Dnmt1 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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    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  modifi cations of the DNMTs. 
In this chapter, we summarize key enzymatic properties of DNMTs, including 
their specifi city and processivity, and afterward we focus on the regulation of 
their activity and targeting via allosteric processes, protein interactors, and post-
translational modifi cations.  

  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   
  DMAP1    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 modifi cation   
  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 fi nger domains 1   
  USP7    Ubiquitin-specifi c peptidase 7   
  ZHX1    Zinc fi nger 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 modifi cations, 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-specifi c pattern of DNA methylation consisting of modifi ed and 
unmodifi ed sites. In different cell types, approximately 60–80 % of all CpGs in the 
human genome are modifi ed (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 
DNMT3B, with the help of the stimulatory factor DNMT3L. DNMT3A and 
DNMT3B have been traditionally designated as de novo DNA MTases, as they do 
not display any signifi cant preference between hemimethylated and unmethylated 
DNA (Okano et al.  1998 ; Gowher and Jeltsch  2001 ). In agreement with this role, 
DNMT3 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-specifi c 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 DNMT1. 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 ]. DNMT1 is ubiq-
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 oversimplifi cation 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 
modifi cations; are subject to posttranslational modifi cations; and are involved in the 
allosteric regulation of the enzymes’ activity and specifi city.

   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 

  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,  BAH1  
and  BAH2  bromo-adjacent homology domains 1 and 2,  GK   n   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 β-sheet, 
formed by six parallel β-strands and a seventh strand in an antiparallel orientation 
inserted into the sheet between strands fi ve and six. Six helices surround the central 
β-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 fl ipped 
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 specifi city.  

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 (5mC) 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 fl ip their target base out of the DNA during catalysis 
and bury it into a hydrophobic pocket of their active center. The base-fl ipping mech-
anism was fi rst discovered in 1994 for the bacterial DNA C5-MTase M.HhaI 
(Klimasauskas et al.  1994 ). Later, it became clear that it is common to all DNA 
methyltransferases (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 
 confi rmed 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 specifi city, processivity, 
oligomerization, and the mechanism of DNA binding, will be discussed below for 
the individual enzyme families.  

2.3     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 specifi city 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 
DNMT1, were shown to directly bind modifi ed 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 modifi cations or 
PTMs, which can then affect key enzymatic properties of the methyltransferases by 
infl uencing 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 
fi nger proteins ZHX1 and Trim28 (Kim et al.  2007 ; Quenneville et al.  2011 ); the pro-
tein lysine methyltransferases (PKMTs) G9a, SUV39H1 (Fuks et al.  2003a ), EZH2 
(Vire et al.  2006 ), and SETDB1 (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  modifi cations (PTMs). Until now, multiple PTMs, 
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including phosphorylation, acetylation, ubiquitination, SUMOylation, and methyla-
tion, have been identifi ed on mammalian DNMTs in proteomic studies. PTMs are 
ideally suited to mediate regulation of DNMTs’ function, either by direct effects 
on the catalytic activity or by recruiting modifi cation- specifi c readers that could 
then infl uence the enzyme’s stability, activity, localization, or interaction with other 
proteins. Notably, the few modifi cations that have been functionally characterized 
revealed the important regulatory potential of PTMs, opening the fi eld 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 
infl uence 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 modifi cation 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 DNMT1, 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 fl exible 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 DMAP1, 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 DNMT1 to the replication fork during S-phase, which 
supports DNA methylation in the cell (Egger et al.  2006 ). The same region also 
contains an AT-hook like DNA-binding motif (Suetake et al.  2006 ). The replication 
foci-targeting domain (RFTD) following next is involved in the targeting of DNMT1 
to replication foci (Leonhardt et al.  1992 ) and centromeric chromatin (Easwaran 
et al.  2004 ). This domain interacts with the UHRF1 (ubiquitin-like with PHD and 
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ring fi nger domains 1) protein, which harbors an SRA (SET- and RING-associated) 
domain that specifi cally binds to hemimethylated DNA (see below). Moreover, it 
binds to ubiquitinated histone H3 tails, a modifi cation introduced by the RING 
domain of UHRF1 (Nishiyama et al.  2013 ; Qin et al.  2015 ). Next, the N-terminal 
part of DNMT1 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 DNMT1 is under allosteric control of its 
N-terminal domain. The structural arrangement of the particular domains in DNMT1 
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 refl ect 
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 confi rmed that DNMT1 adopts the typical 
AdoMet-dependent MTase fold described above. These studies revealed that the 

  Fig. 2    Structures of DNMT1 with different N-terminal domains. ( a ) DNMT1 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)       
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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 fi eld, as it provided the fi rst example of a mammalian 
DNMT structure solved with substrate DNA bound in the active site. As expected, 
it showed the target base fl ipped 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 fl ank-
ing the CpG site. The (then orphaned) C of the fl anking G:C base pair was rotated 
out of the DNA helix in a direction roughly opposite to the target C fl ipping. 
However, biochemical experiments could not provide evidence for this reshuffl ing 
of base pairs and double-base fl ipping (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-specifi c 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 specifi city 
fi lter in DNMT1 by preventing unmethylated DNA from accessing the active site. 
Kinetic experiments with the same DNMT1 version indeed revealed an infl uence of 
the CXXC domain on the specifi city 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 specifi city of DNMT1 (Bashtrykov 
et al.  2012a ), indicating that this point deserves further attention. 

 Finally, another crystal structure of an almost complete DNMT1 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 
DNMT1, generating a methyltransferase that was hyperactive in vitro and in cells 
(Bashtrykov et al.  2014b ). 

 Importantly, the arrangement of different domains in DNMT1 is controlled by 
long linker regions, which form tight interactions with surface clefts of the domains. 
Both the linkers and the clefts are subject to many reported PTMs in DNMT1, 
including phosphorylation, acetylation, and ubiquitination, which might directly 
control the positioning of these domains in DNMT1. 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 ).  

3.3      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-specifi c 
interaction of hemimethylated CpG sites with the active center of DNMT1 that is 
mediated by the interaction of the methyl group with a hydrophobic pocket formed 
by the enzyme (Song et al.  2012 ). More precisely, the methyl group of the 5mC is 
placed into a pocket formed by C1501, L1502, W1512, L1515, and M1535, which 
explains the preference of the enzyme for hemimethylated target sites. Further 
details of this process could be uncovered, 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 5mC-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 5mC 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 

 DNMT1 is a highly processive enzyme, able to methylate long stretches of hemi-
methylated DNA without dissociation from the substrate, a property that fi ts 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 fi ndings 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, DNMT1 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 DNMT1 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 DNMT1 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 effi ciency 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 (Iida et al.  2002 ), uncovering the 
fi rst 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 
fi nding that UHRF1 is required for maintaining DNA methylation in mammals 
(Bostick et al.  2007 ; Sharif et al.  2007 ). UHRF1 specifi cally 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 ). UHRF1 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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DNMT1 KO, as UHRF1-defi cient embryos die shortly after gastrulation and show 
signifi cantly reduced levels of DNA methylation (Sharif et al.  2007 ), indicating that 
UHRF1 has a central role in the maintenance of DNA methylation. These data led 
to a model that UHRF1 recruits DNMT1 to replicated hemimethylated DNA to 
facilitate its effi cient 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 UHRF1 binds to unmodifi ed 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 UHRF1 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 DNMT1, 

  Fig. 3    Regulatory mechanisms controlling the activity and stability of DNMT1. The fi gure illus-
trates the complex interplay between DNMT1, UHRF1, and chromatin. Enzymatic activities are 
indicated by  arrows . Binding (“reading”) interactions are symbolized by  dotted lines . For details 
cf the text       
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which reduces DNMT1′s stability (see below). All these observations demonstrate 
that UHRF1 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 fi nding 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 fi ndings are related. These data indicate an important additional connection 
between the DNMT1 and UHRF1 chromatin interactions, which is essential for an 
effi cient maintenance methylation to occur (Fig.  3 ).  

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

 DNMT1 has been shown to possess multiple DNA-binding sites, which contribute 
to the allosteric regulation of its activity and specifi city. Many groups have reported 
that the enzyme shows reduced specifi city 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 unmodifi ed DNA, while 
the methylation of hemimethylated DNA was weakly inhibited (Fatemi et al.  2001 ; 
Goyal et al.  2006 ). The increase in the methylation effi ciency 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 fi rst 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. 

Enzymology of Mammalian DNA Methyltransferases



100

 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 DNMT1 purifi ed from insect cells contains inhibitory RNA 
(Glickman et al.  1997a ). Later, it had been discovered that RNA binding regulates the 
activity of DNMT1 in a locus-specifi c 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 fi ndings, 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 fi ndings 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 modifi cations like phosphorylation, 
methylation, ubiquitination, acetylation, and SUMOylation. Following the initial 
identifi cation of S515 as a major phosphorylation site in DNMT1 purifi ed from 
insect cells (Glickman et al.  1997b ), several more phosphorylated serine and threo-
nine residues have been identifi ed in targeted and high-throughput proteomic 
approaches with DNMT1 purifi ed 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 

R.Z. Jurkowska and A. Jeltsch

http://www.phosphosite.org/
http://www.phosphosite.org/


101

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 affi nity 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 identifi ed 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 specifi c 14-3-3 family reader 
protein for this modifi cation has been identifi ed (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 infl uence of the PTMs on the allosteric regulation of DNMT1 
activity and specifi city needs to be studied.  

3.6.2     Acetylation of DNMT1 
 Multiple acetylation sites have been identifi ed 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 signifi cance 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 DNMT1 during 
the cell cycle has been identifi ed. It starts with the acetylation of DNMT1 by the 
acetyltransferase Tip60, in the KG linker, followed by UHRF1-mediated ubiquiti-
nation, resulting in proteasomal degradation of DNMT1 at the end of DNA replica-
tion. In turn, histone deacetylase 1 (HDAC1) and deubiquitinase ubiquitin-specifi c 
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 DNMT1, 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 LSD1 
lysine demethylase, suggesting that the K142 methylation of DNMT1 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 
et al.  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 identifi ed 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 HDAC1; reading domain 
proteins, including HP1ß (Fuks et al.  2003a ), Mbd3 (Datta et al.  2005 ), and MeCP2 
(Kimura and Shiota  2003 ; Fuks et al.  2003b ; Rajavelu et al., 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 modifi cation states (Qin and Min  2014 ). 
It has been shown that the PWWP domains of DNMT3A and DNMT3B specifi cally 
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 fi nger 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-
lytic centers of the enzymes, share approximately 85 % sequence homology, and, in 
contrast to the catalytic domain of DNMT1, they are active in an isolated form 
(Gowher and Jeltsch  2002 ) and have been used as a model system to study the cata-
lytic mechanism and specifi city 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 ).

   DNMT3L, 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 fi rst 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 confi rmed 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/
DNMT3L 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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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 DNMT3A. 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.MboII (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 

  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)       
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that DNMT3A, like DNMT1, 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 infl uence the equilibrium 
of the active and inactive conformations, as it was shown that the stimulatory effect 
of H3 on DNMT3A depends on its binding to the ADD domain, leading to the 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 signifi cant 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 confi rmed 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 specifi c 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 fl anking their target sites. This is 
illustrated by the fi nding that CpG sites in certain fl anking 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 fl anking 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 specifi c genomic regions that undergo methylation. One further consequence of 
the strong fl anking sequence preferences of DNMT3A and DNMT3B is that both 
DNA strands of a CpG site, which are embedded in an asymmetric fl anking 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 effi cient 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 fl anking 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 fl anking 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 fi bers (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 

 DNMT3 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 
DNMT3L, 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 nonspecifi c (Rajavelu et al.  2012 ), and 
DNMT3A (and DNMT3A/DNMT3L) complexes polymerize on DNA by binding 
next to each other and forming DNMT3A-DNA fi laments (Jurkowska et al.  2008 ; 
Rajavelu et al.  2012 ) (Fig.  5 ). Interestingly, two adjacent DNMT3 complexes 
in such fi lament 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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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 confi rmed 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 fi laments 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 

  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       
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binding of DNMT3A 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 fi laments 
in living cells are currently unknown; one may speculate that binding of up to fi ve 
complexes would be possible in the linker DNA regions. This is in agreement with 
biochemical data showing preferential methylation of linker DNA by DNMT3 
enzymes in vitro (Gowher et al.  2005b ; Takeshima et al.  2008 ; Felle et al.  2011 ). In 
vivo studies also confi rmed 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 fi laments 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 
affi nity 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/DNMT3L, it was 
also shown that DNMT3A alone forms protein fi laments (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/
DNMT3L tetramer is symmetric, so that it also supports the symmetric interaction 
of two DNMT3A molecules in addition to the mixed interaction of DNMT3A with 
DNMT3L. 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 fi bers. Notably, the addition of DNMT3L directs 
the preferential formation of defi ned 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 
DNMT3A interaction in matching geometry, and this might contribute to guiding 
DNMT3A to pericentromeric chromatin. 

 Despite signifi cant 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 DNMT3B that use the same 
interfaces as described above for DNMT3A (Li et al.  2007 ). However, it is currently 
unknown what are the relative affi nities 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 defi ned 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 DNMT3 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 DNMT3A in vitro (Zhang et al.  2010 ) and it directly activates 
DNMT3A by an allosteric mechanism (Li et al.  2011 ). This regulatory mechanism 
has recently been confi rmed 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 specifi c histone modifi cations and provide the 
fi rst evidence that DNA methyltransferases could be targeted to chromatin carrying 
specifi c 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 verifi ed, 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 artifi cially 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 
specifi c 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 
fi ndings 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 confi rmed 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 fi nding 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-modifi ed 
dinucleosome (Rondelet et al.  2016 ). It suggested that the targeting of DNMT3A 
occurs through a specifi c 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 unmodifi ed 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 
DNMT3L 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 
infl uences the structure of DNMT3A via the α-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 
defi ned 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 fi nding goes in line 
with the discovery that DNMT3L favors DNA methylation in gene bodies (Neri 
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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.  2011b ). 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 identifi ed 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 fi ndings led to a model of an allosteric control 
of the target site specifi city 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 modifi ed in a PTM pattern matching the specifi city 
of DNMT3A, the allosteric inhibition is relieved, and the activated enzyme can 
methylate its target sites. 

  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 modifi ed H3 tails could allosterically stimulate the enzyme       
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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 
DNMT3A by interactors and posttranslational modifi cations (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 identifi ed in 
DNMT3A and DNMT3B in global proteomic studies (  http://www.phosphosite.org    ). 
The unique example has been recently provided investigates the phosphorylation of 
DNMT3A 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 refl ected 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 identifi ed 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-
cifi cally 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 fi eld, 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 infl u-
encing domain rearrangements, any posttranslational modifi cations and interaction 
partners, (like proteins, allosteric DNA, or noncoding RNAs) at various parts of the 
methyltransferases could directly regulate the enzymatic activity and specifi city 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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    Abstract 
   Cytosine methylation at the C5-position, generating 5-methylcytosine (5mC), is 
a DNA modifi cation 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   
  5hmC    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    Immunodefi ciency centromeric instability and facial anomalies   
  ICM    Inner cell mass   
  ICR    Imprinting control region   
  KAP1    KRAB-associated protein 1   
  KRAB     Krüppel -associated box   
  lncRNA    Long non-coding RNA   
  MBD3    Methyl CpG-binding domain protein-3   
  MEF    Mouse embryonic fi broblast   
  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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  Uhrf1    Ubiquitin-like with PHD and RING fi nger domains 1   
  Xa    Active X chromosome   
  XCI    X-chromosome inactivation   
  Xi    Inactive X chromosome   
   Xic     X-inactivation center   
   Xist     X-inactive-specifi c 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 identifi cation 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 unmodifi ed 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 fi rst mammalian DNA methyltransferase gene,  Dnmt1 , was cloned from murine 
cells (Bestor et al.  1988 ). The  Dnmt1  locus has several transcription start sites and 
produces two major protein products (Mertineit et al.  1998 ; Rouleau et al.  1992 ). 
Transcription initiation within a somatic cell-specifi c exon (exon 1 s) results in the 
Dnmt1s isoform (generally referred to as Dnmt1) which consists of 1620 amino 
acids. Transcription initiation within an oocyte-specifi c exon (exon 1o) produces a 
transcript that utilizes a downstream AUG as the translation initiation codon. As a 
result, the oocyte-specifi c isoform, Dnmt1o, lacks the N-terminal 118 amino acids 
of Dnmt1s (Mertineit et al.  1998 ). Although Dnmt1o is more stable than Dnmt1s, 
genetic evidence suggests no functional difference between these isoforms (Ding 
and Chaillet  2002 ). Human DNMT1, consisting of 1616 amino acids, is nearly 80 % 
identical to the mouse Dnmt1 at the amino acid level. 

 Dnmt1 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-fi nger 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 Dnmt1 is capable of methyl-
ating both unmethylated and hemimethylated CpG dinucleotides, its activity toward 
hemimethylated substrates is far more effi cient (Pradhan et al.  1999 ). Dnmt1 is 
ubiquitously expressed through development, with high levels in proliferating cells. 
Dnmt1 associates with the DNA replication machinery at S phase and with 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 Dnmt1-mediated 
methylation is coupled to DNA replication. These fi ndings supported the notion that 
Dnmt1 functions as a maintenance enzyme (Fig.  1b ). However, because Dnmt1, 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 Dnmt1 alone or by two or more distinct enzymes 
(Bestor  1992 ). 

 Genetic studies in mouse models and murine cells helped settling the debate. 
Several  Dnmt1  mutant alleles were generated by gene targeting. The  Dnmt1   n   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.  Dnmt1   n / n   embryos have a ~70 % reduction in global DNA meth-
ylation and show mid-gestation lethality (Li et al.  1992 ). Subsequently, the  Dnmt1   s   
allele (s stands for  Sal I site) was reported, which had a neomycin resistance cassette 
inserted into a  Sal I site in exon 17, disrupting the RFTS (Li et al.  1993 ). The  Dnmt1   s   
allele is functionally more severe than the  Dnmt1   n   allele, as  Dnmt1   s / s   embryos show 
lower levels of DNA methylation and earlier lethality (Lei et al.  1996 ). However, it 
was unclear whether the  Dnmt1   s   allele was a null mutation, because the C-terminal 
catalytic domain was intact. To completely inactivate  Dnmt1 , Lei et al. generated 
the  Dnmt1   c   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  Dnmt1   c / c   embryos is 
arrested prior to the 8-somite stage, signifi cantly earlier than the developmental 
phenotype of  Dnmt1   n / n   embryos, while the viability and proliferation of  Dnmt1  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  Dnmt1  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 Dnmt1, Dnmt3a, Dnmt3b, Dnmt3L, and Uhrf1. 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;  TTD  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 unmodifi ed 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 fi lled circles represent methylated CpG 
dinucleotides       
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5-methylcytosine (5mC) and methyltransferase activity. Moreover, the  de novo  
methylation activity is not impaired by Dnmt1 loss, as integrated provirus DNA in 
MoMuLV-infected  Dnmt1  null 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  Dnmt1  prompted the search for more DNA meth-
yltransferase genes. In 1998, several groups reported the identifi cation 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  Dnmt2  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, specifi c for cytosine 38 in the anticodon loop of aspartic acid tRNA, 
and has been renamed tRNA aspartic acid (D) methyltransferase 1 (Trdmt1) (Goll 
et al.  2006 ).  

1.3     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 . identifi ed 
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 modifi cations 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 effi ciency (Okano et al.  1998a ). Genetic studies provided defi nitive 
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 defi ciency 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 Dnmt1 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 
Dnmt1 is the major maintenance methyltransferase that, upon DNA replication, 
methylates hemimethylated CpG sites with high effi ciency but not absolute fi del-
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,  Dnmt3 -like ( Dnmt3L ), was originally isolated 
by database analysis of the human genome sequence (Aapola et al.  2000 ). Its murine 
homolog was subsequently identifi ed (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.  1a ). 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 
fi ndings 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 fi nding 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 identifi ed, 
including the multi-domain protein Uhrf1 (ubiquitin-like with PHD and RING fi n-
ger domains 1), also known as NP95 (mouse) and ICBP90 (human) (Fig.  1a ). 
Genetic studies demonstrated an essential role for Uhrf1 in maintaining DNA 
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methylation (Fig.  1b ). Uhrf1 defi ciency 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 defi ciency. Cellular and biochemical evidence 
suggested functional interactions between Uhrf1 and Dnmt1. Uhrf1 co-localizes 
with Dnmt1 at DNA replication foci and heterochromatin, and Dnmt1 fails to enrich 
at these regions in the absence of Uhrf1 (Bostick et al.  2007 ; Liu et al.  2013 ; Sharif 
et al.  2007 ). These fi ndings suggest that Uhrf1 is a key accessory factor for directing 
Dnmt1 to hemimethylated CpG sites. However, it remains somewhat controversial 
as to whether Uhrf1 directly recruits Dnmt1 or indirectly controls Dnmt1 localiza-
tion by affecting chromatin structure. Uhrf1 harbors fi ve 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 
et al.  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 Dnmt1 (Nishiyama et al.  2013 ; Qin et al.  2015 ). 
It is worth noting that Uhrf1 has also been shown to control Dnmt1 ubiquitylation 
and stability (Du et al.  2010 ; Qin et al.  2011 ). Indeed, a recent study revealed that 
Uhrf1 overexpression results in DNA hypomethylation, due to destabilization and 
delocalization of Dnmt1, which led the authors to propose that Uhrf1 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 defi cient 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 fi rst cell division, the 5mC dioxygenase Tet3 converts the majority of 5mC in the 
male pronucleus to 5-hydroxymethylcytosine (5hmC) (Gu et al.  2011 ; Wossidlo 
et al.  2011 ). 5hmC can be further oxidized to 5-formylcytosine (5fC) and 
5- carboxylcytosine (5caC), which can be excised by thymine DNA glycosylase 
(TDG) and replaced by unmodifi ed cytosine (He et al.  2011 ; Ito et al.  2011 ). 5hmC, 
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- 
specifi c DNA methylation patterns are then stably maintained.  

2.2     Embryonic and Adult Phenotypes of Dnmt Mutant Mice 

 Most of our knowledge about the signifi cance 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 defi cient for Dnmt1 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  Dnmt3b  also leads to embryonic lethality 
after E12.5, with multiple defects, including growth impairment and rostral neural 
tube defects (Okano et al.  1999 ). In contrast,  Dnmt3a -defi cient mice develop to term 
and appear to be normal at birth but become runted and die at about 4 weeks (Okano 
et al.  1999 ). Consistent with the developmental phenotypes, DNA methylation anal-
ysis of E9.5 embryos revealed that germ line-specifi c 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  Dnmt3b  -/-  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. 
Specifi cally, 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  Dnmt1  and  Dnmt3a  in forebrain excitatory neurons leads to abnormal synaptic 
plasticity and defi cits in learning and memory (Feng et al.  2010 ). Conditional dele-
tion of  Dnmt1  at sequential stages of T cell development has also revealed a critical 
role for DNA methylation in T cell development, function, and survival. Specifi cally, 
deletion of  Dnmt1  in early double-negative thymocytes leads to an impaired sur-
vival of TCRαβ(+) cells and the generation of atypical CD8(+) TCRγδ(+) cells and 
deletion of Dnmt1 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 
 DNMT1 , 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 defi ciency become apparent 
during or after gastrulation, when the embryo differentiates to form the three germ 
layers (Lei et al.  1996 ; Li et al.  1992 ; Okano et al.  1999 ). Conditional inactivation 
of  Dnmt1  in mouse embryonic fi broblasts (MEFs) leads to severe hypomethylation 
and cell death, and  Dnmt3b -defi cient 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 DNMT1 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 specifi c chromosome segments function 
differently depending on the parental origin (Cattanach and Kirk  1985 ). In early 
1990s, the fi rst murine imprinted genes,  Igf2r ,  Igf2 , and  H19 , were discovered, 
which are expressed only from one parental allele (Barlow et al.  1991 ; Bartolomei 
et al.  1991 ; DeChiara et al.  1991 ). To date, approximately 150 imprinted genes, 
which exhibit monoallelic expression strictly according to the parental origin, 
have been identifi ed 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- 
specifi c 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 , 
 Dlk1 - Gtl2 ,  Rasgrf1 , 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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one paternally methylated locus,  Dlk1 - Gtl2 , 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 fi ndings led 
to the hypothesis that Dnmt3L plays a critical role in targeting Dnmt3a to specifi c 
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 

  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-specifi c methylation imprints are reestablished in later stages of 
germ cell development       
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determine whether female mice homozygous for the D1124A 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 specifi c 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 modifi cations 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 ). 
KDM1B is highly expressed in growing oocytes, where maternal imprints are 
acquired, but shows little expression in most somatic tissues.  Kdm1b  KO mice are 
viable and show no defects in spermatogenesis and oogenesis, and male mice are 
fertile. However, oocytes from KDM1B-defi cient 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-defi cient female mice (Bourc’his et al.  2001 ; Hata et al.  2002 ; Kaneda 
et al.  2004 ). These results strongly suggested that removal of H3K4me2 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 
 Nesp55 , 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-specifi c 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-specifi c 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-specifi c variant, Dnmt1o, is the predominant 
Dnmt1 isoform in preimplantation embryos (Hirasawa et al.  2008 ; Kurihara et al. 
 2008 ). However, offspring of females lacking Dnmt1o exhibit only a ~50 % 
 reduction of methylation at certain imprinted loci (Howell et al.  2001 ). While initial 
evidence suggested that the somatic form, Dnmt1s, does not express until the blas-
tocyst stage (Ratnam et al.  2002 ), subsequent work showed that Dnmt1s 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  Dnmt1  (both Dnmt1o and 
Dnmt1s) in growing oocytes leads to a partial loss of methylation imprints in the 
offspring (Hirasawa et al.  2008 ), resembling the effect of Dnmt1o loss (Howell 
et al.  2001 ). However, ablation of both maternal and zygotic Dnmt1 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. Dnmt1 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 specifi city 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  H19  and  Rasgrf1  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 5hmC 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  Krüppel -associated box (KRAB)-containing zinc-fi nger 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 specifi cally 
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 
Setdb1 (also known as ESET and KMT1E), 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 specifi cally 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.  

3.3     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-specifi c imprints in later stages of 
germ cell development. In mice, PGCs are specifi ed 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 fi rst 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 specifi c loci including ICRs, germ line-specifi c 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 
Tet1- and Tet2-mediated 5mC 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 fi rst 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-specifi c tran-
script” ( Xist ), a 17-kb long, non-coding RNA (lncRNA).  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 suffi cient for the initiation 
of XCI, 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  Tsix , 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  Dnmt1 -defi cient ES cells and embryos revealed that 
XCI can occur in the absence of DNA methylation, but maintenance of  Xist  
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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 Dnmt1o 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 XCI, as  Xist  expression is appropriately 
regulated and XCI occurs properly in female embryos defi cient for both  Dnmt3a  
and  Dnmt3b  (Sado et al.  2004 ). Interestingly, despite multiple mechanisms involved 

  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       
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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 fi ndings 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 modifi cations 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 identifi ed 
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,  DNMT1  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 
immunodefi ciency, 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 haploinsuffi ciency of DNMT3A enzymatic activity but also exhibits 
dominant-negative effect by forming functionally defi cient complexes with wild-type 
DNMT3A and DNMT3B (Kim et al.  2013 ). Most of the  DNMT  mutations identifi ed 
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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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 defi ning the molecular 
mechanisms and pathways involved in pathogenesis. Ultimately, such studies will 
likely lead to novel therapeutic and preventive strategies.

        Acknowledgments     Work in the Chen laboratory is supported by a Rising Star Award from 
Cancer Prevention and Research Institute of Texas (CPRIT, R1108) and a grant from the National 
Institutes of Health (NIH, 1R01DK106418-01).  

   Table 1    Developmental phenotypes of  Dnmt  knockout mice   

 Gene  Mutations  Major developmental phenotypes  References 

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

 Li et al. ( 1992 ) 

  Dnmt1   c / c    ~90 % reduction in global DNA 
methylation, developmental arrest 
at E8.5, embryonic lethality before 
8-somite stage at ~ E9.5. Unstable 
random XCI 

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

  Dnmt1   s / s    ~90 % reduction in global DNA 
methylation, developmental arrest 
at E8.5, embryonic lethality 
at ~ E9.5. Loss of methylation at 
 Xist  locus and abnormal  Xist  
expression in male embryos 

 Beard et al. 
( 1995 ); Lei et al. 
( 1996 ) 

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

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

 Maternal 
and zygotic  Dnmt3a  -/-  

 Complete loss of paternal and 
maternal methylation imprints, 
embryonic lethality at 
mid-gestation 

 Hirasawa et al. 
( 2008 ) 

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

 Okano et al. 
( 1999 ) 

  Dnmt3a  -/-  in PGCs  Failure to establish maternal and 
paternal methylation imprints, 
spermatogenesis defects 

 Kaneda et al. 
( 2004 ) 

  Dnmt3b    Dnmt3b  -/-   Hypomethylation of minor satellite 
DNA, neural tube defects, 
embryonic lethality at E14.5–18.5 

 Okano et al. 
( 1999 ) 

  Dnmt3a  -/-  ,  
Dnmt3b  -/-  

 Failure to initiate  de novo  
methylation after implantation, 
developmental arrest at E8.5 

 Okano et al. 
( 1999 ) 

  Dnmt3L    Dnmt3L  -/-   Failure to establish maternal and 
paternal methylation imprints, 
spermatogenesis defects 

 Bourc’his et al. 
( 2001 ); Hata et al. 
( 2002 ) 
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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 profi le 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.  

  Abbreviations 

   AML    Acute myeloid leukemia   
  CGIs    CpG islands   
  CIMP    CpG island methylator phenotype   
  CpG    Cytosine-guanine dinucleotide   
  DNMT    DNA methyltransferases   
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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 modifi cations, 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 modifi ers, 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 modifi cation. DNMT1 preferentially 
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catalyzes the covalent addition of the methyl group onto the unmethylated strand of 
the hemimethylated DNA molecule. While DNMT1 carries out the majority of the 
DNA methylation in a dividing cell, DNMT3a/3b strongly associate with nucleo-
somes to permit effi cient propagation of DNA methylation by modifi cation 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 
identifi ed 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 (5mC) to 5-hydroxymethylcytosine (5hmC) and 
5-formylcytosine (5fC) to 5-carboxylcytosine (5caC) (Ko et al.  2010 ; Pastor et al. 
 2011 ,  2013 ). The oxidization of 5mC 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 (CGIs). CGIs were fi rst defi ned 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 specifi cally 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-specifi c 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-specifi c manner rather 
than from both chromosomes. DNA methylation is the key mechanism, by which 
the allele-specifi c 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 fi nally 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-specifi c 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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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-
Nuñez et al.  2006 ; Chiang et al.  2006 ). Sporadic breast and ovarian cancer display a 
loss of  BRCA1  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 fi rst 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 

  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       
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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  MLH1  is fre-
quent in cancers. Studies have confi rmed that the hypermethylation leads to an 
increased promoter nucleosome occupancy and decreased expression of  MLH1  (Lin 
et al.  2007 ).  MLH1  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/H19  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 specifi c 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 artifi cially. Because these regions contribute to the fi tness 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 specifi c manner in the 
HCT116 derivative line. One of the candidate epigenetic drivers identifi ed by this 
approach was interleukin-1 receptor- associated kinase 3 ( IRAK3) . The  IRAK3  pro-
moter is specifi cally 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 benefi cial for cancer progression. 
Knocking down  IRAK3  in a non- tumorigenic cell line was suffi cient to increase 
colony formation in vitro.  IRAK3  is silenced in HCT116 by DNA methylation, and 
overexpression of  IRAK3  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 
(lncRNA). 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-specifi c 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 vtRNA1-3 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 lncRNA  MORT  via DNA 
hypermethylation to be highly signifi cant for the immortalization of human mam-
mary epithelial cells. Defi cient  MORT  expression is also common in most cancers 
and can be reactivated by 5-Aza- CdR treatment, suggesting a role for this lncRNA 
in immortalization during oncogenesis (Vrba et al.  2015 ). These fi ndings 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 fi rst 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., identifi ed a global 
decrease in 5mC 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 ( LINE1 ) retrotransposons are mobile genetic elements responsible for much of 
the endogenous mutagenesis in humans.  LINE1  insertions can greatly affect gene 
expression and DNA methylation is key to the silencing of  LINE1 . The hypometh-
ylation of the CpG island at the promoter of  LINE1  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 ; Søes et al.  2014 ). In metastatic 
non-small cell lung cancer tumors, for example, the putative oncogene engulfment 
and cell motility 3 ( ELMO3 ) gene is signifi cantly overexpressed as a result of its 
promoter hypomethylation (Søes et al.  2014 ). In osteosarcoma, Iroquois homeobox 
1 ( IRX1)  is upregulated and is pro-metastatic. The increase of  IRX1  gene expression 
is found in both metastatic osteosarcoma cell lines and primary patient samples (Lu 
et al.  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 signifi cantly 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 
effi ciency 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 specifi cally. A recent large- 
scale analysis comparing DNA methylation profi les 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 signifi cant 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 H3K4me1 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-specifi c 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 fl uctuations (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 profi les 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-specifi c 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 profi les 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 
Infi nium 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 specifi c to these subgroups, 
and identify subgroup-specifi c 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- specifi c 
hypermethylation of specifi c CpGs. Moreover, this subset of tumors displayed a 
concordant hypermethylation of  p16 ,  THBS1 , and  hMLH1  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 identifi ed 
the CIMP-positive tumors. This subset of CRC tumors robustly correlated with the 
 v600E  BRAF  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 fi rst 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 
identifi ed a CIMP type that defi nes a subset of gliomas. Interestingly, G-CIMP tumors 
were tightly associated with a high frequency of  isocitrate dehydrogenase 1  ( IDH1 ) 
somatic mutations (Noushmehr et al.  2010 ; Brennan et al.  2013 ). Somatic mutations of 
 IDH1  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 suffi cient 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  IDH1 and  IDH2  mutations as well as  TET  
mutations.  IDH1  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 
et al.  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 profi les of 
hundreds of tumor and normal samples permits the discovery of individual tumor 
suppressors and oncogenes, as well as the identifi cation 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  BRCA1 . Inactivation of  BRCA1  due to promoter methylation and muta-
tions of the locus are mutually exclusive. While high-grade serous ovarian patients 
carrying genetic mutations in  BRCA1  show better overall survival than patients with 
 BRCA1  wild-type gene, interestingly, patients with epigenetic silencing of  BRCA1  
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 ccRCC. 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 identifi ed 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 signifi cantly 
longer overall survival than those with low levels of methylation (Božić 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 profi les can reveal 
molecular pathways most vulnerable to chemotherapeutic agents, and methylation 
changes can often serve as a barometer for treatment effi cacy (Kelly et al.  2010 ). 
Unlike genetic modifi cations, 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 
signifi cantly 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-specifi c 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 identifi ed, including  p16 ,  MYOD1 ,  RASSF1A , and  TIMP3  (Toyota  2001 ; 
Christman  2002 ). The chromatin remodeler protein CHD5 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 CHD5 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 confi rmed 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 defi ned 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 suffi cient 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 methylation (Oki et al.  2007 ; Tsai et al.  2012 ; Licht 
 2015 ). Recent investigations, including a study from our group, have shown that the 
demethylating agents might be mediating therapeutic response by rendering the cell 
more visible to the immune system (Chiappinelli et al.  2015 ; Roulois et al.  2015 ). 
Specifi cally, demethylating agents are able to trigger the induction of an antiviral 
immune response by permitting the expression of endogenous retroviruses that had 
previously been silenced by DNA methylation (Fig.  2 ).

   Stimulation of immune response has been long recognized as a function of 
DNMTi. Early studies have noted that 5-Aza-CdR can demethylate and activate 
tumor antigens (De Smet et al.  1996 ; Shiohama et al.  2014 ). In non-small cell lung 
cancer (NSCLC), it has been observed that upon treatment of 5-Aza-CdR, some of 
the patients have a robust response to immune checkpoint blockade therapy, sug-
gesting that the DNMTi might have sensitized this cohort to the immune checkpoint 
inhibition (Wrangle et al.  2013 ). In NSCLC and others, treatment with Aza has been 
shown to stimulate a strong upregulation of interferon pathway genes along with 
increased expression of endogenous retroviral (ERV) transcripts. Moreover, inter-
feron genes and genes involved in antigen presentation accounted for the majority 
of genes commonly upregulated in solid tumor cell lines upon Aza treatment (Li 
et al.  2014a ). 

 To better understand the underlying mechanism of DNMTi, a study from our 
group following up on our previous work (Yang et al.  2010 ) focused on the effect 
of transient low-dose 5-Aza-CdR treatment of colorectal cell lines. Through gene 
expression profi ling, the study determined that the majority of the late occurring 
expression changes (24 days past initial exposure) were of interferon-responsive 
genes. These genes showed little modulation of methylation at their promoters or 
coding region, and in fact, many of them displayed low DNA methylation levels 
pretreatment. Thus, it can be interpreted that the change in gene expression upon 
treatment with 5-Aza-CdR is independent of the drug’s capacity to demethylate 
the respective gene promoters. A series of genetic experiments provided suffi -
cient evidence to the claim that the activation of these genes occurred through the 
RIG1/MDA5/MAVS/IRF7 signaling pathway. RIG1 and MDA5 are cytosolic pat-
tern recognition receptors whose primary role is to recognize viral RNA (RIG1 
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recognizes single- and double-stranded RNA (dsRNA), while MDA5 recognizes 
double- stranded RNA) and initiate a signaling cascade dependent on the mitochon-
drial antiviral signaling (MAVS) adaptor molecule. This leads to the activation of 
downstream targets, such as IRF7, and culminates in a strong antitumor response. 
The study found that 5-Aza-CdR induced a signifi cant increase of dsRNAs includ-
ing a robust induction of endogenous retrovirus RNA transcription (Roulois et al. 
 2015 ). Another group working with ovarian cancer cell lines came to a similar 
conclusion that treatment with 5-Aza-CdR triggered the upregulation of interferon 
signaling mediated by downstream activity of IRF7. Furthermore, the strength 
of interferon response to the drug treatment was refl ective of how well the tumor 
would respond to the immune checkpoint therapy (Chiappinelli et al.  2015 ). Thus, 
a major mode of action of DNMT inhibitors such as 5-Aza-CdR is the loss of DNA 
methylation at previously silenced repetitive elements, such as ERVs, and the sub-
sequent induction of dsRNA transcription triggers a strong antiviral response. As a 
consequence, there is an overall antitumoral effect including interferon induction, 
reduced cell proliferation, and loss of self-renewal capacity upon treatment (Fig.  2 ). 
Furthermore, the incorporation of DNMTi will be dependent on cell doubling time 
(Bender et al.  1999 ). Cancer cells tend to have shorter doubling times and higher 

  Fig. 2    DNMTi exert antitumoral effect by eliciting immune response in cancer cells. Treatment 
with DNA methyltransferase inhibitors induces transcription of endogenous retroviral (ERV) ele-
ments. These double-stranded RNAs are recognized by viral recognition proteins such as RIG1 
and MDA5, which in turn interact with the mitochondrial antiviral signaling (MAVS) proteins. 
MAVS- mediated IRF7 activation leads to the translocation of IRF7 from the cytoplasm to the 
nucleus where it initiates transcription of interferons (IFNs) and interferon-stimulated genes 
(ISGs), which then contribute to reduced proliferation (Modifi ed from Chiappinelli et al.  2015 ; 
Licht  2015 ; Roulois et al.  2015 )       
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rates of metabolism than normal cells (Cheng et al.  2004 ). Thus, the cancer cells 
will be more affected by the treatment and show a stronger production of dsRNA 
and subsequent immune response.  

8     Concluding Remarks 

 DNA methylation is a complex epigenetic mechanism crucial to regulating gene 
expression in normal and tumor cells. Methylation of CpGs at the promoters of genes 
attenuates their expression, while gene body methylation levels positively correlate 
with expression. By modulating gene expression, DNA methylation is able to alter 
signaling pathways that affect cellular processes such as cell cycle, DNA repair, cell 
growth, and proliferation. Dysregulation of DNA methylation can, therefore, lead 
to inappropriate silencing of tumor suppressors or expression of oncogenes, thus 
contributing to the development of disease states including cancer. However, unlike 
genetic changes, DNA methylation alterations can be potentially reversed with the 
help of methylation inhibitors. This can achieve therapeutic effects by reactivating 
silenced tumor suppressor genes, downregulating overexpressed oncogenes, and 
stimulating immune response toward cancer cells. Genome-wide screens can be 
effi ciently used to identify genes that are infl uenced by the pathways being affected 
by aberrant methylation. Furthermore, with improved access to next- generation 
sequencing, large-scale multinational consortia led research that has resulted in a 
wealth of genomic and epigenomic data. Integrating this information with patient 
profi les will enable researchers to validate putative therapeutic epigenetic targets, as 
well as stratify tumors into clinically relevant subgroups according to their methyla-
tion status, thereby, allowing to design more effective therapeutic strategies.     
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    Abstract 
   DNA methylation is an important epigenetic mark that functions in eukaryotes 
from fungi to animals and plants, where it plays a crucial role in the regulation 
of epigenetic silencing. Once the methylation mark is established by the de novo 
DNA methyltransferase (MTase), it requires specifi c regulatory mechanisms to 
maintain the methylation state during chromatin replication, both during mei-
osis and mitosis. Plants have distinct DNA methylation patterns that are both 
established and maintained by unique DNA MTases and are regulated by plant- 
specifi c pathways. This chapter focuses on the exceptional structural and func-
tional features of plant DNA MTases that provide insights into these  regulatory 
mechanisms.  

  Abbreviations 

   5mC    5-Methyl-cytosine   
  6mA    6-Methyl-adenine   
  AdoHcy    S-Adenosyl-L-homocysteine   
  AdoMet    S-Adenosyl-L-methionine   
  AGO4    ARGONAUTE 4   
  BAH domain    Bromo-adjacent homology domain   
  CMT    CHROMOMETHYLASE   
  DCL3    DICER-LIKE 3   
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  DDM1    DECREASED IN DNA METHYLATION 1   
  DRM2    DOMAINS REARRANGED METHYLTRANSFERASE 2   
  ITC    Isothermal titration calorimetry   
  KYP    KRYPTONITE   
  MET1    DNA METHYLTRANSFERASE 1   
  MTase    Methyltransferase   
  Pol II/IV/V    RNA polymerase II/IV/V   
  RdDM    RNA-directed DNA methylation   
  RDR2    RNA-DEPENDENT RNA POLYMERASE 2   
  RFTD    Replication foci targeting domain   
  SET domain    Su(var)3-9, enhancer of zeste, trithorax domain   
  SHH1    SAWADEE HOMEODOMAIN HOMOLOG 1   
  SRA domain    SET and RING fi nger-associated domain   
  SUVH    SUPPRESSOR OF VARIEGATION 3-9 HOMOLOG   
  TE    Transposable elements   
  TRD    Target recognition domain   
  UBA    Ubiquitin-associated domain   
  UHRF1    Ubiquitin-like PHD and RING fi nger domains 1   
  VIM    VARIANT IN METHYLATION   
  ZMET2    Zea methyltransferase 2   

1         Introduction 

 The DNA methylation modifi cation represents the addition of a methyl group to 
DNA. In plants, DNA methylation can occur both at the 5 position of the cytosine 
base (5mC) and at the 6 position of the adenine base (6mA) (Vanyushin and 
Ashapkin  2011 ). 5mC has been extensively studied as an important part of bacterial 
defense systems and eukaryotic epigenetic regulation systems ranging from fungi to 
humans, even though several species, such as yeast and  Caenorhabditis elegans , 
lack this type of epigenetic mark (Goll and Bestor  2005 ). In contrast to that, the 
6mA has been less studied. Thus, in a narrow sense, DNA methylation usually only 
stands for the 5mC mark, and this chapter will only focus on 5mC-related studies in 
higher plants. Studies from fungi to plants and higher mammalian systems have 
established the conserved function of DNA methylation in gene silencing, genome 
imprinting, and the repression of transposable elements (TE) and repeat sequences 
(Law and Jacobsen  2010 ; Castel and Martienssen  2013 ). DNA methylation requires 
specifi c enzymes, namely, DNA methyltransferases (MTases), which share a com-
mon catalytic mechanism that enables transfer of a methyl group from the methyl 
donor S-adenosyl-methionine (AdoMet) to the 5 position of the cytosine base. 
Nevertheless, these enzymes differ in their sequence specifi city and regulatory 
mechanisms. Plants have evolved in a distinct manner from animals and hence 
plants invoke some specifi c regulatory pathways controlling DNA methylation. In 
this chapter, the focus will be on the structure and mechanism of plant DNA MTases, 
thereby highlighting the unique DNA methylation system of plants. As most of the 
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plant DNA methylation studies are carried out using the model system  Arabidopsis 
thaliana , the emphasis will be on the use of  Arabidopsis  genes to present current 
studies on plant DNA methylation, unless specifi ed otherwise. 

 Distinct from symmetrical DNA methylation at CG dinucleotide sites which 
dominates in mammals, plant DNA methylation is much more complicated and 
occurs both symmetrically and asymmetrically in all three sequence contexts, CG, 
CHG (H denotes A, T, or C), and CHH, with methylation levels of about 24 %, 
6.7 %, and 1.7 % in  Arabidopsis , respectively (Cokus et al.  2008 ) (Fig.  1 ). In peri-
centromeric heterochromatin and some small patches in euchromatin region, all the 
three types of DNA methylation are heavily distributed over the TE and repeat 
sequences (Lister et al.  2008 ; Cokus et al.  2008 ). The heterochromatic DNA meth-
ylation has extensive internal cross talk and is shown to highly correlate with silent 
histone marks such as histone 3 lysine 9 dimethylation (H3K9me2) and H3K4me0 
(Du et al.  2015 ). It serves to silence such elements to preserve genome integrity and 
to act as a genomic immune system (Law and Jacobsen  2010 ; Kim and Zilberman 
 2014 ; Matzke and Mosher  2014 ). In contrast, CG methylation is observed not only 
abundantly in heterochromatic regions for repression of TE and repeat sequences 
but also with a less extent in euchromatic genic regions in one third of the tran-
scribed genes for regulation of gene silencing and activation (Castel and Martienssen 
 2013 ; Law and Jacobsen  2010 ; Cokus et al.  2008 ; Lister et al.  2008 ). In plant, CG 

  Fig. 1    Establishment and maintenance of plant DNA methylation and the corresponding MTases. 
Plants possess three types of DNA methylation patterns: CG, CHG, and CHH, all of which are 
established by DRM2 (an ortholog of mammalian Dnmt3a) driven by the RdDM pathway. The 
maintenance of CG methylation requires MET1 and its cofactor VIM proteins, which are orthologs 
of mammalian Dnmt1 and UHRF1, respectively. CHG methylation is mainly maintained by plant- 
specifi c DNA MTase CMT3. CHH methylation is maintained through two pathways: the DRM2 
pathway driven by RdDM and CMT2-mediated CHH methylation       
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methylation is independent of the silencing mark H3K9me2 and shows limited 
cross talk with non-CG methylation (Du et al.  2015 ).

   All de novo methylation in plants utilizes a plant-specifi c RNA-directed DNA 
methylation (RdDM) pathway to guide the de novo DNA MTase DOMAINS 
REARRANGED METHYLTRANSFERASE 2 (DRM2) (Fig.  1 ), which is an ortho-
log of mammalian Dnmt3a, but with a signifi cant rearrangement of MTase signature 
motifs (Cao and Jacobsen  2002a ,  b ). The maintenance of different DNA methyla-
tion patterns in plants requires the employment of different pathways. CG methyla-
tion is maintained through a similar pathway as in mammals. The DNA 
METHYLTRANSFERASE 1 (MET1) which is an ortholog of the mammalian 
Dnmt1 maintains plant CG methylation in cooperation with the VARIANT IN 
METHYLATION (VIM) proteins, which are orthologs of mammalian ubiquitin-
like PHD and RING fi nger domains 1 (UHRF1) (Fig.  1 ) (Finnegan and Kovac  2000 ; 
Woo et al.  2008 ). Most CHG methylation is maintained by a self- reinforcing loop 
between the plant-specifi c CHG DNA MTase CHROMOMETHYLASE 3 (CMT3) 
and the H3K9 MTase KRYPTONITE [KYP, also known as SUPPRESSOR OF 
VARIEGATION 3–9 HOMOLOG 4 (SUVH4)] and its close homologs SUVH5 and 
SUVH6 (Du et al.  2012 ,  2014 ,  2015 ; Jackson et al.  2002 ; Lindroth et al.  2001 ). 
CHH methylation is totally asymmetric so that the maintenance of CHH methyla-
tion biochemically equals de novo methylation, which drives DRM2 to maintain 
CHH methylation through RdDM (Law and Jacobsen  2010 ). An alternative path-
way, CMT2-controlled CHH methylation, was shown to be responsible for the 
majority of heterochromatic CHH methylation in  Arabidopsis  (Fig.  1 ), which can 
form a similar self-reinforcing loop with KYP as CMT3 (Stroud et al.  2014 ; Zemach 
et al.  2013 ). However, the plant DNA methylation is not a simple system in which 
each enzyme performs its own exclusive function. There is extensive cross talk 
between different methylation patterns, especially between the two types of non-CG 
methylation. CMT2 functions in the maintenance of CHG methylation at some loci 
supporting CMT3, while CMT3 also functions in CHH methylation together with 
CMT2 and DRM2 in a redundant manner (Stroud et al.  2014 ). Altogether, there are 
four types of functionally active DNA MTases in  Arabidopsis : DRM2, MET1, 
CMT3, and CMT2. The structural features and molecular mechanisms of each of 
these plant DNA MTases will be discussed in the following sections. For details 
about mammalian and bacterial enzymes refer to other chapters in this book.  

2     Structure and Mechanism of Plant DNA MTases 

2.1     Structural Mechanism of the Maintenance of CHG 
Methylation in Plant 

2.1.1     Overview of Plant CHG DNA Methylation 
 CMT type DNA MTases are evolutionary conserved plant-specifi c DNA MTases 
that have not been identifi ed in species other than plants. They feature an N-terminal 
bromo-adjacent homology (BAH) domain and a conserved chromodomain 
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embedded within the C-terminal DNA MTase domain (Fig.  2a ).  Arabidopsis  CMT3 
was fi rst cloned by a forward genetic screen of suppressor genes in the hypermeth-
ylated  clark kent  mutant strain background, with the  cmt3  mutants showing a sig-
nifi cant decrease of genome-wide CHG methylation levels (Lindroth et al.  2001 ). 
The chromodomain has been studied extensively as a histone methyllysine reader 
module (Blus et al.  2011 ), providing a potential linkage between readout of methyl-
ated histone and the establishment of DNA methylation. Shortly after the discovery 
of CMT3, another gene was identifi ed to be critical for CHG methylation using the 
same screening system, which turned out to be an SUVH family histone MTase and 
was subsequently named KRYPTONITE (Jackson et al.  2002 ). The SUVH family 
histone MTases share a common architecture consisting of an N-terminal SET and 
RING fi nger-associated (SRA) domain, which is capable of recognizing methylated 
DNA, and a C-terminal Su(var)3-9, enhancer of zeste, trithorax (SET) domain 
which is a putative histone MTase domain (Fig.  2b ), showing that methylated DNA 
may play a role in histone methylation (Johnson et al.  2007 ,  2008 ). Altogether, a 
self-reinforcing loop model was postulated to link H3K9me2 and DNA methylation 
by cycling between CMT3 and KYP (Law and Jacobsen  2010 ) (Fig.  2c ).

2.1.2        Structure and Mechanism of CMT3 
 The co-occurrence between CHG DNA methylation and the H3K9me2 histone mark 
has been observed throughout the genome in plants (Bernatavichute et al.  2008 ), 
raising the possibility of the genome-wide association between CMT3 and H3K9me2. 
This was subsequently confi rmed by both in vitro pulldown and whole- genome chro-
matin immunoprecipitation coupled with sequencing (ChIP-seq) experiments (Du 
et al.  2012 ). The direct binding of CMT3 to H3K9me2 was postulated because of the 
existence of the chromodomain and was confi rmed by in vitro peptide chip array 
containing hundreds of different combinations of histone modifi cations (Du et al. 
 2012 ). Interestingly, quantitative measurements of the binding between CMT3 or its 
maize equivalent Zea methyltransferase 2 (ZMET2), with an H3(1-15)K9me2 pep-
tide by isothermal titration calorimetry (ITC), yielded a stoichiometry of around 2, 
indicating that two H3K9me2 binding sites exist on each CMT3 or ZMET2 mole-
cules (Du et al.  2012 ; Stroud et al.  2014 ). The ITC with individual domains of 
ZMET2 further revealed that the BAH and chromo domains correspond to the two 
binding sites for H3K9me2 on CMT3/ZMET2 (Du et al.  2012 ). 

 Although crystallization attempts with CMT3 failed, the crystal structure of 
ZMET2 in complex with bound cofactor S-adenosyl-L-homocysteine (AdoHcy) 
was successfully determined and provided the fi rst structure of a plant DNA MTase 
(Fig.  2d ) (Du et al.  2012 ). The structure of the AdoHcy-bound form of ZMET2 
containing all the functional domains (BAH, chromo, and DNA MTase) adopts a 
triangular-shaped fold (Fig.  2d ). The BAH and chromo domains are positioned on 
the two triangular-like edges of the MTase domain, despite the chromodomain 
being embedded inside the MTase domain in the primary sequence (Fig.  2a, d ) (Du 
et al.  2012 ). The BAH and chromo domains, together with the target recognition 
subdomain (TRD) of the MTase domain, form the three vertices of a triangular-
shaped topology, with the catalytic pocket located in the center of the triangle 
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(Du et al.  2012 ), revealing a potential regulatory mechanism of MTase activity by 
the surrounding domains. It is worth noting that the relative positioning of the 
ZMET2 BAH domain against the MTase domain resembles the relative positioning 
observed for the fi rst BAH domain and the MTase domain of mouse Dnmt1, sug-
gesting a common evolutionary origin and plausibly a similar regulatory role of the 
BAH domain (Du et al.  2012 ; Song et al.  2011 ). The MTase domain adopts a clas-
sical type I MTase fold composed of a catalytic subdomain and a TRD subdomain 
(Fig.  2d ). The catalytic subdomain adopts the classic sandwich topology with a 
central seven-stranded β-sheet fl anked by two layers of α-helices on either side 
(Fig.  2d ), which resembles other reported structures of type I DNA MTases, such as 
M.HhaI, Dnmt3a, and Dnmt1 (Jia et al.  2007 ; Song et al.  2011 ; Du et al.  2012 ; 
Cheng et al.  1993 ). The TRD subdomain adopts a novel folding topology enriched 
with loops, which has never been observed in structures of other DNA MTases 
(Fig.  2d ), suggesting a plausible novel DNA recognition model, although the struc-
ture with bound DNA is lacking at this time (Du et al.  2012 ). The BAH and chromo 
domains are fi rmly anchored on the two edges of the MTase domain by extensive 
interdomain interactions (Du et al.  2012 ). Two β-strands of the BAH domain form a 
continuous nine-stranded β-sheet with the central seven-stranded β-sheet of the 
MTase domain which both stabilizes and defi nes the relative position of the BAH 
domain (Du et al.  2012 ). The chromodomain has several hydrophobic residues to 
form a hydrophobic core with the MTase domain, thereby stabilizing their relative 
positions (Du et al.  2012 ). Therefore, the BAH and chromo domains adopt a rigid 
alignment against the MTase domain and possess a potential regulatory role to mod-
ulate the MTase domain function. 

 Further structural studies of ZMET2-H3K9me2 complexes revealed a regu-
latory mechanism that directs CHG methylation in plants by the silencing mark 
H3K9me2 (Du et al.  2012 ). The crystal structure of ZMET2-AdoHcy-H3(1-15)

  Fig. 2    Structure and mechanism of maintenance of CHG methylation in plant. ( a ) Schematic 
representation of the domain architecture of CMT3. CD, chromodomain. ( b ) Schematic represen-
tation of the domain architecture of KYP. 2H, two-helix bundle. ( c ) A schematic model showing 
that methylated DNA-directed H3K9 methylation by KYP can form self-reinforcing loops with 
H3K9me2-directed CHG DNA methylation by CMT3 or CHH DNA methylation by CMT2. ( d ) A 
structural model of ZMET2 in complex with the cofactor AdoHcy, two H3K9me2 peptides, and a 
modeled DNA (PDB codes: 4FSX, 4FT2, and 4FT4. The DNA was modeled based on PDB: 
4DA4). The BAH domain, catalytic subdomain, TRD subdomain, chromodomain, and the mod-
eled DNA are colored in  magenta ,  cyan ,  orange ,  green , and  red , respectively. The two peptides are 
shown in space-fi lling representation with their C-termini directed toward the catalytic center. ( e ) 
Three aromatic residues (F441, W466, and Y469) of ZMET2 chromodomain form an aromatic 
cage to specifi cally recognize the methyllysine of H3K9me2. ( f ) Three aromatic residues (Y203, 
W224, and F226) of ZMET2 BAH domain form an aromatic cage to specifi cally recognize the 
methyllysine of H3K9me2. ( g ) Crystal structure of KYP in complex with methylated DNA, 
AdoHcy, and H3 peptide. The two-helix bundle (2H), SRA domain, SET domain, and the methyl-
ated DNA are colored in  magenta ,  green ,  cyan , and  red , respectively. The AdoHcy and H3 peptide 
are shown in space-fi lling representation. ( h ) Structural basis for the specifi c recognition of 5mC 
by a small pocket within the SRA domain       
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K9me2 complex adopts a conformation whereby the H3K9me2 peptide binds to the 
chromodomain (Du et al.  2012 ). Upon binding by the peptide, the ZMET2 protein 
shows a nearly identical conformation as in its free form, revealing rigid binding 
without allosteric regulation. The chromodomain recognizes the peptide using a 
classic recognition mode in which the peptide adopts an extended β-strand-like con-
formation stabilized through intermolecular main chain hydrogen-bonding interac-
tions with the chromodomain (Du et al.  2012 ; Blus et al.  2011 ). The dimethyllysine 
side chain inserts into a classic aromatic cage formed by three aromatic residues like 
that observed for other chromodomains and is stabilized through both hydrophobic 
and cation-π interactions (Fig.  2e ) (Du et al.  2012 ; Blus et al.  2011 ; Patel and Wang 
 2013 ). The peptide possesses a specifi c directionality with its C-terminus directed 
toward the catalytic center of the MTase domain (Fig.  2d ), revealing a plausible 
mechanism that positions the catalytic center of MTase domain toward the inner 
core region of the nucleosome. 

 In the ZMET2-AdoHcy-H3(1-32)K9me2 complex, the peptide is bound to the 
BAH domain (Du et al.  2012 ). The BAH domain has been extensively studied both 
structurally and functionally as a histone methyllysine reader module (Yang and Xu 
 2013 ; Kuo et al.  2012 ), though this is the fi rst report of BAH domain recognition of 
an H3K9me2 mark (Yang and Xu  2013 ; Du et al.  2012 ). The ZMET2 BAH domain 
forms less main chain interactions with the H3K9me2 peptide compared with the 
chromodomain. However, it also contains an aromatic cage formed by three aro-
matic residues for proper accommodation of the dimethyllysine side chain through 
hydrophobic and cation-π interactions, similar to other methyllysine reader modules 
(Fig.  2f ) (Du et al.  2012 ; Patel and Wang  2013 ). Interestingly, the BAH domain- 
bound peptide has similar directionality as that observed for the chromodomain- 
bound peptide, and its C-terminus is directed toward the catalytic center of the 
MTase domain (Fig.  2d ), revealing a similar regulation mechanism as the chromo-
domain, thereby positioning the MTase domain toward the inner core region of the 
nucleosome. 

 The observation that the histone tails bound by both BAH and chromo domains 
have the same directionality raises the possibility that the two domains coordi-
nate the targeting of the MTase domain in a combinatorial manner. Interestingly, 
triple mutants of the three aromatic cage residues of either the BAH or chromo 
domains of CMT3 disrupting the binding capacity to H3K9me2 by these reader 
modules retain their in vitro MTase activity but fail to complement the in vivo 
function of CMT3 in  cmt3  mutation background (Du et al.  2012 ), suggesting that 
the H3K9me2 recognition capacity of both domains is essential for its in vivo func-
tion. Therefore, the BAH and chromo domains need to simultaneously target the 
MTase domain onto the H3K9me2-containing nucleosome. The two H3K9me2 
binding sites within the BAH and chromo domains are separated by a distance of 
about 70 Å which can span the diameter of a single nucleosome, allowing a model 
whereby the CMT3 can bind to a single nucleosome, such that the two H3K9me2 
tails can extend out from the nucleosome core region and are captured by the BAH 
and chromo domains of CMT3 (Du et al.  2012 ). In this model, the CMT3 will pref-
erentially methylate the local DNA nearby the H3K9me2-containing nucleosome. 
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Alternatively, since the H3K9me2 mark is enriched in heterochromatin regions, 
it is possible that the BAH and chromo domains of CMT3 protein are targeted on 
adjacent nucleosomes to allow the CMT3 to “walk” throughout the heterochro-
matin region using BAH and chromo domains as two “legs,” representing a DNA 
methylation spreading mechanism. CHG methylation is mainly distributed in het-
erochromatin regions, which are highly overlapping with the H3K9me2-enriched 
regions, thereby causing the silencing of TE in plants. The strict requirement of the 
two H3K9me2 marks for in vivo function of CMT3 can ensure that the CMT3 is 
targeted to proper H3K9me2- enriched regions such as heterochromatic regions but 
not randomly silence other CHG sites.  

2.1.3     Structure and Mechanism of KRYPTONITE 
 Since CHG methylation solely depends on H3K9me2, the maintenance of H3K9me2 
is necessary for proper maintenance of CHG methylation during mitosis and meio-
sis. Thus, it is indispensable to study H3K9 methylation during investigation of 
CHG methylation in plants. In  Arabidopsis , H3K9 methylation relies on the SUVH 
family H3K9 MTase KYP and its homologs SUVH5 and SUVH6. A  kyp suvh5 
suvh6  triple mutant strain which has lost most of the H3K9me2 mark in a genome-
wide scale shows a signifi cant loss of CHG methylation similar to the  cmt3  mutant 
strain (Stroud et al.  2013 ), confi rming that CHG methylation is also controlled by 
H3K9 MTases. The crystal structure of KYP in complex with its cofactor product 
AdoHcy, methylated CHH or CHG site (mCHH/mCHG) containing DNA, and the 
substrate H3(1-15) peptide highlights how the H3K9 MTase is regulated by methyl-
ated DNA (Fig.  2g ) (Du et al.  2014 ). KYP contains an N-terminal two-helix bundle, 
a middle SRA domain which can recognize methylated CHH or CHG DNA (Johnson 
et al.  2007 ), and a C-terminal SET domain (including pre-SET, SET, and post-SET 
subdomains) which constitute the H3K9 MTase activity (Jackson et al.  2004 ). The 
two- helix bundle is located within the middle of the structure holding together the 
whole architecture of the protein (Du et al.  2014 ). The SRA domain is aligned on 
one side of the two-helix bundle, while the SET domain is aligned on the other side 
(Fig.  2g ) (Du et al.  2014 ). There are extensive interactions between the three seg-
ments of the structure, suggesting a rigid alignment of the entire topology (Du et al. 
 2014 ). The KYP SRA domain possesses a positively charged surface cleft and holds 
the bound DNA, similar to structures of other reported DNA-bound SRA domains 
(Hashimoto et al.  2008 ; Arita et al.  2008 ; Avvakumov et al.  2008 ; Rajakumara et al. 
 2011 ). In addition, some positively charged residues of the two-helix bundle are 
involved in recognition of the backbone of the methylated DNA (Du et al.  2014 ). 
The 5mC base is fl ipped out from the DNA duplex and inserts into a small pocket 
of the SRA domain, thereby forming extensive intermolecular interactions with the 
surrounding residues (Fig.  2h ) (Du et al.  2014 ). Mutations of the 5mC-binding 
pocket residues lead to a loss of the capacity to bind methylated DNA while retain-
ing the in vitro histone MTase activity. Interestingly, these mutations impair the 
in vivo function of KYP, suggesting that specifi c binding to methylated DNA is 
required for the proper targeting of KYP (Du et al.  2014 ). The cofactor product 
AdoHcy and the substrate peptide are clamped in between the SET and post-SET 
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subdomains (Du et al.  2014 ). Several important tyrosine residues are positioned 
around the target lysine and form hydrogen-bonding interactions that can facilitate 
the catalytic reaction and restrict the enzyme to be an H3K9me2 MTase (Du et al. 
 2014 ). Overall, the structures of the KYP-mCHH/CHG DNA-AdoHcy-H3 peptide 
complex and the DNA-free form of the KYP homolog SUVH9 are nearly identical, 
indicating neither conformational change nor allosteric regulation upon DNA bind-
ing (Du et al.  2014 ; Johnson et al.  2014 ). Therefore, the KYP protein is recruited by 
the methylated CHH or CHG DNA and then methylates nearby histone tails. 

 In summary, CMT3 uses its BAH and chromo domains to target its DNA MTase 
domain to H3K9me2-containing nucleosome to achieve H3K9me2-directed CHG 
DNA methylation. On the contrary, KYP uses its SRA domain to target its histone 
MTase domain to mCHG/mCHH-containing nucleosomes to process the methyl-
ated DNA-directed H3K9 methylation. Taken together, the two proteins form a 
simple self-reinforcing feedback loop to strengthen H3K9 and CHG methylation at 
heterochromatin to keep the silenced state of TE and repeat sequences.   

2.2     Mechanism of CMT2-Mediated CHH Methylation 

 CMT2 was fi rstly identifi ed as a downstream effector MTase of the chromatin 
remodeler DECREASED IN DNA METHYLATION 1 (DDM1)-mediated CHH 
methylation of TE, which is independent of the classical RdDM-dependent CHH 
methylation (Zemach et al.  2013 ). A further biochemical characterization of CMT2 
revealed that this MTase can de novo methylate both CHH and CHG sites in vitro, 
in contrast to CMT3 that prefers to maintain CHG site methylation (Stroud et al. 
 2014 ). A  cmt2 cmt3  double mutant strain showed a stronger loss of CHG methyla-
tion than the  cmt3  mutant alone, confi rming that the in vitro CHG methylation activ-
ity of CMT2 is also functionally relevant in vivo (Stroud et al.  2014 ). In addition, 
the  drm1 drm2 cmt2  triple mutant can nearly completely eliminate CHH methyla-
tion genome wide, while the  drm1 drm2  double mutant or  cmt2  single mutant can 
only partially reduce CHH methylation, indicating that the RdDM pathway and 
CMT2 are complementary in controlling almost all the CHH methylation (Stroud 
et al.  2014 ). Similar to CMT3, the  kyp suvh5 suvh6  triple mutant, which can elimi-
nate H3K9me2, shows 86 % loss of CHH methylation controlled by CMT2, reveal-
ing a linkage between H3K9me2 and CMT2 (Stroud et al.  2014 ). CMT2 contains a 
middle BAH domain and C-terminal chromodomain inserted within the MTase 
domain, with a similar domain architecture as CMT3. Thus, it is reasonable to spec-
ulate that CMT2 acts in a similar way as CMT3. ITC binding experiments estab-
lished the CMT2 can directly bind H3K9me with a preference for H3K9me2 and 
reduced binding of H3K9me1 and H3K9me3, which is consistent with the observa-
tion that CMT2 controlled targets have a higher H3K9me2 level than H3K9me1 
(Stroud et al.  2014 ). The ITC binding yields a protein to peptide molar ratio of 1:2, 
establishing that the dual recognition mode observed for CMT3 is also conserved 
for CMT2 (Stroud et al.  2014 ). Due to a high-sequence homology between CMT3 
and CMT2 (46 % identity over the functional BAH, chromo, and MTase domains), 
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it is speculated that CMT2 can use its BAH and chromo domains to target the MTase 
domain to H3K9me2-containing nucleosomes to achieve position-specifi c CHH 
methylation, forming a self- reinforcing loop with KYP, similar to that observed for 
CMT3 (Fig.  2c ). CMT2 has an extra-long N-terminal extension of about 500 resi-
dues without any homology to known domains and without predictable secondary 
structure, and it is not apparent if this segment has any functional role within CMT2. 
Unlike CMT3, which exists in almost all plant species, CMT2 exists in some but not 
all plant species. For example, crop maize does not have the homologous gene of 
CMT2, while crop rice possesses a single CMT2 homologous gene (Zemach et al. 
 2013 ). Therefore, CMT2 controlled CHH methylation may not be a strictly con-
served plant DNA methylation pathway, in contrast to DRM2 driven by 
RdDM. Moreover the CMT2 pathway is functionally partially redundant with 
RdDM. Thus, CMT2 can be kept in an RdDM redundant way in some plant species, 
while in others it could have been superseded by RdDM during evolution. 
Functionally, CMT2 was identifi ed to associate with the heat response by compari-
son with the genome of different collections of  Arabidopsis  (Shen et al.  2014 ). The 
 cmt2  mutant has a stronger tolerance to heat-stress, indicating an epigenetic basis 
for the adaptation to environmental stress (Shen et al.  2014 ).  

2.3     RNA-Directed DNA Methylation (RdDM) 

2.3.1     Overview of RdDM 
 RdDM is a plant-specifi c de novo DNA methylation pathway, which conducts all 
the de novo DNA methylation in plants and is required for the maintenance of CHH 
methylation within small euchromatic sites (He et al.  2014 ; Matzke and Mosher 
 2014 ; Zhao and Chen  2014 ). The pathway starts with a plant-specifi c RNA poly-
merase IV (Pol IV), which is a specialized RNA polymerase that evolved from Pol 
II. Pol IV is targeted to certain loci to generate single-stranded RNA transcripts 
(Fig.  3a ) (Haag and Pikaard  2011 ). The RNA transcripts are subsequently used 
as templates by Pol IV-associated RNA-DEPENDENT RNA POLYMERASE 2 
(RDR2) to generate double-stranded RNA (Fig.  3a ) (Haag et al.  2012 ). The dou-
ble-stranded RNA is then cut into 24 bp siRNAs by DICER-LIKE 3 (DCL3) and 
one 24-nt strand is further loaded into ARGONAUTE 4 (AGO4) (Fig.  3a ) (Law 
and Jacobsen  2010 ; Matzke and Mosher  2014 ). Meanwhile, another plant-specifi c 
RNA polymerase Pol V can be targeted to certain loci and produce long noncoding 
scaffold RNA transcript. The AGO4-bound siRNA can interact with Pol V tran-
scripts by base-pairing as well as protein interaction and further target the plant-
specifi c DNA MTase DRM2 to facilitate site-specifi c DNA methylation (Fig.  3a ) 
(Law and Jacobsen  2010 ; Matzke and Mosher  2014 ). Thus, in this pathway, DNA 
methylation sites on the chromatin are determined by the targeting of Pol IV, Pol 
V, and DRM2. Recent studies have established additional mechanisms in which 
SAWADEE HOMEODOMAIN HOMOLOG 1 (SHH1, also called DNA-binding 
transcription factor 1, DTF1) can target Pol IV to H3K9me2 containing chromatin 
regions and the catalytically inactive SUVH family proteins SUVH2/9 can direct 
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Pol V to methylated DNA-containing loci (Fig.  3a ) (Law et al.  2013 ; Johnson et al. 
 2014 ; Zhang et al.  2013 ; Liu et al.  2014 ). Co-IP experiments indicated that DRM2 
occurs in the same complex with AGO4, suggesting that AGO4 plays an important 
role in the targeting of DRM2 (Zhong et al.  2014 ). However, the molecular mecha-
nism of the AGO4-DRM2 interaction remains unclear.

2.3.2        Structure and Mechanism of DRM2 
  Arabidopsis  DRM2 was identifi ed as the de novo MTase in plants by a genetic 
screen and showed sequence conservation with the mammalian de novo MTase 
Dnmt3a (Cao and Jacobsen  2002a ,  b ). From a sequence perspective, DRM family 
proteins have N-terminal 2–3 ubiquitin-associated domains (UBAs) and a C-terminal 
DNA MTase domain which possesses all the signature motifs of type I DNA MTase, 
except that an alignment established rearrangement of these motifs (Fig.  3b ) (Cao 
and Jacobsen  2002a ). This type of unique rearrangement only exists in plants and is 
considered as a plant-specifi c feature.  Arabidopsis  DRM2 has no detectable enzy-
matic activity in vitro (Zhong et al.  2014 ), revealing that it may need some cofactors 
for its activity. In contrast, the DRM from  Nicotiana tabacum  (NtDRM) has de novo 
DNA MTase activity at CHH and CHG sites both in vitro and in vivo (Wada et al. 
 2003 ). The structure of NtDRM MTase domain indicates a classic type I DNA 
MTase fold with a central seven-stranded β-sheet fl anked by two layers of α-helices 
positioned on both sides (Fig.  3c ) (Zhong et al.  2014 ). The TRD subdomain of 
NtDRM is composed of a two-stranded antiparallel β-sheet and two antiparallel 
α-helices, which are different from structures of other reported DNA MTases, indic-
ative of a unique DNA recognition and selection mode (Fig.  3c ) (Zhong et al.  2014 ). 
The catalytic subdomain is similar to other DNA MTase domains such as the 
Dnmt3a MTase domain (Jia et al.  2007 ; Zhong et al.  2014 ). In the Dnmt3a MTase 
domain crystal structure, the N- and C-termini are close to each other (Jia et al. 
 2007 ). If the N- and C-termini of Dnmt3a MTase fused together and a break is 
incorporated at the loop between Pro739 and Pro746 (highlighted in blue in Fig.  3d ) 
(Jia et al.  2007 ), the resulting sequence-based folding topology would be identical 

  Fig. 3    Structure and mechanism of DRM2 function driven by RdDM. ( a ) A schematic model of 
RdDM pathway. Pol IV is targeted by SHH2 to H3K9me2-containing loci to produce ssRNA tran-
scripts. The ssRNA is doubled by Pol IV-associated RDR2 and cleaved by DCL3 to generate 24-bp 
dsRNA. The 24-nt siRNA is then loaded onto AGO4. Pol V is guided by SUVH2 (or SUVH9) to 
methylated DNA-containing loci to generate scaffold noncoding RNA transcripts. The noncoding 
RNA can interact with the AGO4-bound siRNA to further direct DRM2 to perform de novo DNA 
methylation. ( b ) Domain architecture of  Arabidopsis  DRM2. ( c ) Crystal structure of the catalytic 
domain of NtDRM with the catalytic subdomain (CD) and TRD subdomain colored in  magenta  
and  orange , respectively (PDB code: 4ONJ). ( d ) Superposition of the NtDRM catalytic domain 
with the Dnmt3a catalytic domain, which is colored in  silver  (PDB codes: 4ONJ and 2QRV). If the 
N and C-termini of Dnmt3a are fused together and a break incorporated within the loop marked as 
blue, the overall topology of Dnmt3a becomes similar to DRM. ( e ) NtDRM catalytic domain 
shows a dimeric arrangement with one molecule colored in  magenta  and another in  orange . The 
DRM homodimer interface mimics the Dnmt3a-Dnmt3L heterodimer, which are colored in  pink  
and  wheat , respectively       
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to that of the NtDRM MTase domain. As a result, the nearly identical folding 
 topology between NtDRM and other type I DNA MTases indicates both a common 
catalytic mechanism and a common evolutionary ancestor. 

 The NtDRM MTase domain forms a homodimeric arrangement as observed both 
in solution and from packing alignments in the crystal (Fig.  3e ). The dimer interface 
is composed of a hydrophobic core together with several pairs of intermolecular salt 
bridges (Zhong et al.  2014 ). It is interesting that the NtDRM homodimer interface 
mimics the Dnmt3a-Dnmt3L heterodimer interface (Fig.  3e ) (Jia et al.  2007 ; Zhong 
et al.  2014 ). Although  Arabidopsis  has an inactive DRM homolog DRM3, which is 
essential for the establishment of DNA methylation by RdDM (Henderson et al. 
 2010 ), DRM3 appears not to have obvious interactions with DRM2, given that 
DRM3 cannot be detected in immunoprecipitation followed by mass spectrometry 
assays using epitope-tagged DRM2 (Zhong et al.  2015 ). In the  drm3  strain, Pol V 
occupancy extends to some more additional loci but the Pol V transcripts abundancy 
is reduced, revealing a potential role of DRM3 in the stabilization of Pol V and/or 
mediating Pol V transcript elongation (Zhong et al.  2015 ). Thus, DRM3 in plants 
appears not to function like Dnmt3L by acting as cofactor of the active DNA MTase 
but likely functions in regulating RdDM by association with Pol V (Zhong et al. 
 2015 ). The disruption of the dimerization interface by fi ve mutations of NtDRM 
results in disruption of its enzymatic activity, indicating that dimerization is bio-
chemically essential (Zhong et al.  2014 ). A plausible explanation of the homodi-
merization of DRM MTase domains is that dimerization could help to maintain the 
conformation of the catalytic loop, because the C-terminal portion of the catalytic 
loop is involved in dimerization interface formation. The mammalian de novo DNA 
MTase requires a Dnmt3L-Dnmt3a-Dnmt3a-Dnmt3L tetrameric arrangement (Jia 
et al.  2007 ). Although the DRM homodimer mimics the Dnmt3a-Dnmt3L dimer 
interface, there is no interface in DRM that corresponds to the Dnmt3a-Dnmt3a 
interface. The Dnmt3a-Dnmt3a interface is essential for its activity and is believed 
to double the DNA-binding surface so as to overcome the shortage of the DNA- 
binding surface, because of the small TRD subdomain of Dnmt3a (Jia et al.  2007 ; 
Jurkowska et al.  2008 ). In DRM, the TRD subdomain is bigger than that of Dnmt3a 
and can form a continuous large negatively charged surface, which is capable of 
accessing the DNA substrate (Zhong et al.  2014 ). Thus, the Dnmt3a-Dnmt3a like 
interface appears not to be required in the DRM case. 

 The UBA domains of DRM have been shown to be critical for its in vivo but not 
in vitro DNA MTase activity, revealing an important regulatory but not catalytic role 
(Henderson et al.  2010 ; Zhong et al.  2014 ). So far, it is still unclear how the UBA 
domains participate in DRM function. A report revealed that the UBA domains of 
rice OsDRM2 can interact with the ATP-dependent RNA helicase eIF4A, which 
links RNA higher structure to DRM (Dangwal et al.  2013 ). Another plausible con-
nection might be in the recognition of some ubiquitination modifi cations by the 
UBA domains, which is a common function of UBA domains. However, all these 
hypotheses still need further testing and eventual validation.   
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2.4     Potential Mechanism of MET1 in CG Methylation 
Maintenance 

 Unlike the extensive cross talk between non-CG methylation and H3K9me2, CG 
methylation seems independent of H3K9me2 (Du et al.  2015 ). In the  kyp suvh5 
suvh6  triple mutant, which eliminates most of the H3K9me2 mark, only a limited 
reduction is observed in CG methylation (Stroud et al.  2013 ). Once established, 
CG methylation is subsequently faithfully maintained by MET1 (Kankel et al. 
 2003 ). MET1 is an ortholog of mammalian Dnmt1 with several distinct features in 
its sequence. By comparing the sequence motifs of mouse Dnmt1, whose structure 
has been extensively studied, and  Arabidopsis  MET1 (Fig.  4a ), it becomes appar-
ent that the two C-terminal BAH domains (BAH1 and BAH2) and the DNA MTase 
domain portion exhibit similarities with a sequence identity of 36 %. The high 
sequence homology between the catalytic portion of MET1 and Dnmt1 suggests 
that MET1 may share a similar type I DNA MTase domain fold and a common 
catalytic mechanism as Dnmt1. The BAH2 domain of Dnmt1 has a long loop 
extending outward whose tip contacts the TRD subdomain of the MTase fold 
(Fig.  4b ) (Song et al.  2011 ), suggestive of a plausible regulatory role for substrate 
DNA binding through adjustment of the TRD position by the BAH2 domain. 
However, neither the interacting region on the TRD (highlighted in red in Fig.  4b ) 
nor the BAH2 loop (highlighted in blue in Fig.  4b ) of Dnmt1 is conserved in MET1 
(Figs.  4c, d ), indicating that MET1 may lack this type of BAH domain-mediated 
regulation of the TRD subdomain. Toward the N-terminus, Dnmt1 has a CXXC 
domain (highlighted in yellow in Fig.  4b ), which can specifi cally recognize 
unmethylated CG sites and subsequently position a loop (highlighted in green in 
Fig.  4b ) between the DNA and the active site of Dnmt1 to block the MTase activity 
(Song et al.  2011 ). This auto- inhibition mechanism can protect Dnmt1’s function 
as a maintenance MTase by insuring cytosine methylation of the daughter strand 
on hemi-methylated CG DNA but not on unmethylated CG DNA, which can be 
captured by the CXXC domain (Song et al.  2011 ). However, this type of auto-
inhibitory effect does not biochemically show in the full-length protein, revealing 
that there are domain rearrangements which are dependent also on all other 
domains as illustrated by the different effect of the CXXC domain observed with 
truncated and full-length Dnmt1 (Bashtrykov et al.  2012 ; Song et al.  2011 ). In 
contrast, plant MET1 does not have a CXXC domain (Fig.  4a ), suggesting that 
such an auto-inhibitory mechanism is not conserved in plants. In addition, Dnmt1 
contains a replication foci targeting domain (RFTD), which has been shown to 
interact with the catalytic domain in the absence of DNA, thereby achieving an 
additional layer of auto-inhibition (Takeshita et al.  2011 ; Bashtrykov et al.  2014 ; 
Syeda et al.  2011 ). In contrast, plant MET1 has two putative RFTDs as predicted 
by the Pfam server (Finn et al.  2014 ) (Fig.  4a ), but their exact function remains 
unclear. Further structural and functional studies may shed light on the function 
and regulation of the plant MET1 DNA MTase.
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3         Conclusion and Perspective 

 In plants, DNA methylation functions importantly in the suppression of TE and 
repeat sequences so as to act as a genomic immune response to overcome the abun-
dantly distributed TEs across plant genomes (Kim and Zilberman  2014 ). In contrast 

  Fig. 4    Potential mechanistic insights into MET1 function. ( a ) Comparison between the domain 
architectures of  Arabidopsis  MET1 and its ortholog mouse Dnmt1. MET1 contains one additional 
putative RFTD but lack the CXXC domain. ( b ) Structure of Dnmt1-DNA complex in an auto- 
inhibition mode (PDB code: 3PT6). The CXXC domain, auto-inhibition loop, BAH1, BAH2, 
MTase domains, and the bounded DNA are colored in  yellow ,  green ,  orange ,  light cyan ,  light 
magenta , and  silver , respectively. A tip within the loop of the BAH2 domain can interact with the 
TRD subdomain of the MTase to form a novel regulatory mechanism, with the interaction high-
lighted in blue and red, respectively. ( c ) Sequence alignment of the TRD subdomain of MTase 
between Dnmt1 and MET1 indicates that MET1 lack the interaction region within the TRD. Strictly 
conserved residues are highlighted in red with yellow background and the moderately conserved 
residues are colored in  green . ( d ) Sequence alignment of the BAH2 loop region of Dnmt1 and 
MET1 showing that MET1 lacks the BAH2 loop. Therefore, MET1 does not have the BAH2-TRD 
interaction and this type of enzymatic regulation       
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to the mammalian DNA methylation system, plant DNA methylation is both more 
diversifi ed and more complex and includes methylation of cytosines in all three 
sequence (CG, CHG, and CHH) contexts. Notably, there are four active DNA MTases 
(DRM2, MET1, CMT3, CMT2), in which the DRM and CMT3/2 are plant- specifi c 
DNA MTases, while MET1 has similarities with mammalian Dnmt1. In general, all 
the available structures of the catalytic domains of known plant DNA MTases adopt 
typical type I DNA MTase folds (Zhong et al.  2014 ; Du et al.  2012 ), sharing the same 
catalytic mechanism as mammalian DNA MTases such as Dnmt3a and Dnmt1 (Jia 
et al.  2007 ; Song et al.  2011 ,  2012 ). However, there is diversity in the regulation of 
these DNA MTase, while being enriched with their own additional features. The 
CMT family MTases can be regulated through their BAH and chromo domains by 
recognition of H3K9me2 (Stroud et al.  2014 ; Du et al.  2012 ). The RdDM-driven 
DRM2 function is regulated by H3K9me2 through SHH1 and by pre-methylated 
DNA through SUVH2/9 (Johnson et al.  2014 ; Law et al.  2013 ). The UBA domains 
of DRM may also play plausible regulatory roles through so far an unknown path-
way. MET1 may be regulated similarly to Dnmt1, but with its own features because 
it lacks both the CXXC domain and the regulatory loop within the BAH2 domain. 
The current structural studies on plant DNA MTases have established regulatory 
mechanisms for CMT and DRM. Further studies on the UBA domains of DRM and 
MET1 may resolve additional details about the regulation of RdDM and the mainte-
nance of CG methylation in plants. Moreover, structures of plant DNA MTase in 
complex with substrate DNA are required so as to reveal the molecular mechanisms 
underlying the observed sequence specifi city associated with each plant DNA MTase. 

 It worth to note that in addition to 5mC, the 6mA mark was recently reported to 
be located at transcription start sites that mark the location of active genes in green 
algae  Chlamydomonas reinhardtii  (Fu et al.  2015 ). In addition to the algae, 6mA 
was also detected in higher plants (Vaniushin et al.  1971 ). In particular, it was found 
that the  Arabidopsis DRM2  gene locus contains 6mA in some GATC sequence con-
texts (Ashapkin et al.  2002 ). However, the functional role of 6mA in higher plants 
is still controversial and requires additional investigation. The enzymes responsible 
for 6mA generation and elimination in plants have not yet been identifi ed. Thus, the 
further investigation of 6mA in higher plants may open a new window for the plant 
DNA methylation studies.     
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    Abstract 
   In contrast to heavily methylated mammalian genomes, invertebrate genomes are 
only sparsely methylated in a ‘mosaic’ fashion with the majority of methylated 
CpG dinucleotides found across gene bodies. Importantly, this gene body meth-
ylation is frequently associated with active transcription, and studies in the hon-
eybee have shown that there are strong links between gene body methylation and 
alternative splicing. Additional work also highlights that obligatory methylated 
epialleles infl uence transcriptional changes in a context-specifi c manner. Here 
we discuss the current knowledge in this emerging fi eld and highlight both simi-
larities and differences between DNA methylation systems in mammals and 
invertebrates. Finally, we argue that the relationship between genetic variation, 
differential DNA methylation, other epigenetic modifi cations and the transcrip-
tome must be further explored to fully understand the role of DNA methylation 
in converting genomic sequences into phenotypes.  

  Abbreviations 

   5hmC    5-hydroxymethylcytosine   
  5mC    5-methylcytosine   
  ALK    Anaplastic lymphoma kinase   
  CpG    Cytosine and guanine dinucleotide separated by one phosphate in DNA   
  CTCF    CCCTC-binding protein   
  DBP    DNA-binding protein   
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  DNMT    DNA methyltransferase   
  LAM    Lysosomal alpha-mannosidase   
  MeCP    Methyl-CpG-binding factor   
  miRNA    microRNA small non-coding RNA of about 22 nucleotides   
  mRNA    messenger RNA   
  PTM    Post-translational modifi cation   
  RdDM    RNA-directed DNA methylation system   
  TET    Ten-eleven translocation enzyme   

1         Introduction 

 Amongst all fi elds of biomedical research, it is ‘epigenetics’ that is emerging as a 
principal discipline bridging the gap between genotype and phenotype. One reason 
for such a prominent standing of epigenetic concepts in modern biology is the fl exi-
ble and ever-expanding defi nition of what the term ‘epigenetics’ actually means. 
Over 70 years ago, Waddington originally introduced the word ‘epigenetics’ (derived 
from the word ‘epigenesis’) as ‘a suitable name for the branch of biology which stud-
ies the causal interactions between genes and their products which bring phenotype 
into being’ (Jablonka and Lamb  2002 ). This new defi nition implied that translating 
the genetic blueprint into a functional organism requires a control system whose 
mode of action is over and above, or in addition to, the classical genotype. His ideas 
were incited by the realisation that phenotypes are remarkably stable in spite of envi-
ronmental pressure, a phenomenon that he referred to as developmental canalisation, 
whereby development is buffered against environmental or genetic variation by evo-
lutionarily selected gene networks. He illustrated this concept by the famous epigen-
etic landscape with valleys or channels representing the optimal developmental 
trajectories. The key idea behind this imaginary topography is that a set of instruc-
tions carving the trajectory towards an optimal phenotype is selected by responses to 
recurring environmental insults in an organism’s adaptive niche (Waddington  1957 ). 
Phenotypic plasticity is another feature of the living world, distinct from canalisation 
but equally important, that also is independent of the underlying DNA sequence. 
Cellular differentiation in multicellular organisms or phenotypic polymorphisms in 
social insects are generated by epigenetic mechanisms, not by genetic differences. 
These two contrasting aspects of phenotypic changeability that are uncoupled from 
genetic variation are central to the study of epigenetics. At present, epigenetics is a 
very wide fi eld of study, covering virtually all aspects of biology ranging from mor-
phogenesis to transgenerational epigenetic inheritance. For more detailed discus-
sions on the origins and changing concept of epigenetics, see recent review and 
opinion articles (Jablonka and Lamm  2012 ; Haig  2004 ,  2012 ). 

 In modern times the distinction between genetic and epigenetic control system 
has been associated with specifi c biochemical processes. Typically, DNA methyla-
tion and histone modifi cations are itemised as epigenetic mechanisms, but non- 
coding RNAs, chromatin remodelling and even prions are often included (Halfmann 
and Lindquist  2010 ). In this context, it is worth noting that only DNA methylation 
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is part of the DNA molecule chemical entity. It is thus clearly distinguished from 
other epigenetic mechanisms, such as chromatin modifi cation and non-coding 
RNAs, which are associated with, but separate from, DNA. For over 50 years DNA 
methylation, or more specifi cally cytosine methylation, has been studied exten-
sively in mammals, initially as a mechanism of gene silencing via hyper- methylation 
of promoters associated with the CpG islands and later as a genome-wide modifi ca-
tion. In contrast, only a couple of studies in the late 1990s have shown that 
5- methylcytosine can be detected in DNAs extracted from various invertebrate spe-
cies (Tweedie et al.  1997 ; Regev et al.  1998 ), and it is largely through the recent 
honeybee genomic research that methylomics took a centre stage as an important 
mechanism of gene regulation in insects and invertebrates. In this article, we discuss 
DNA methylation as part of gene regulatory system in invertebrates, with special 
reference to the honeybee,  Apis mellifera .  

2     Genotype to Phenotype 

 The existence of a multicellular organism depends upon the transformation of an 
apparently simple, static genetic ‘code’ into function. With perfect timing the 
genetic information contained within that fi rst single cell is translated into a series 
of complex cellular signals that guide development. As each cell differentiates, 
unique transcriptional profi les are established and their functional roles are speci-
fi ed. This transition from genotype to phenotype, termed  epigenesis , is infi nitely 
complex and results from interactions between the underlying genetic sequence, 
chemical modifi cations on DNA and chromatin and environmental cues. Yet, how 
exactly do these layers of information contribute to establishing phenotype? 

 Foremost, the DNA sequence itself interacts with the transcriptional machinery to 
produce the multitude of proteins necessary for a functioning organism. The human 
genome, for instance, encodes approximately 21,000 protein-coding genes whose 
sequences are transcribed to generate our proteome (Clamp et al.  2007 ). Gene tran-
scription occurs when RNA polymerase II (RNA Pol II) interacts with these genomic 
regions to produce a transcript. This is governed by numerous  functional elements, 
such as enhancers or promoters, associated with the coding regions that interact with 
various activators and transcription factors to facilitate the assembly of the pre-initi-
ation complex and subsequent transcription by RNA Pol II (Fig.  1 ).

   Importantly, to generate the full repertoire of proteins required to build a com-
plex and fully functioning organism, each gene must be expressed in a precise 
spatio- temporal pattern. To achieve this, numerous control mechanisms have 
evolved to tightly regulate transcription. These range from modulating transcription 
initiation and elongation, which can alter whether a gene is expressed or not and 
how a transcript is processed, to post-translational processes that can, for instance, 
fi ne-tune the level of a transcript through the degradation of an mRNA product. In 
addition, epigenetic control systems have evolved to coordinate the action of thou-
sands of genes and to provide an interface between the genome and environment. 
Each of these layers represents an important mechanism through which gene expres-
sion can be controlled.  
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3     The Epigenetic Control of Gene Expression 

 Epigenetics encompasses those mechanisms and processes that are involved in 
facilitating transcriptional changes via various covalent modifi cations made to DNA 
itself or the histone proteins around which DNA is wrapped; these post-translational 
modifi cations (PTMs) are numerous and include methylation, acetylation, phos-
phorylation, ubiquitination and many other PTMs. The manner in which these mod-
ifi cations can infl uence transcription is complex, and it is likely that a given mark 
can lead to both gene activation and repression, depending on its location and the 
genomic context (Kouzarides  2007 ; Jones  2012 ). Importantly, none of these modi-
fi cations works in isolation, instead they interact together to produce a unique epi-
genetic cellular ‘signature’. 

 This signature, termed a cell’s  epigenome , describes all epigenetic modifi cations 
found across the genome. For each cell type within an organism, and across differ-
ent developmental stages and disease states, the epigenome will vary, leading to a 
vast number of possible epigenomes (Bernstein et al.  2007 ). Through analysing 
patterns of DNA methylation, histone modifi cations, chromatin accessibility and 
RNA expression across diverse cell lineages, human epigenomic maps are being 
catalogued (Kundaje et al.  2015 ; Bernstein et al.  2010 ). These large-scale pursuits 
are leading to a greater understanding of how the epigenome contributes to cell 
specifi cation and development and how alterations to the epigenome contribute to 
disease and phenotypic variation. However, defi ning the exact role that a given epi-
genetic modifi cation plays in directing transcriptional changes still remains a chal-
lenge. This diffi culty will be discussed here in the context of one of the extensively 
studied epigenomic modifi cations, DNA methylation.  

  Fig. 1    General model of transcription in the honeybee showing the key elements involved in the 
initiation and elongation of pre-mRNA. Splicing is assumed to occur co-transcriptionally with 
DNA methylation affecting the conditional usage of weak exons. In insects, methylated cyto-
sines have been found predominantly in intragenic regions, often in proximity of splice sites. 
DNA methylation may affect binding kinetics of sequence-specifi c factors (DBP) either by dis-
rupting their binding, as in the CTCF model (Shukla et al.  2011 ), or by recruiting methyl-CpG-
binding factors such as MeCP2 (Maunakea et al.  2013 ). In both models, such factors promote 
exon recognition either by pausing the spliceosome/RNA pol II complex (Shukla et al.  2011 ) or 
by recruiting histone deacetylases to maintain low acetylation levels of alternatively spliced 
exons, which could reduce transcription elongation (Maunakea et al.  2013 ). TF- transcription 
factor       
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4     DNA Methylation 

 In all vertebrates and in the majority of invertebrates, the cytosine nucleotide in 
DNA can be modifi ed by the addition of a methyl group to its 5-carbon. This modi-
fi cation typically occurs at cytosines in CpG dinucleotides and is prevalent in mam-
malian genomes where up to 80 % (over 20 million) (Smith and Meissner  2013 ) of 
cytosines in the CpG context are methylated (Bird  2002 ). In comparison, the pro-
portion of methylated CpGs in insect genomes is an order of magnitude lower rang-
ing from approximately 0.1 to 1 % (Lyko and Maleszka  2011 ). The realisation that 
this covalent modifi cation could stably propagate information throughout develop-
ment led to considerable research into its role as an epigenetic mark (Holliday and 
Pugh  1975 ; Riggs  1975 ). It has since been shown that DNA methylation plays a key 
role in biological processes such as X-inactivation, genomic imprinting and trans-
poson silencing across a number of organisms. In each of these instances, methyla-
tion is engaged in gene silencing, and this remains one of the more commonly 
considered functions of DNA methylation. This is evident in mammals where the 
methylation of promoter regions has long since been associated with gene repres-
sion (Jones and Takai  2001 ). However, considerable variation in the distribution of 
methylation across organisms and additional evidence that methylation associates 
with active transcription indicates that the relationship between DNA methylation 
and transcription is complex and not fully understood. Insight into its functionality 
can be gained through understanding how DNA methylation patterns are estab-
lished and by analysing the evolutionary origins of this mark and its genomic loca-
tion (Suzuki and Bird  2008 ; Regev et al.  1998 ). 

 Box: Epigenetics and Epigenomics 

•      Epigenetics  is a broad term that covers many areas of biological research 
that involve gene regulation. It includes both heritable and non-heritable 
chemical modifi cations, such as DNA methylation and hydroxymethyl-
ation, histone modifi cations, microRNAs and non-coding RNAs.  

•    Epigenetic processes  can be defi ned as control systems that combine a 
number of epigenomic modifi cations whose actions, responsive to both 
internal and external environments, underlie the self-organising properties 
of gene networks.  

•    Epigenomics  is a study of genome-wide modifi cations of DNA and chro-
matin that allows mapping the epigenetic status of all genes in a context- 
dependent manner, e.g., in various tissues or throughout development. 
Each organism has hundreds of epigenomes, minimally one for each cell 
type.  

•    The epigenetic status  of a gene can be altered through environmental 
events such as changes in diet or exposure to toxins often resulting in 
disease.    
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4.1      Establishing DNA Methylation Patterns in Invertebrates 

 The overall level and patterns of DNA methylation that are established across a 
genome, what is termed a  methylome , are determined in a cell- and tissue-specifi c 
manner. Throughout embryogenesis and cell differentiation, DNA methyltransfer-
ases (DNMTs) establish DNA methylation patterns and then maintain these patterns 
across cell divisions. Two families of DNMTs exist: one referred to as DNMT1, 
which preferentially methylates hemimethylated cytosine residues and the other as 
DNMT3 family, which catalyses the de novo methylation of DNA (Goll and Bestor 
 2005 ). Another important protein family relevant for DNA methylation are TET 
dioxygenases that remove methyl groups from modifi ed cytosines (see a section 
below). All these proteins are well conserved and they are present across a wide 
variety of vertebrates and invertebrates. However, as shown in Table  1 , one salient 
aspect of DNA methylation is its dispensability. The distribution of the DNA meth-
ylation toolkit in  Metazoa  is mosaic with a variety of distinct patterns ranging from 

   Table. 1    Examples of mosaic distribution of DNA methylation toolkit in selected metazoan 
species   

 Lineage  Species 

 DNMT 

 TET 
 Methyl 
CpGs  1  3 

  Mammalia   All  ●  ●●●  ●●●  Yes 

  Hymenoptera    Apis mellifera  
 (honeybee) 

 ●●  ●  ●  Yes 

  Nasonia spp.  
 (parasitic wasps) 

 ●●●  ●  ●  Yes 

  Homoptera    Acyrthosiphon pisum  
 (pea aphid) 

 ●●  ●  ●  Yes 

  Coleoptera    Tribolium castaneum  
 (fl our beetle) 

 ●  –  ●  Yes 

  Lepidoptera    Bombyx mori  
  Spodoptera spp.  

 ●  –  ●  Yes 

  Diptera   Flies, mosquitos  –  –  ● a   No 

  Nematoda    Caenorhabditis elegans  
 (free living roundworm) 

 –  –  –  No 

  Trichuris trichiura  
 (whipworm, parasitic) 

 –  ● b   –  ? 

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

 –  –  ●  No 

  Cnidaria    Nematostella vectensis  
 (sea anemone) 

 ●  ●  ●  Yes 

  Black dots indicate the number of genes encoding DNMT paralogs in various species 
  a In  Drosophila  TET demethylates N 6 -methyladenine (6 mA) and this process correlates with trans-
poson expression (Zhang et al.  2015 ) 
  b A highly conserved relative of DNMT3 in  T. trichiura  available in GenBank (KFD71641.1) needs 
to be validated by additional analyses. If confi rmed, the whipworm would be the only nematode with 
a gene encoding a DNMT and the only species so far having DNMT3, but no DNMT1 and TET  
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a total loss of both DNMT and TET enzymes to partial losses and duplications. 
Many species, including most nematodes, advanced Dipteran insects and  Placozoa  
have lost DNA methylating enzymes and apparently recruited other epigenetic 
mechanisms to regulate gene expression. Given this contrasting utilisation of an 
ancient biochemical modifi cation, the extent to which DNA methylation is advanta-
geous if maintained in a given lineage remains unclear (Lyko and Maleszka  2011 ; 
Kucharski et al.  2008 ; Zemach et al.  2010 ).

   Initially, it was considered that DNA methylation patterns were established by 
the de novo activity of the DNMT3 family during embryogenesis and then these 
patterns were maintained by DNMT1, the ‘maintenance’ DNMT. However, recent 
work indicates that the classical roles of DNMT1 and DNMT3s in establishing 
methylation patterns need to be redefi ned to include the apparent de novo activity of 
DNMT1 and DNMT3s’ contribution to maintenance (Jeltsch and Jurkowska  2014 ). 
The variation of DNMTs across invertebrates is also suggestive of diverse roles for 
these enzymes;  Bombyx mori , for instance, lacks DNMT3 but still methylates its 
genome and it is therefore likely that DNMT1 provides de novo activity in this 
organism (Lyko and Maleszka  2011 ; Xiang et al.  2010 ). The honeybee,  A. mellifera , 
is known to possess two copies of DNMT1 together with one DNMT3 gene and has 
become a focal model for exploring the relationship between DNA methylation and 
phenotypic plasticity in invertebrates. For instance, differential methylation patterns 
in this organism are correlated with the establishment of two distinct castes, that of 
queen and worker, from identical genetic information (Lyko and Maleszka  2011 ; 
Kucharski et al.  2008 ). This process is driven by differential feeding during postem-
bryonic development that affects metabolic fl uxes, hormonal changes, global DNA 
methylation and gene expression (Maleszka  2008 ; Miklos and Maleszka  2011 ; 
Foret et al.  2012 ; Kucharski et al.  2015 ) (Fig.  2 ). Newly hatched female larvae fed 
a complex diet known as royal jelly develop into long-lived reproductive queens, 
whereas larvae fed less nutritious worker jelly develop into functionally sterile 

Metabolic flux Gene regulation Tissue and organ
  differentiation

Postembryonic development of genetically identical female larvae

Normal diet 

Royal jelly

Differential
feeding

Epigenomic programming
of imaginal discs

Contrasting organismal 
outcomes

 Short-lived 
 sterile workers

                  Long-lived 
                    fertile queens

Condition-specific 
DNA methylation, 

histone modifications, 
hormone levels 
& micro RNAs

  Fig. 2    Outline of postembryonic developmental reprogramming in honeybees by nutritionally 
driven epigenomic mechanisms       
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short-lived workers. Interference with DNA methylation by knocking down 
DNMT3 in larvae reared in vitro mimics the effect of royal jelly on postembryonic 
development suggesting that dietary ingredients have the capacity to affect epig-
enomic settings (Kucharski et al.  2008 ). Although this result clearly implicates 
DNA methylation in a diet-controlled developmental division between long-lived 
highly fertile queens and short-lived functionally sterile workers (Fig.  2 ), it does not 
provide an unambiguous mechanistic explanation of this process based on defi ned 
enzymes with known properties. Given the emerging view that all DNMTs are not 
only functionally interweaved but also cooperate with histone modifi ers, the impact 
of DNMT3 silencing on honeybee phenotypes is more likely the outcome of a 
global effect that creates a disturbance in a highly interconnected epigenomic regu-
latory system. For the purpose of moving forward insect epigenetics, one needs to 
focus on unravelling the functions of both DNA and histone modifi ers before a 
model of this intriguing epigenetic phenomenon can be generated. In this context, 
the queen bee food, royal jelly (RJ), may well hold clues to this problem. RJ is a 
complex mixture of unique compounds with poorly understood characteristics 
(Maleszka  2014 ). Some of these compounds have been identifi ed as histone deacet-
ylase inhibitors and it is reasonable to assume that many other ingredients in RJ also 
have potent epigenetic properties, possibly affecting DNA/RNA modifying enzy-
mology. Cloning and in vitro characterisation of the honeybee DNMTs and other 
genes combined with examining the effects of RJ components will provide unprec-
edented clues to the nature of dietary impacts on epigenetic machinery (Fig.  2 ).

    Caste determination in  A. mellifera  is an illustrative example of Waddington’s 
developmental canalisation, whereby epigenetic processes have been recruited to 
conditionally modulate the expression of one genome using an environmental cue. 
Although various cellular elements have the ability to respond to environmental 
changes, their combined and coordinated action has evolved in honeybees as a con-
trolling mechanism for reprogramming the entire larval development with critical 
consequences for cellular and organismal phenotypes. A limited number of genes 
can be epigenetically programmed to yield more than one organismal outcome, sug-
gesting that epigenomic modifi ers are able to relax evolutionary constrains on 
development. These modifi ers operate by recruiting only a subset of an organism’s 
gene repertoire and reusing it in a combinatorial manner to remodel multiple sub-
networks (Maleszka  2014 ). 

 Importantly, DNA methylation patterns are governed not only by the de novo and 
maintenance activity of DNMTs but also by the passive loss of methylation during 
replication and active demethylation by the family of ten eleven translocation 
(TET1-3) dioxygenases (Pastor et al.  2013 ). Demethylation by TETs is critical to 
ensure the fl exibility of methyl marks whose responsive nature is contingent on 
their reversibility. These enzymes oxidise 5-methylcytosine (5mC) to 
5- hydroxymethylcytosine (5hmC) that can be further converted to 5-formyl- cytosine 
and 5-carboxyl-cytosine. Recent fi ndings including genome-wide mapping of 
5hmC at a single-base resolution in mammalian brain (Lister et al.  2013 ) reveal a 
complex picture consistent with the idea that both 5mC and 5hmC can act as inde-
pendent epigenetic marks. In addition to their role as methylcytosine dioxygenases, 
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mammalian TETs perform other functions including interactions with metabolic 
enzymes and other proteins, participation in transcriptional regulation, telomere 
elongation and conveying cellular signals (Pastor et al.  2013 ; Lu et al.  2014 ). TETs 
have also been implicated in histone modifi cations. For example, TET2 promotes 
histone O-GlcNAcylation during TET2-dependent gene transcription by recruiting 
O-GlcNAc transferase to chromatin (Chen et al.  2013 ). 

 Yet, whilst active demethylation has been relatively well investigated in mam-
mals, little is known of these processes in invertebrates. Recent work in  A. mellifera  
has highlighted that a conserved TET enzyme in this organism is capable of con-
verting methylated cytosine residues to 5-hydroxymethylcytosines (5hmC), as in 
mammals and is likely to play an important role in establishing DNA methylation 
patterns, although the exact nature of this role remains unclear (Wojciechowski 
et al.  2014 ). In contrast to mammals that have three TET paralogs, only one TET has 
been found in  A. mellifera  and in most of other invertebrates. TET proteins are 
absent in organisms such as nematodes, which have lost the genes encoding DNMT1 
and DNMT3 as well as, a tRNA-methylating enzyme (known as DNMT2). One 
puzzling feature of the honeybee TET is its very high level of expression, especially 
in the brain that does not translate into a substantial number of 5hmCs. In most tis-
sues fewer than 3000 5mhCs have been detected corresponding to 4–5 % of the 

  Fig. 3    Transgenerational inheritance of obligatory methylated epialleles of the gene coding for 
lysosomal alpha-mannosidase (LAM) in  A. mellifera . A single male drone was mated with a 
queen; haploid drones develop from unfertilised eggs and diploid workers/queens develop from 
fertilised eggs. The level of methylation of the two alleles, LAM  C+CT   and LAM  CΔGA  , across an 
intragenic region of LAM (exons 16 to exons 18) is indicated: 0 % indicating a CpG site was never 
found to methylated, 100 % indicating that a CpG site was always found to be methylated. The 
transgenerational inheritance of methylation patterns, irrespective of factors such as caste or devel-
opmental stage and without parent-of-origin effects, is indicative of an obligatory methylated epi-
allele (see Wedd et al.  2016  for more details)       
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methylated cytosines. Only in testes and ovaries the levels of 5hmC in  A. mellifera  
(7–10 %) appear to be more comparable to those in some mammalian situations. 
Given this discrepancy between TET expression and the scarcity of 5hmC in the 
honeybee genome, it is likely that this protein performs other roles not related to 
cytosine demethylation. A broader functionality of invertebrate TETs is consistent 
with its expression in  Drosophila  that has no DNA methylation toolkit and does not 
require demethylation of genomic cytosines. It is noteworthy that a few studies have 
reported the presence of low levels of highly localised and asymmetrical methylated 
cytosines in  Drosophila  genome (Takayama et al.  2014 ; Capuano et al.  2014 ). If 
confi rmed, these results would indicate novel enzymatic machinery capable of mod-
ifying DNA in certain contexts. 

 A recent breakthrough study in  Drosophila  has shown that removal of the TET 
gene increases N6-methyladenine (m6A) levels in DNA, but has no effects on RNA 
in which m6A is common (Zhang et al.  2015 ).  Drosophila  TET null mutants show 
a lethal phenotype beginning at the pupal stage with the last survivors dying 3 days 
post-eclosion. This fi nding suggests that a single relative of TETs in insects has the 
potential to catalyse a variety of chemical modifi cations not necessarily involving 
5mC. Even more intriguing is a new study showing that in  Drosophila , TET has the 
capacity to add hydroxymethylcytosine to RNA and that this modifi cation is most 
prominent in the brain where it is important for promoting translation of mRNAs 
(Delatte et al.  2015 ). Whether or not a similar TET activity exists in other insects 
remains to be determined, but it is conceivable that high levels of TET transcripts in 
 A. mellifera  brain are needed for RNA hydroxymethylation. Further exploration of 
demethylation and hydroxymethylation dynamics is required to fully understand 
both the role of TET in DNA/RNA methylation patterning and in other hitherto 
unidentifi ed functions amongst invertebrate organisms. 

 How are DNA methyltransferases and TET dioxygenases guided to a given 
genomic region? Recent models indicate that these enzymes are recruited to spe-
cifi c genomic locations via their interactions with other epigenetic modifi ers and 
that these interactions are dependent on the chromatin environment (Jones and 
Liang  2009 ; Jeltsch and Jurkowska  2014 ). Work in mammals, for instance, has 
highlighted that various histone post-translational modifi cations (PTMs) and 
chromatin remodelling factors are likely to be involved in recruiting DNMTs to a 
genomic location (Jones and Liang  2009 ). It is likely that similar mechanisms 
operate in insects, but until these are explored in the context of differential DNA 
methylation, the role these factors play in establishing DNA methylation patterns 
will remain unknown. To this end extensive PTMs have been described in  A. mel-
lifera  using mass spectrometry (Dickman et al.  2013 ), and genome-wide chroma-
tin immunoprecipitation- based approach (ChiPseq) has been applied to 
map-specifi c histone PTMs in the ant  C. fl oridanus  (Simola et al.  2013 ). Although 
the exact recruitment mechanism of the DNA methylation and demethylation 
machinery in insects is still unknown, the distribution of methylated cytosines 
across the genome of  A. mellifera  has been mapped at single-base resolution pro-
viding initial impetus for studies on how DNA methylation might be contributing 
to a variety of cellular processes.  
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4.2     DNA Methylation Patterns Across Invertebrates 

 The targeting of methylation across the genome appears to take on two distinct 
types of patterns: global DNA methylation and mosaic DNA methylation (Suzuki 
and Bird  2008 ). In the case of global DNA methylation, which is typical of verte-
brates, the genome is densely methylated throughout most tissues and developmen-
tal stages. In humans, for instance, the majority of CpG sites across the genome are 
methylated with the exception of small unmethylated domains, typically near regu-
latory regions such as promoters, termed CpG islands (Ehrlich et al.  1982 ). In con-
trast, in invertebrate genomes, distinct domains are methylated and unmethylated in 
a ‘mosaic’ fashion (Suzuki and Bird  2008 ; Tweedie et al.  1997 ). The overall level of 
this mosaic methylation varies; for instance,  A. mellifera  contains a much lower 
level of methylation when compared to invertebrates such as  Ciona intestinalis  
(Feng et al.  2010 ). However, several features of DNA methylation patterning are 
conserved. 

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

 Yet, whilst it is clear that DNA methylation has been utilised by many organisms 
to maintain genome stability and regulate imprinted regions, this does not extend to 
all species. Whereas moderate levels of methylation have been observed across 
transposons in  C. intestinalis , other invertebrate genomes do not exhibit such meth-
ylation; in  A. mellifera , for example, transposons are not targeted for methylation 
(Feng et al.  2010 ; Zemach et al.  2010 ). However, transposons are not as frequent in 
 A. mellifera  as they are in some other species, suggesting that a mechanism control-
ling mobile genomic elements may be less critical for this organism. Additionally, 
not all species utilise DNA methylation to establish imprints; organisms such as  C. 
elegans  do not have a functional methylation system, yet still present with imprinted 
genes, and there is no current evidence for genomic imprinting via DNA methyla-
tion in  A. mellifera  (Sha and Fire  2005 ). It thus appears that whilst DNA methyla-
tion can be critical for transcriptional silencing in many contexts, this is not always 
the case. 

 Rather, the more conserved feature of eukaryotic DNA methylation is the distri-
bution of methylation at gene bodies. Gene body methylation has been identifi ed 
across numerous organisms, and it is likely that its occurrence predates the last 
common ancestor of plants and animals (Feng et al.  2010 ). It is characterised by 
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methylation across the introns and exons of protein-coding genes. In vertebrates 
and plants, this gene body methylation is prevalent and has been shown to fre-
quently occur in those regions that are highly expressed (Ball et al.  2009 ; Zilberman 
et al.  2007 ). 

 In invertebrates, methylation predominantly occurs across gene bodies. The vase 
tunicate  C. intestinalis , the parasitoid wasp  Nasonia vitripennis , the carpenter ant 
 Camponotus fl oridanus ,  A.mellifera , and lower  Metazoa  such as the sea anemone 
 Nematostella vectensis  all display high levels of gene body methylation, and the 
regions with high gene body methylation also correlate with genomic regions that 
are actively transcribed (Feng et al.  2010 ; Wang et al.  2013 ; Zemach et al.  2010 ; 
Foret et al.  2009 ; Bonasio et al.  2012 ; Tweedie et al.  1997 ). To date, in all insects in 
which methylation has been analysed at a genome-wide scale, 5mC appears to be 
limited almost exclusively to CpG dinucleotides with only marginal levels found at 
non-CpG sites. Whether this pattern is a universal feature of all insects awaits 
sequencing of methylomes in more species representing diverse evolutionary lin-
eages. In  A. mellifera , intragenic DNA methylation is higher in exons than introns, 
and those genes, which are highly methylated, are often ubiquitously expressed, 
with evidence that this type of methylation modulates the expression of these tran-
scripts (Foret et al.  2009 ; Lyko et al.  2010 ). These common fi ndings suggesting that 
intragenic DNA methylation is associated with active transcription, have important 
implications for understanding how this mark might direct transcription. 

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

 Yet, given that key differences in the DNA methylation system exist between  A. 
thaliana  and other eukaryotic model organisms, the relationship between intragenic 
methylation and the rate of transcription may not be universal. DNA methylation 
patterns in  A. thaliana  and other fl owering plants are established via an RNA- directed 
DNA methylation system (RdDM) where RNA molecules, small interfering RNAs 
(siRNAs), guide de novo methylation (Chan et al.  2005 ; Bao et al.  2004 ). The pro-
posed model that transcription itself causes intragenic methylation is based upon the 
spurious transcription of these siRNAs (Zilberman et al.  2007 ). Amongst inverte-
brate models, there is no current evidence for an RdDM system and therefore the 
intragenic DNA methylation seen in these species may have alternate functions. 
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 Indeed, several lines of evidence indicate a number of functional roles for intra-
genic DNA methylation in mammals, including the regulation of non-coding RNAs 
and transcription elongation. Both microRNAs (miRNAs) and long non-coding RNA 
(lncRNA) transcripts have been shown to be infl uenced by intragenic DNA methyla-
tion, with important transcriptional consequences (Kulis et al.  2013 ; Cheung et al. 
 2011 ; Lujambio et al.  2007 ). By altering chromatin structure, DNA methylation can 
reduce the effi ciency of transcription elongation (Lorincz et al.  2004 ). Intragenic 
DNA methylation has been shown to infl uence elongation; exonic differential meth-
ylation modulates binding of the CTCF transcription factor, altering RNA Pol II 
processing and the alternative splicing of a transcript (Shukla et al.  2011 ). Further 
evidence indicates that intragenic DNA methylation modulates alternative splicing 
(Maunakea et al.  2013 ; Foret et al.  2012 ) and leads to the cell- and tissue-specifi c 
expression of alternative transcripts (Maunakea et al.  2010 ) across a number of spe-
cies suggesting that this function of intragenic DNA methylation is commonplace 
and likely to have important biological consequences (Kulis et al.  2013 ). 

 In  A. mellifera  differential intragenic DNA methylation has similarly been cor-
related to alternative splicing. High intragenic DNA methylation has been observed 
near alternative splice sites, and the differential methylation of these regions has 
been linked to the expression of condition-specifi c alternatively spliced transcript 
variants (Table  2 ) (Lyko and Maleszka  2011 ; Foret et al.  2012 ; Kucharski et al. 
 2016 ; Maleszka et al.  2016 ). Some of these cases support the Shukla  et al.  (Shukla 
et al.  2011 ) model whereby methylation inhibits binding of a CTCF factor that can 
promote inclusion of weak upstream exons by mediating local RNA polymerase II 
pausing. In the case of anaplastic lymphoma kinase (Table  2 ), low methylation cor-
relates with exon 25 inclusion at high frequency. In the adult brain, where the meth-
ylated regions show much lower methylation relative to larvae, the majority of the 
available ALK transcripts (81 %) have been found to contain exon 25 (Foret et al. 
 2012 ). Thus, differential methylation of this sequence seems to affect the dynamics 
of exon 25 inclusion and generates ALK isoforms with different amino-termini in 

    Table. 2    Examples of genes with cassette exons whose expression correlates with differential 
methylation   

 Gene Id  Exon  Effect on protein  Putative function 

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

 3  Creates a truncated 
protein by introducing a 
premature STOP codon 

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

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

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

 Modifi es selection of protein 
partners interacting with ALK 

 GB43543 
 Glycine receptor (Foret 
et al.  2012 ) 

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

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

DNA Methylation and Gene Regulation in Honeybees: From Genome-Wide Analyses



206

the intracellular domain that could interact with distinct partners. This suggests that 
the DNA methylation seen across the genes of  A. mellifera  can, in particular con-
texts, elicit transcriptional changes.

4.3        Does DNA Methylation Direct Gene Expression? 

 Although several clear relationships between DNA methylation and transcription 
have emerged over the past decades, including the link between intragenic DNA 
methylation and active transcription, this relationship is not entirely straightfor-
ward. Whilst there are a number of cases where DNA methylation has been shown 
to directly infl uence transcription, for instance, Shukla et al .  (Shukla et al.  2011 ) 
provide a direct relationship between methylation and alternative splicing, much 
evidence is largely correlative, derived from genome-wide analyses (Zemach et al. 
 2010 ; Feng et al.  2010 ; Schultz et al.  2015 ). In the case of invertebrate models, the 
few examples seen in  A. mellifera  indicate that intragenic DNA methylation is likely 
to play an important role in eliciting transcriptional changes. Yet, these studies also 
highlight that such changes are context-dependent and do not necessarily eliminate 
the possibility that they result as a function of other processes that are simply asso-
ciated with differential DNA methylation. 

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

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

 In a recent study differential intragenic DNA methylation of the gene encoding for 
lysosomal alpha-mannosidase (LAM) was correlated with sequence variation, provid-
ing the fi rst evidence for an obligatory methylated epiallele within the  A. mellifera  
population (Wedd et al.  2016 ). In contrast to pure epialleles that arise from stochastic 
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genotype-independent events, obligatory differentially methylated epialleles are gen-
erated by sequence variants (Richards  2006 ). The methylated status of the LAM epial-
lele in  A. mellifera  has been found to increase LAM expression in a context-specifi c 
manner, along with the expression of a long non-coding RNA transcript. LAM epial-
leles have been found to be inherited in the classical Mendelian manner with no appar-
ent evidence of imprinting (Fig.  3 ). This result not only further supports the link 
between intragenic DNA methylation and active transcription but also indicates that 
obligatory epialleles in  A. mellifera  will likely contribute to phenotypic variation in a 
context-specifi c manner, as has been demonstrated across other species. 

 Given that phenotypic differences in  A. mellifera  are generated by tightly con-
trolled epigenetic changes, any impact that genetic variation might have on this epi-
genetic layer of information could be profound. In the context of DNA methylation, 
substantial work in social insects like  A. mellifera  has shown that differential DNA 
methylation patterns correlate with transcriptional changes and phenotypic variation, 
but fewer studies interpret these changes in the context of any underlying sequence 
variation. The discovery of obligatory epialleles in the  A. mellifera  population high-
lights the importance of interpreting differential DNA methylation patterns more 
carefully and investigating the extent to which epiallelic variation infl uences pheno-
type in this organism. The availability of ultra-deep next- generation bisulfi te sequenc-
ing technologies, as used in the LAM study, will facilitate interpreting these patterns 
accurately in the context of developmental, tissue-specifi c and stochastic effects that 
are known to infl uence methylation patterns (Wagner et al.  2014 ; Landan et al.  2012 ).

    Conclusion 

 Invertebrates such as  A. mellifera  represent an important model from which a 
broader understanding of DNA methylation, and its role in directing transcrip-
tion, can be drawn (Lyko and Maleszka  2011 ; Maleszka  2014 ). Importantly, this 
is reliant on the accurate interpretation of insect methylomes, and without per-
forming in- depth analyses of differential methylation patterns in  A. mellifera  
there is a risk of misinterpreting the biological signifi cance of such marks 
(Kucharski et al.  2015 ). To achieve a full understanding of how this epigenetic 
modifi cation links genotype to phenotype, the relationship between DNA meth-
ylation patterns, genetic variability and other epigenetic marks must be under-
stood and interpreted in the context of additional factors, such as developmental 
and tissue-specifi c effects and environmental infl uences.       
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    Abstract 
   Chromatin, consisting of deoxyribonucleic acid (DNA) wrapped around histone 
proteins, facilitates DNA compaction and allows identical DNA codes to confer 
many different cellular phenotypes. This biological versatility is accomplished in 
large part by posttranslational modifi cations to histones and chemical modifi ca-
tions to DNA. These modifi cations direct the cellular machinery to expand or 
compact specifi c chromatin regions and mark regions of the DNA as important 
for cellular functions. While each of the four bases that make up DNA can be 
modifi ed (Iyer et al.  2011 ), this chapter will focus on methylation of the sixth 
position on adenines (6mA), as this modifi cation has been poorly characterized 
in recently evolved eukaryotes, but shows promise as a new conserved layer of 
epigenetic regulation. 6mA was previously thought to be restricted to unicellular 
organisms, but recent work has revealed its presence in metazoa. Here, we will 
briefl y describe the history of 6mA, examine its evolutionary conservation, and 
evaluate the current methods for detecting 6mA. We will discuss the enzymes 
that bind and regulate this mark and fi nally examine known and potential func-
tions of 6mA in eukaryotes.  
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1       Introduction 

 DNA must faithfully transmit the blueprints of life from generation to generation. 
However, it is also necessary that different cell types have access to different 
 portions of the genome and that specifi c cell types can respond appropriately to 
changes in the environment. Such dynamic responses are mediated in part by tran-
scription factor complexes and by chemical modifi cations to chromatin. DNA is not 
as  heavily modifi ed as RNA, which has 141 different modifi cations identifi ed to 
date (Machnicka et al.  2013 ; Grosjean  2015 ). The limited number of DNA modifi -
cations (relative to RNA) is presumably evolutionarily selected for to protect the 
DNA code from mutations and to enable formation of the double helix. Nevertheless, 
several DNA modifi cations occur across the tree of life and are important as both 
signals of DNA lesions and as epigenetic regulators of diverse biological processes. 
Importantly, DNA modifi cations increase the repertoire of cellular phenotypes that 
can be encoded by a single DNA sequence, without directly altering the integrity of 
the genetic code. Soon after DNA was discovered, variants of each base were identi-
fi ed. However, the role of DNA methylation in the context of normal biological 
processes and disease pathogenesis remains an active area of research. 

 Although 6mA was discovered soon after cytosine methylation (5mC), it was 
thought to exist predominantly in prokaryotes and was therefore not given the same 
amount of research attention in eukaryotes as 5mC. The discovery that 6mA exists 
in more recently evolved eukaryotes has revived interest in this DNA modifi cation. 
To understand the dynamic regulation of and by adenine methylation, it is useful to 
view the role of 6mA across evolution. Here, we aim to provide a broad overview of 
the historical research on 6mA across the evolutionary spectrum and discuss the 
mechanisms by which N6-adenine methylation is established, removed, and recog-
nized. We examine 6mA’s role in biology, discuss the possibility of 6mA maintain-
ing epigenetic information across cell divisions and potentially across generations, 
and summarize exciting areas for future research.  

2     Types of DNA Modifications 

 Each DNA base is modifi ed to varying degrees in different organisms. DNA methyla-
tion occurs either as nonenzymatic DNA damaging lesions or as directed modifi ca-
tions with signaling function, which are actively introduced by specifi c 
methyltransferase enzymes. DNA lesions include N1-methyladenine (1mA), 
N3-methyladenine (3mA), N7-methyladenine (7mA), N3-methylcytosine (3mC), 
N2-methylguanine (2mG), O6-methylguanine (6mG), N7-methylguanine (7mG), 
N3-methylthymine (3mT), and O4-methylthymine (4mT), while directed methylation 
includes N6-methyladenine (6mA), N4-methylcytosine (4mC), and C5-methylcytosine 
(5mC) (Sedgwick et al.  2007 ; Iyer et al.  2011 ; Grosjean  2009 ). Other DNA modifi ca-
tions include deaminated cytosines (Shapiro and Klein  1966 ; Lindahl and Nyberg 
 1974 ), oxidized derivatives of 5mC (5hmC, 5fC, and 5caC) (Wyatt and Cohen  1952 ; 
Privat and Sowers  1996 ; Shen et al.  2014 ), and the hypermodifi ed thymine base J 
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(Gommers-Ampt et al.  1993 ). These modifi cations are discussed in greater detail in 
other reviews; we will focus on 6mA, a relatively uncharacterized DNA modifi cation 
in eukaryotes with potential epigenetic function. 

 Of the directed DNA methylation events, 5mC is the most extensively studied. 
5mC occurs at a higher frequency in more recently evolved organisms and its abun-
dance in the genome ranges from 0.002 to 27 % of cytosines, depending on the 
organism (Fig.  1 ). In mammals and plants, 5mC is the most abundant DNA modifi -
cation (Iyer et al.  2011 ) and functions in the regulation of gene expression and 
maintenance of epigenetic memory (Bird  2002 ). 5mC in promoter regions typically 
leads to transcriptional gene silencing and therefore plays important roles in diverse 
cellular and developmental processes, including X-chromosome inactivation, 
genomic imprinting, stem cell pluripotency, and differentiation (Bird  2002 ). Other 
directed DNA methylation events include 4mC and 6mA. 4mC has been identifi ed 
mainly in thermophilic bacteria and archaea (Janulaitis et al.  1983 ; Ehrlich et al. 
 1985 ,  1987 ; Grosjean  2009 ). Until recently, 6mA was also thought to be restricted 
to bacteria, archaea, and protists. However, its recent identifi cation in several 
eukaryotes raises the possibility that 6mA serves as an epigenetic signaling modifi -
cation within these organisms and potentially across generations.

3        Discovery of 6mA Across Eukaryotes 

 DNA N6-methyladenine (6mA) is a widespread modifi cation in prokaryotes. 
Although 6mA is not necessary for viability in prokaryotes (Marinus and Morris 
 1973 ; Russell and Hirata  1989 ), it plays crucial roles in regulating DNA replication 
(Campbell and Kleckner  1990 ; Yamaki et al.  1988 ), repair (Pukkila et al.  1983 ), 
transposition (Roberts et al.  1985 ), transcription (Wallecha et al.  2002 ; Robbins- 
Manke et al.  2005 ), and cellular defense (Luria and Human  1952 ; Meselson and 
Yuan  1968 ; Linn and Arber  1968 ; Smith et al.  1972 ). For reviews on 6mA in prokary-
otes, please see (Marinus and Lobner-Olesen  2014 ; Wion and Casadesus  2006 ; 
Murray  2002 ). The discovery of 6mA started with the identifi cation of an unknown 
base initially in  E. coli . Using several techniques, this base was compared to synthe-
sized nucleotides to identify 6mA. Hydrolyzed bases were separated by two- 
dimensional paper chromatography in different solvents, ultraviolet absorption 
spectrum maxima and minima were measured, and electrophoretic mobility of this 
unknown base all confi rmed the detection of 6mA (Dunn and Smith  1955 ,  1958 ). 
The existence of 6mA was subsequently confi rmed in a variety of different bacterial 
species (Vanyushin et al.  1968 ). These initial detection techniques were capable of 
detecting 6mA at ~0.01 % of total adenines (Vanyushin et al.  1970 ). This detection 
limit, combined with the confounding presence of commensal symbionts, technical 
variability, tissue-specifi c differences, development/stage-specifi c variability, or sub-
tle environmental effects on 6mA levels, initially led to contradictory reports of the 
identifi cation of 6mA in eukaryotes. Indeed, 6mA was reported by one group to 
occur in bull and human sperm (Unger and Venner  1966 ), but other groups were 
unable to replicate this result or detect 6mA in other metazoa (Dunn and Smith  1958 ; 
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Vanyushin et al.  1970 ). 6mA was reported to occur in some unicellular eukaryotes 
including  Paramecium aurelia  (Cummings et al.  1974 ),  Stylonychia mytilus  
(Ammermann et al.  1981 ),  Oxytricha fallax  (Rae and Spear  1978 ),  Chlorella varia-
bilis  (Van Etten et al.  1985 ),  Tetrahymena pyriformis  (Gorovsky et al.  1973 ), and 
 Chlamydomonas reinhardtii  (Hattman et al.  1978 ). Two reports also identifi ed 6mA 
in multicellular eukaryotes, including the mosquito  Aedes albopictus  (Adams et al. 
 1979 ) and the sponge  Suberites domuncula  (Vanyushin et al.  1970 ). However, detec-
tion of 6mA in mosquitoes was not reproduced (Proffi tt et al.  1984 ), and its detection 
in the sponge was dismissed as potentially coming from symbiotic prokaryotes or 
algae (Vanyushin et al.  1970 ). Therefore, until recently, 6mA was thought to be 
restricted to prokaryotes and unicellular eukaryotes (Casadesus and Low  2006 ). 

 With the advent of more sensitive detection techniques (discussed below), 6mA has 
recently been identifi ed in multicellular eukaryotes including  Caenorhabditis elegans  
and  Drosophila melanogaster  (Greer et al.  2015b ; Zhang et al.  2015 ). Several other 
papers reported low levels of 6mA in more recently evolved  eukaryotes, but each of 
these has caveats that we must acknowledge. 6mA was detected in  Drosophila , calf 
thymus, and human placental samples by dot blots (Achwal et al.  1983 ). A recent 
paper detected 6mA by immunofl uorescence in mouse heart tissues (Sun et al.  2015 ). 
Another group identifi ed 6mA in the plants  Oryza sativa  and  Zea mays , rat tissues, and 

  Fig. 1    Abundance of 6mA and 5mC across the tree of life .  The relative abundance of 6mA and 
5mC is displayed in a heat map. The fi rst column of the heat map displays the percentage of ade-
nines that are N6-methylated (%6mA/A) and the second column displays the percentage of cyto-
sines that are C5-methylated (%5mC/C) for the organism indicated in each row.  Blue color  
represents lower 6mA or 5mC abundance and red color represents higher 6mA or 5mC abundance. 
 Gray color  indicates that the methylation mark was not tested in that organism.  Dark blue  color 
indicates that the methylation mark was not detected in that organism and therefore may or may 
not be present at levels below the limit of detection for the technique used. For some organisms, 
the level of methylation has been shown to vary across multiple measurements, between different 
studies or between different cell types within the same organism. In such cases, a range is pre-
sented where the left half of the column refl ects the lowest detected level (or not detected in some 
cases) and the right half of the column shows the highest detected level. Methylation values are 
presented on the right along with citations. The phylogenetic tree was generated using the PhyloT 
web server (  http://phylot.biobyte.de/index.html    ) and visualized using the interactive tree of life 
web server (  http://itol.embl.de/    ). The phylogenetic tree (“rooted” setting) displays the inferred 
evolutionary relationships between the indicated genera based on their genetic similarity (Letunic 
and Bork  2011 ). The tree was created using FigTree v1.4.2. The different organisms are subdivided 
into different colored boxes to represent different kingdoms and phyla. For some phyla only one 
organism has been examined. 1 (Willis and Granoff  1980 ), 2 (Dunn and Smith  1958 ), 3 (Van Etten 
et al.  1985 ), 4 (Ehrlich et al.  1985 ), 5 (Razin and Razin  1980 ), 6 (Vanyushin et al.  1968 ), 7 
(Srivastava et al.  1981 ), 8 (Degnen and Morris  1973 ), 9 (Yuki et al.  1979 ), 10 (Drozdz et al.  2012 ), 
11 (Vanyushin et al.  1970 ), 12 (Rae  1976 ), 13 (Rae and Spear  1978 ), 14 (Ammermann et al.  1981 ), 
15 (Cummings et al.  1974 ), 16 (Gorovsky et al.  1973 ), 17 (Hattman et al.  1978 ), 18 (Babinger et al. 
 2001 ), 19 (Fu et al.  2015 ), 20 (Capuano et al.  2014 ), 21 (Kakutani et al.  1999 ), 22 (Huang et al. 
 2015 ), 23 (Wagner and Capesius  1981 ), 24 (Montero et al.  1992 ), 25 (Rogers et al.  1986 ), 26 
(Hassel et al.  2010 ), 27 (Greer et al.  2015b ), 28 (Adams et al.  1979 ), 29 (Proffi tt et al.  1984 ), 30 
(Zhang et al.  2015 ), 31 (Lyko et al.  2000 ), 32 (Koziol et al.  2016 ), 33 (Jabbari et al.  1997 ), 34 
(Unger and Venner  1966 ), 35 (Romanov and Vanyushin  1981 ), 36 (Wu et al.  2016 ), 37 (Gama- Sosa 
et al.  1983 ), 38 (Tawa et al.  1992 ), and 39 (Ehrlich et al.  1982 )       
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human cells by high-performance liquid chromatography coupled with mass spec-
trometry (HPLC-ms/ms) (Huang et al.  2015 ). More recently, 6mA was found by dot 
blots, HPLC, and methyl DNA immunoprecipitation followed by sequencing (MeDIP-
seq) in  Xenopus laevis  and mouse kidney (Koziol et al.  2016 ) and by dot blots, MeDIP-
seq, HPLC, and SMRT-seq in mouse embryonic stem (ES) cells (Wu et al.  2016 ). 
While these papers raise the exciting possibility that 6mA may indeed be present 
across the tree of life, it is diffi cult to discount potential contaminating microbiota and 
to confi rm that the detection of 6mA is real when the reported levels of 6mA are at the 
limit of detection. RNA m6A (discussed below) could also account for contaminating 
signal in dot blots and immunofl uorescence if not properly removed. We must also 
recognize that the injection of N6-adenine methylated oligos into mice induces a 
greater immune response than unmethylated oligos, as measured by the production of 
IL-12 (Tsuchiya et al.  2005 ). But this does not necessarily confi rm that 6mA is a for-
eign base in mice as unmethylated CpG motifs also induce a more substantial immune 
response (Tsuchiya et al.  2005 ). These results raise the possibility that 6mA is either 
not present in mammals or present in suffi ciently small quantities to keep it as an 
immunogenic species in the mammalian repertoire. To confi rm the existence of 6mA 
across eukaryotes, it will be necessary to identify the enzymes that regulate 6mA and 
biological conditions under which the modifi cation changes. The recent studies sug-
gest that 6mA might be a conserved DNA modifi cation and raise several fundamental 
and largely unexplored questions about the evolutionary importance of 6mA across the 
tree of life. From an evolutionary perspective, why did higher eukaryotes shift from 
6mA (the most pervasive DNA modifi cation in prokaryotes) toward using 5mC as the 
more dominant DNA modifi cation? To what extent are the ancient functions of 6mA 
and its modifying enzymes conserved from prokaryotes to more recent eukaryotes? 

 In contrast to DNA adenine methylation, RNA adenine methylation (m6A) has 
long been recognized as the most abundant posttranscriptional modifi cation of pro-
karyotic and eukaryotic mRNAs (Niu et al.  2013 ). In humans, there are over 18,000 
m6A sites representing approximately 7000 unique mRNA transcripts (Jia et al. 
 2011 ; Meyer et al.  2012 ; Dominissini et al.  2012 ). Furthermore, m6A is enriched in 
3′UTRs in highly conserved regions (Meyer et al.  2012 ; Dominissini et al.  2012 ; 
Deng et al.  2015 ), suggesting a shared function for m6A in evolutionarily distant 
species. N6-methyladenosine regulates multiple aspects of RNA metabolism, 
including mRNA stability/decay, translation, splicing, and localization (Wang et al. 
 2014 ,  2015 ; Zhou et al.  2015 ; Niu et al.  2013 ), and participates in diverse cellular 
and biological processes including meiosis and embryonic stem cell differentiation 
(Yue et al.  2015 ; Batista et al.  2014 ; Hongay and Orr-Weaver  2011 ; Bodi et al. 
 2012 ). The prevalence of RNA m6A raises the possibility that DNA adenine meth-
ylation could be a consequence of methylated adenines in RNA recycled via the 
nucleotide salvage pathway. Another possibility is that DNA adenine methylation is 
catalyzed by RNA methyltransferases, either as an off-target effect of these enzymes 
or as a biologically regulated process. Unlike the better-characterized RNA m6A, 
relatively little is known about the functional importance of DNA 6mA in metazoan 
genomes and whether 6mA plays a similarly conserved role in the dynamic regula-
tion of biological processes. The phenotypic consequences of RNA m6A might 
provide clues to the roles of N6-adenine methylation on DNA.  
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4     Abundance of 6mA 

 The relative genomic abundance of 6mA can provide clues to its biological rele-
vance across evolutionarily distinct organisms. 6mA and 5mC appear to have a large 
range of abundance in the genomes of different organisms across evolution 
(Gommers-Ampt and Borst  1995 ). 5mC is undetectable in many bacterial species, 
as well as the genome of  S. cerevisiae , and ranges from 0.0016 % of cytosines in  D. 
melanogaster  to as high as 10 % in some mammals and 30 % in certain plant species 
(Gommers-Ampt and Borst  1995 ; Capuano et al.  2014 ; Wagner and Capesius  1981 ). 
If we accept that published literature documenting the presence of 6mA in different 
species is in fact detecting 6mA in the reported organism (rather than in contaminat-
ing symbionts), the genomic abundance of 6mA varies by several orders of magni-
tude across the tree of life (Fig.  1 ). Generally, organisms with higher levels of 6mA 
such as bacteria and single-celled eukaryotes tend to have lower levels of 5mC, 
while organisms with higher levels of 5mC such as plants and mammals tend to 
have lower levels of 6mA. The detected level of 6mA ranges from ~0.0001 to 
0.0003 % of adenines in plants and mammals to as high as 3 % of adenines in some 
species of bacteria and up to 10 % of adenines in the dinofl agellate  Peridinium tri-
quetrum  (Rae  1976 ). Early studies of nucleic acid composition in the 1950s exam-
ined the base composition of DNA in different strains of bacteria using 2D paper 
chromatography (Dunn and Smith  1958 ). It was found that 6mA comprised 1.75 % 
of all adenines in  E. coli  and 2.5 % of adenines in  Aerobacter aerogenes  (Dunn and 
Smith  1958 ). Subsequent studies examined the content of 6mA in the DNA of uni-
cellular eukaryotes, such as the ciliate  Tetrahymena pyriformis  (0.65–0.8 % of ade-
nines) (Gorovsky et al.  1973 ),  Paramecium aurelia  (2.5 %) (Cummings et al.  1974 ), 
and  Stylonychia mytilus  (0.176 %) (Ammermann et al.  1981 ). The level of 6mA in 
these unicellular eukaryotes is comparable to the 6mA abundance in many species 
of bacteria. Interestingly,  Tetrahymena  and  Stylonychia mytilus  have 4–13-fold 
lower 6mA levels in their micronucleus than their macronucleus (Gorovsky et al. 
 1973 ; Ammermann et al.  1981 ), suggesting that this modifi cation plays an impor-
tant role in determining the differences between the two nuclei in these species, 
which are separated by ~1159 million years of evolution (Parfrey et al.  2011 ). 

 Recently, 6mA was identifi ed in the DNA of  C. elegans , using both antibody- 
based approaches and antibody-independent methods of quantitation ,  including 
single-molecule real-time (SMRT) sequencing and ultrahigh-performance liquid 
chromatography followed by mass spectrometry (UHPLC-ms/ms) (Greer et al. 
 2015b ). Based on the UHPLC-ms/ms data, the levels of 6mA ranged from 0.013 to 
0.39 % of adenines, representing a 30-fold variation in the global level of adenine 
methylation between different batches of wild-type  C. elegans . The observation that 
6mA abundance can vary by more than an order of magnitude within an isogenic 
population of animals is interesting, as it suggests that the levels of 6mA in these 
organisms might be particularly sensitive to subtle changes in the environment (e.g., 
stress stimuli). 

 A recent study quantifi ed the genomic abundance of 6mA in plants, rat tissues, 
and human cells using HPLC-ms/ms (Huang et al.  2015 ). These data must be 
viewed with caution, as there was no independent validation that the 6mA 
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modifi cation was occurring in the reported organisms rather than contaminating 
symbionts. In that study, the abundance of 6mA in plant and mammalian genomes 
ranged from 0.00008 % of adenines in rat lung DNA to as high as 0.0007 % of 
adenines in plant DNA .  The human cell lines had 0.0017 % and 0.0023 % 6mA (in 
Jurkat and 293 T cells, respectively). Another group identifi ed 6mA in 0.00009 % of 
adenines in  Xenopus laevis  by HPLC and MeDIP-seq (Koziol et al.  2016 ). More 
recently 6mA was identifi ed in mouse ES cells at 0.0006–0.0007 % of adenines (Wu 
et al.  2016 ). These fi nding suggests that 6mA in plants and mammalian genomes is 
~1000- 40,000-fold lower in abundance than in some bacteria and single-celled 
eukaryotes. The large degree of variability in 6mA abundance between eukaryotes 
motivates further exploration into the environmental factors and evolutionary pres-
sures that led to a decline in 6mA levels and an increase in 5mC levels during 
eukaryotic evolution. These differences could also indicate that at very low 6mA 
levels, 6mA is at the limit of detection. Therefore, quantitative differences between 
different samples could be attributed to technical errors rather than true biological 
variability. Moreover, these modifi cations are typically detected under basal condi-
tions. It is possible that 6mA levels are dramatically altered under specifi c environ-
mental conditions. Finally, we should note that even if a relatively rare percentage 
of adenines are methylated, the presence of a single methylated adenine at a critical 
genomic location could have dramatic phenotypic consequences by affecting the 
binding of specifi c regulatory proteins (see Sect.  9.6  below).  

5     Methods of Detecting 6mA 

 Detection of DNA methylation has evolved over the years to become increasingly 
sensitive and accurate. Detecting different DNA modifi cations started with a tech-
nique of combining the cytosine fraction with picric acid to form crystalline picrate. 
After purifi cation by crystallization, salt crystals were compared to synthetic pyrim-
idines of known structure. By this method, the authors reported the identifi cation of 
5mC in  Mycobacterium tuberculosis  in 1925 (Johnson and Coghill  1925 ). Detection 
techniques shifted to paper chromatography (Hotchkiss  1948 ), which had a limit of 
detection of 1 % and was used to compare synthetically generated 5mC to the con-
tent of 5mC in animal, plant, viral, and bacterial DNA (Wyatt  1950 ). By the time 
6mA was fi rst identifi ed in 1955, its presence was confi rmed by the analysis of 
ultraviolet absorption spectra (Mason  1954 ), electrophoretic mobility, and its paper 
chromatographic movement in different solvents (Dunn and Smith  1955 ). Because 
these early methods were relatively insensitive, the presence of 6mA in a number of 
animal species was undetectable. Researchers quickly realized that they could take 
advantage of restriction enzymes to identify methylated residues (Bird and Southern 
 1978 ; Geier and Modrich  1979 ). A limitation of this approach is that the detection 
of methylation sites is dependent on the methylated residue occurring in the appro-
priate restriction enzyme target motif and whether the restriction enzyme preferen-
tially recognizes unmethylated, hemimethylated, or fully methylated substrates. 
Therefore, not all sequence contexts can be addressed with this method. 
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 High-performance liquid chromatography was subsequently used to determine 
that  E. coli  has 1.4 % 6mA (Yuki et al.  1979 ). Liquid chromatography has become 
increasingly sensitive, and, recently, ultrahigh-performance liquid chromatography 
coupled with mass spectrometry (UHPLC-ms/ms) has been used to detect concen-
trations of 6mA on the order of 0.00001 % (Huang et al.  2015 ). An alternative tech-
nique, called capillary electrophoresis and laser-induced fl uorescence (CE-LIF), 
uses the fl uorescent dye boron-dipyrromethene (BODIPY), to specifi cally bind to 
6mA, followed by capillary electrophoresis combined with laser-induced fl uores-
cence to detect 6mA levels (Krais et al.  2010 ). This technique has a lower limit of 
detection of 0.01 % 6mA and was used to confi rm the presence of 6mA in bacterio-
phage λ,  E. coli , and to identify 6mA’s presence in  Hydra magnipapillata  (1.04 % of 
adenines) (Krais et al.  2010 ). At this limit of detection, the authors could not detect 
6mA in calf thymus or human kidney samples. 

 While the aforementioned techniques have proven useful for detecting whether 
6mA is present in a particular organism, they do not provide information on the 
genomic location of this modifi cation. To determine the genomic locations of 6mA, 
several methylation-sensitive sequencing techniques have been developed. 
Methylated DNA immunoprecipitation (MeDIP) coupled with microarray analysis 
(Weber et al.  2005 ) has evolved into MeDIP sequencing (MeDIP-seq) (Pomraning 
et al.  2009 ). MeDIP-seq has been optimized by a combination of photo-cross- 
linking, exonuclease digestion, and restriction enzyme digestion to achieve near 
single- nucleotide resolution of 6mA (Chen et al.  2015 ; Fu et al.  2015 ). MeDIP-seq, 
however, is dependent on the antibody specifi cally recognizing 6mA. Alternative 
techniques have also been developed to identify where throughout the genome 6mA 
occurs. One such technique consists of radioactive methylation of DNA followed by 
restriction digest, electrophoresis, and sequencing (Posfai and Szybalski  1988 ). 
Single-molecule real-time sequencing (SMRT-seq) is a next-generation sequencing 
technique which provides accurate sequence reads and measures the rates of nucle-
otide incorporation and polymerase pause times during sequencing (Flusberg et al. 
 2010 ). Since different DNA modifi cations result in different kinetic signatures, 
SMRT-seq can identify every DNA modifi cation at single-base resolution. This 
technology, however, does have troubles distinguishing several closely related mod-
ifi cations from each other, including 1mA from 6mA. However, when coupled with 
UHPLC-ms/ms (which can distinguish 1mA from 6mA), this technique can give 
rather unambiguous confi rmation of both the presence and genomic location of 
6mA in a specifi c organism (Greer et al.  2015b ). Methylated residues can be con-
fi rmed by restriction digest coupled with quantitative PCR to determine the meth-
ylation at a specifi c locus (Fu et al.  2015 ). Alternatively, sequence-specifi c probes 
have been developed that can selectively bind to 6mA or unmodifi ed adenines in 
specifi c sequence contexts (Dohno et al.  2010 ). 

 To convincingly identify rare modifi cations, such as 6mA, a combination of mul-
tiple complementary techniques is ideal, since each technique has its own set of 
limitations (Table  1 ). UHPLC-ms/ms can be complemented by restriction enzyme 
digestion confi rmation (as long as 6mA occurs in the appropriate motif), dot blots 
and MeDIP with a 6mA-specifi c antibody, and SMRT-seq.
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6        Enzymes Introducing 6mA 

6.1     DNA Methyltransferases 

 An important step in the confi rmation of 6mA as a regulated mark of biological 
signifi cance has been the identifi cation of enzymes that deposit and remove this 
mark. It was previously thought that methylated adenines were incorporated pre-
made into genomic DNA. This assumption likely hampered initial efforts to identify 
6mA in eukaryotes. A study in the early 1970s concluded that 6mA did not exist in 
eukaryotes, because radioactively labeled adenines, but not methylated adenines, 
were incorporated into DNA when added exogenously (Vanyushin et al.  1970 ). 
However, several groups demonstrated that DNA could be glycosylated and RNA 
could be methylated at the N6 position of adenines after incorporation into poly-
nucleotides rather than pre-methylated nucleotides being incorporated during the 
biosynthesis of polynucleotide (Kornberg et al.  1959 ,  1961 ; Fleissner and Borek 
 1962 ). These fi ndings led to the hypothesis that methylation occurs after DNA syn-
thesis (Theil and Zamenhof  1963 ), rather than on unincorporated nucleotides, and 
spurred attempts to identify the DNA methylating enzymes. The fi rst studies were 
conducted in  E. coli  by fractionation of total protein lysates followed by methyla-
tion assays with each fraction. Early studies identifi ed a single fraction that methyl-
ated DNA at the C5 position of cytosines and the N6 position of adenines, but this 
fraction was only effi cient at methylating foreign DNA (Gold et al.  1963 ; Gold and 
Hurwitz  1964 ). Subsequent studies using increasingly subdivided fractions were 
able to identify multiple adenine and cytosine methyltransferases in  E. coli  
(Nikolskaya et al.  1976 ,  1981 ). 

 Additional evidence for the widespread presence and functional importance of 
6mA in eukaryotic genomes comes from the observation that members of the 
MT-A70 family of known or putative N6-adenine methyltransferases exist in most 
organisms, ranging from bacteria to humans (Luo et al.  2015 ). Based on structural 
orthology to other members of the MT-A70 family of methyltransferases, the candi-
date DNA adenine methyltransferase enzymes in multicellular organisms likely 
evolved from a bacterial M.MunI-like 6mA methyltransferase, which functions in 
the host restriction-modifi cation system (Iyer et al.  2011 ). The MT-A70 family 
includes both RNA and DNA methyltransferases, including IME4 (also called 
SPO8) in  S. cerevisiae  (Clancy et al.  2002 ), DAMT-1 in  C. elegans  (Greer et al. 
 2015b ), and members of the methyltransferase-like (METTL) family in mammals, 
including METTL3 (an N6-adenosine RNA methyltransferase) (Liu et al.  2014 ) and 
METTL4 (a homolog of DAMT-1) (Greer et al.  2015b ). Whether the same enzymes 
catalyze both RNA and DNA adenine methylation in different organisms remains 
an open question. Notably, biochemical  in vitro  studies have suggested that the 
mammalian RNA methyltransferase METTL3 also methylates DNA (personal 
communications C. He), suggesting that the same enzymes are capable of methylat-
ing both RNA and DNA in certain contexts, but the substrate specifi city (i.e., RNA, 
DNA, or both) for each member of the different MT-A70 family members remains 
incompletely characterized. At the structural level, all of these enzymes are 
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characterized by a 7-ß-strand methyltransferase domain at their C-terminus, fused 
to a predicted alpha-helical domain at their N-terminus, and require S-adenosyl-L- 
methionine (AdoMet) as a methyl donor (Iyer et al.  2011 ). The high degree of amino 
acid sequence conservation among the predicted N6-adenine methyltransferases 
motivates further exploration into their potential functional conservation. 

 How adenine methyltransferases of recently evolved eukaryotes recognize their 
substrates still remains to be determined. The utilization of adenine methylation by 
restriction-modifi cation systems suggests that bacterial 6mA methyltransferases 
evolved to recognize specifi c sequences for methylation. In bacteria and the unicel-
lular eukaryote  Tetrahymena , DNA adenine methylation occurs in a palindromic 
sequence-specifi c manner in vitro and in vivo (Geier and Modrich  1979 ; Zelinkova 
et al.  1990 ; Bromberg et al.  1982 ). However, sequence-specifi c adenine methyla-
tion is not observed in all organisms, and some bacterial DNA adenine methyl-
transferases do not show sequence specifi city (Drozdz et al.  2012 ). Similarly, 6mA 
sites in  C. elegans  only appeared modestly enriched in specifi c sequence contexts 
(Greer et al.  2015b ), suggesting that targeted adenines might be selected by more 
complicated metrics than simple sequence codes. It remains to be seen whether 
other multicellular eukaryotes, which possess 6mA, show a sequence-specifi c pat-
tern of adenine methylation (similar to bacteria and unicellular eukaryotes) or 
whether these organisms show little to no sequence specifi city in their adenine 
methylation pattern, as observed for  C. elegans . It remains to be seen whether 
methyltransferases that do not recognize specifi c DNA sequences are recruited to 
specifi c locations of the genome by other DNA-binding proteins or other epigene-
tic chromatin features.  

6.2     Mechanism of 6mA Methyltransferases 

 Substantial work in prokaryotes has identifi ed the mechanism of action, the pre-
ferred methyl donor, and the kinetics of 6mA methyltransferases. Whether these 
regulatory principles are conserved in eukaryotes remains to be seen. There was an 
initial debate as to whether N6 was directly methylated or if adenines were fi rst 
methylated on the N1 position and then; following a Dimroth rearrangement, the 
methyl group would be transferred to the N6 position. However, the enzyme  EcoRI  
had been shown to methylate N6 directly rather than through an initial N1 methyla-
tion (Pogolotti et al.  1988 ). This result, combined with the slow rate of Dimroth 
reactions at endogenous pH (Macon and Wolfenden  1968 ), suggests that N6 is the 
direct target of methyltransferases. This conclusion has been confi rmed by the 
structures of different adenine-N6 methyltransferases in complex with DNA, show-
ing a direct approximation of the N6 atom toward the methyl donor (Goedecke et al. 
 2001 ; Horton et al.  2005 ,  2006 ). 

 Early reports identifying that DNA was methylated suggested that AdoMet was 
the primary methyl donor (Gold et al.  1963 ), and future work has shown that this 
cofactor is the predominant methyl donor for not only DNA and RNA methylation 
but also for methylation of proteins and lipids (Chiang et al.  1996 ). However, 
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5,10-methylene tetrahydrofolate has been identifi ed as the methyl donor for tRNAs 
in  Streptococcus faecalis  and  Bacillus subtilis  (Delk and Rabinowitz  1975 ; Delk 
et al.  1976 ; Urbonavicius et al.  2005 ). While the enzyme that utilizes 5,10- methylene 
tetrahydrofolate in  B. subtilis ,  GidA , is absent in eukaryotes (Urbonavicius et al. 
 2005 ), this fi nding raises the possibility that some DNA methyltransferases might 
use alternative methyl donors. 

 DNA methylation rates have been measured for the T4 bacteriophage DNA ade-
nine methyltransferase, T4Dam (Malygin et al.  2000 ), and the EcoRI adenine meth-
yltransferase (Reich and Mashhoon  1991 ). For T4Dam the methylation rate constant 
(k meth ) was signifi cantly faster than the overall reaction rate constant (k cat ) (0.56 and 
0.47 s −1  vs. 0.023 s −1 ) suggesting that product dissociation is the rate-limiting step. 
Similar but faster results were observed with EcoRI (Reich and Mashhoon  1991 ). 
These enzymes function by binding, fl ipping out the adenine, methylating, and 
restacking of the modifi ed base (Allan et al.  1998 ). Whether this holds true for 
M.MunI-like methyltransferases remains to be determined. Reducing the double-
stranded duplex stability did not alter the k meth , suggesting that base fl ipping is not a 
rate-limiting step in the methylation reaction (Malygin et al.  2000 ). Additionally, 
EcoRI enzyme-DNA complexes were less effi cient compared to enzyme-AdoMet 
complexes, suggesting that the enzyme fi rst binds to AdoMet before methylating its 
substrates (Reich and Mashhoon  1991 ). This is opposite to what has been observed 
with EcoDam and the bacterial 5mC methyltransferase HhaI, where the methyl-
transferase fi rst binds to DNA, followed by AdoMet (Urig et al.  2002 ; Wu and Santi 
 1987 ), suggesting that the sequence of binding events in the DNA methylation reac-
tion is enzyme dependent. 

 An important step for the confi rmation of the presence and role of 6mA in more 
recently evolved eukaryotes will be the identifi cation of genuine 6mA methyltrans-
ferases. The conservation of MT-A70 domain containing proteins in conjunction 
with the identifi cation of 6mA in many eukaryotes suggests that this modifi cation is 
conserved. Whether eukaryotic DNA methyltransferases function in a similar man-
ner to prokaryote methyltransferases remains to be seen. Interestingly, the RNA 
m6A methyltransferase, METTL3, functions in complex with METTL14 (Liu et al. 
 2014 ), raising the possibility that DNA methyltransferase enzymes, like many other 
chromatin regulating enzymes, function in multi-protein complexes. These multi- 
protein complexes could help the enzymes achieve their specifi city.   

7     DNA Adenine Demethylation 

 The identifi cation of the enzymes that catalyze the removal of 6mA from DNA 
strongly suggests that 6mA is a regulated and dynamic epigenetic mark. Examination 
of the enzymes responsible for the removal of DNA base damage fostered the iden-
tifi cation and characterization of the DNA demethylation processes. DNA base 
damage, in the form of 1mA and 3mC, was shown to be removed by the Fe(II)- and 
α-ketoglutarate-dependent dioxygenase AlkB in  E. coli  (Trewick et al.  2002 ). The 
AlkB family of dealkylating enzymes is highly conserved from bacteria to humans 
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(Fedeles et al.  2015 ; Wei et al.  1996 ). AlkB enzymes can demethylate many DNA 
substrates, including the DNA lesions 1mA, 3mC, and 3mT (Chen et al.  2015 ; 
Kamat et al.  2011 ). Notably, humans have nine AlkB family members (ALKBH1-8 
and FTO). Like  E. coli  AlkB enzymes, the mammalian enzymes ALKBH2 and 
ALKBH3 function in the repair of DNA alkylation damage (Duncan et al.  2002 ). In 
addition to their DNA demethylase activity, AlkB members catalyze oxidative 
demethylation of RNA (Aas et al.  2003 ). Interestingly, AlkB enzymes in RNA 
viruses preferentially demethylate RNA substrates, suggesting these AlkBs are nec-
essary for maintaining the integrity of the viral RNA genome (van den Born et al. 
 2008 ). More recently, it was found that AlkB family members function in the oxida-
tive demethylation of N6-methyladenosine in RNA, catalyzed by ALKBH5 and 
FTO in mammals (Jia et al.  2011 ; Zheng et al.  2013 ), and that the AlkB family 
member NMAD-1 in  C. elegans  demethylates 6mA in DNA (Marinus and Lobner-
Oleson  2014 ). FTO was also shown to demethylate 6mA in single-stranded DNA 
in vitro (Jia et al.  2011 ), raising the possibility that these enzymes might regulate 
both DNA and RNA 6mA. Whether NMAD-1 can also demethylate m6A on RNA 
remains to be tested. Recently ALKBH1 was also shown to demethylate 6mA in 
single-stranded DNA in vitro (Wu et al.  2016 ). Additionally ALKBH1 knockout 
causes an increase in global 6mA levels in mouse embryonic stem cells, and this 
increase can be rescued by a wild-type but not a catalytic domain mutant of 
ALKBH1 (Wu et al.  2016 ), suggesting that ALKBH1 functions as a 6mA demeth-
ylase in mammals. 

 Several studies have begun to dissect the mechanism of action of AlkB demeth-
ylases. In the presence of their essential cofactors α-ketoglutarate and Fe(II), AlkB 
demethylases use molecular oxygen to oxidize the methyl group of 6mA, forming 
the unstable intermediate 6-hydroxymethyladenine (6hmA), which spontaneously 
releases formaldehyde, regenerating the unmodifi ed adenine base (Fig.  2 ) (Fedeles 
et al.  2015 ). Whether the same mechanism holds true for the demethylation of 6mA 
in eukaryotes and, if so, whether 6hmA has any additional function remains to be 
seen. In mammals, FTO was recently shown to oxidize m6A on RNA to 
N6-hydroxymethyladenosine (hm6A) and N6-formyladenosine (f6A) (Fu et al. 
 2013 ). These mRNA derivatives have half-lives of ~3 h (Fu et al.  2013 ), suggesting 
that if 6hmA does have additional functions, they would require a 6hmA specifi c 
binding protein which could stabilize the intermediate. The same oxidation reaction 
mechanism is used by AlkB enzymes to demethylate 1mA and 3mC during the cel-
lular response to DNA alkylation damage (Falnes et al.  2002 ; Trewick et al.  2002 ).

   In addition to demethylation of 6mA by the AlkB demethylase family, 6mA 
can also be converted to hypoxanthine by a 6mA deaminase (Kamat et al.  2011 ). 
This modifi ed base can then undergo base excision repair by hypoxanthine DNA 
glycosylases of the AlkA family (Saparbaev and Laval  1994 ) (Fig.  2 ). If hypoxan-
thine is not removed, it can cause a transition mutation (an AT pair would be 
converted to a GC pair), since hypoxanthine pairs with cytosine instead of 
 thymine. Recently, 6mA was found to be correlated with increased point muta-
tions in  Neisseria meningitidis  (Sater et al.  2015 ), suggesting that this modifi ed 
base might be mutagenic, potentially as a consequence of unrepaired 6mA 
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deamination. However, 6mA deaminases in  Neisseria meningitidis  have not yet 
been identifi ed. Similarly to 6mA deamination, 5mC is converted to thymine 
when deaminated, which leads to a transition mutation (Lindahl and Nyberg  1974 ; 
Heindell et al.  1978 ). Deamination of adenine, 6mA, or cytosine all leads to non-
natural bases, which can easily be identifi ed by specifi c glycosylases. Deamination 
of 5mC, in contrast, leads to thymine, which requires a more complicated repair 
process. This more direct mutational path might explain why 5mC is more prone 
to mutation than 6mA. This divergence begs the question as to why evolution has 

  Fig. 2    Mechanisms of N6-adenine methylation and demethylation .  MT-A70 family methylases 
catalyze the methylation of adenine at the sixth position of the purine ring. MT-A70 methylases 
use S-adenosylmethionine (SAM) as their methyl donor to generate 6-methyladenine and 
S-adenosylhomocysteine (SAH). Adenine could be regenerated from 6mA by several different 
enzymatic mechanisms: AlkB family enzymes catalyze the oxidative demethylation of 6mA. AlkB 
enzymes require α-ketoglutarate and Fe 2+  and use oxygen to oxidize the methyl group. This oxida-
tive demethylation reaction fi rst generates 6-hydroxymethyladenine, which releases its formalde-
hyde group to generate adenine. Alternatively, 6mA can be deaminated and subsequently removed 
via the base excision repair pathway. First, 6mA deaminase hydrolyzes the methylamine to gener-
ate hypoxanthine. Hypoxanthine is recognized as a damaged base by AlkA family enzymes, which 
cleave the glycosyl bond to remove the base. Apurinic (AP) endonuclease cleaves the phosphodi-
ester backbone at the abasic site, exposing the residual 5′ deoxyribose phosphate group, which is 
then removed by deoxyribose phosphodiesterase. Finally, DNA polymerase I incorporates the 
unmodifi ed adenine, and DNA ligase catalyzes the formation of the phosphodiester bond       
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selected for a higher prevalence of the more mutagenic DNA modifi cation in more 
recently evolved species. 

 In  E. coli , AlkB expression is induced by DNA damage and the enzyme func-
tions in DNA repair via direct removal of base alkylation damage (Trewick et al. 
 2002 ).  AlkB  mutant  E. coli  are sensitized to cell death induced by the alkylating 
agent methyl methanesulfonate (MMS), and the predicted human ortholog of AlkB 
is suffi cient to partially rescue the MMS-induced cytotoxicity seen in AlkB mutants 
(Wei et al.  1996 ). Interestingly, MMS treatment of human skin fi broblasts did not 
result in the same induction of AlkB seen in  E. coli , suggesting that the regulation 
of AlkB expression may have diverged during the evolution of more recent eukary-
otes (Wei et al.  1996 ) or that the induction by different alkylating agents is cell-type 
specifi c and may only occur in certain cell types. In  C. elegans , deletion of NMAD- 
1, a member of the AlkB family, causes a global increase in 6mA, and purifi ed 
NMAD-1 is capable of demethylating N6-adenine methylated oligonucleotides 
 in vitro  (Greer et al.  2015b ). Importantly, mutation of the NMAD-1 catalytic domain 
abolished the  in vitro  demethylase activity of NMAD-1, identifying NMAD-1 as a 
6mA demethylase in  C. elegans  and highlighting the mechanistic conservation of 
AlkB enzymes from bacteria to metazoa (Greer et al.  2015b ). 

 Interestingly, a different family of enzymes, the so-called ten-eleven transloca-
tion (Tet) proteins, has been shown to demethylate 5mC in many organisms 
(Tahiliani et al.  2009 ; Ito et al.  2010 ,  2011 ). Unlike AlkB proteins, whose crystal 
structures have revealed that the enzymes fl ip out the base to facilitate demethyl-
ation (Yang et al.  2008 ; Sundheim et al.  2008 ), crystal structures of the TET family 
catalytic domains are not suitable for accommodating fl ipped out purines (Aravind 
et al.  2015 ) suggesting that they cannot act on mA. Moreover, the TET family has a 
good phyletic correlation with DNA cytosine methylases, but not with DAMT-1 or 
other Dam family methylases (Aravind et al.  2015 ). Additionally in bacteria, there 
is little evidence that TET is capable of demethylating purines (Aravind et al.  2015 ). 
Given these fi ndings, it is surprising that the  D. melanogaster  ortholog of Tet (named 
DMAD) was reported to function as a 6mA demethylase on DNA (Zhang et al. 
 2015 ). Nuclear extracts from DMAD mutant fl ies showed reduced  in vitro  demeth-
ylation activity compared to nuclear extracts from wild-type fl ies, while addition of 
purifi ed DMAD was suffi cient to increase adenine demethylation in these assays 
(Zhang et al.  2015 ). It remains to be seen whether this 6mA demethylase activity 
can be biochemically confi rmed using purifi ed DMAD and whether Tet proteins 
play a role as 6mA demethylases as well.  

8     Proteins Binding 6mA 

 Beyond the machinery that catalyzes addition and removal of 6mA, cells have evolved 
mechanisms to recognize 6mA as a regulatory signal that can be translated into differ-
ent biological consequences (see below, Sect.  9 ). We will discuss later in this chapter 
the direct chemical consequences of adenine methylation, but 6mA can be recognized 
by specifi c effector molecules that alter chromatin architecture and/or transcriptional 
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states directly, or indirectly, via recruitment of other DNA-binding proteins. 
Alternatively, methylation could function by preventing binding of chromatin factors. 
Methyladenine-binding proteins have evolved to recognize and transduce 6mA sig-
nals into specifi c biological outcomes. For example, in  E. coli  the MutS enzyme binds 
to mismatch base pairs as a homodimer, facilitating recruitment of the MutL protein, 
which binds MutS. The MutS-MutL-DNA complex then loops DNA until it fi nds the 
nearest hemimethylated GATC site, which is bound by the endonuclease MutH. Upon 
binding of MutL-MutS to the MutH-DNA complex, MutH is activated and nicks the 
unmethylated daughter strand, allowing helicase and exonucleases to excise the sin-
gle-stranded mismatch region (Su and Modrich  1986 ). Thus, hemimethylated of 
GATC sites are used to specifi cally direct mismatch repair of the daughter strand 
(Lahue et al.  1987 ) Similarly, the  oriC  region of  E. coli  is hemimethylated to prevent 
premature replication before the cell has divided. These hemimethylated adenine sites 
are recognized and bound by the SeqA protein (Brendler et al.  1995 ; Slater et al. 
 1995 ), which prevents assembly of the DNA replication machinery at this region (von 
Freiesleben et al.  1994 ; Wold et al.  1998 ). The crystal structure for SeqA has revealed 
why SeqA binds preferentially to hemimethylated over fully methylated DNA (Guarne 
et al.  2002 ; Fujikawa et al.  2004 ), highlighting the importance of determining the 
crystal structure of 6mA- binding proteins for deciphering the chemical and biological 
consequences of their binding. Thus far, these binding proteins have only been identi-
fi ed in prokaryotes, but an important next step to fully understand the possible biologi-
cal roles of 6mA will be to identify eukaryotic 6mA-binding proteins.  

9      Biological Functions of 6mA 

 The direct effects of adenine methylation on the structure of DNA and its roles in 
prokaryote biology have been well characterized. Whether 6mA plays a conserved 
functional role in eukaryotes remains to be seen, but discussing its functional effects 
in prokaryotes raises several interesting potential functions which will need to be 
further explored in eukaryotes. 

9.1     Effects of Adenine Methylation on DNA Structure 

 One possible role for adenine methylation, beyond providing a binding site for effector 
proteins, is to directly alter the overall structure of DNA. An early crystal structure 
suggested that 6mA might alter the secondary structure of DNA (Sternglanz and Bugg 
 1973 ). Adenine methylation is thought to affect DNA double helix formation through 
altering both base pair stability and base stacking. Ultraviolet photoelectron studies 
suggested that adenine methylation would lower the ionization potentials and cause 
the destabilization of valence electrons to increase base stacking in methylated ade-
nines (Peng et al.  1976 ). This increased base stacking would be offset by a slight 
destabilization of base pairing ranging from ~0.35 to 0.95 kcal/mol (Engel and von 
Hippel  1978b ). Interestingly, 5mC behaves oppositely to 6mA in these regards. 5mC 
causes an increase in helix stability, while adenine methylation destabilizes the DNA, 

Z.K. O’Brown and E.L. Greer



231

as measured by denaturing gradient gel electrophoresis (Collins and Myers  1987 ). 
6mA within GATC sequences causes slight DNA unwinding of 0.5°/methyl group 
(Cheng et al.  1985 ). Consistent with these observations, two-dimensional NMR stud-
ies suggest that, in almost all cases, 6mA has only minor effects on helix conforma-
tion, as it retains the canonical B-form (Fazakerley et al.  1985 ,  1987 ; Quignard et al. 
 1985 ). 6mA occurring directly after thymines, on the other hand, causes severe 
unwinding and bending of the DNA helix relative to the canonical B conformation 
(Fazakerley et al.  1989 ). However, 6mA lowers melting temperatures and slows the 
rate of helix formation, as demonstrated by enthalpy of dissociation studies (Quignard 
et al.  1985 ; Fazakerley et al.  1985 ). These studies suggest that methylated adenines are 
associated with DNA regions that spend prolonged periods in the open state. These 
effects were confi rmed by cruciform extrusion assays where 5mC inhibits extrusion 
and 6mA facilitates initial opening of DNA (Murchie and Lilley  1989 ). These conse-
quences seem to be in line with the reported effects of 5mC and 6mA on gene tran-
scription; 5mC is generally believed to be a repressor of gene transcription when it 
occurs at promoters, while 6mA is hypothesized to be an activator. However, the cor-
relation between 5mC and gene transcription is dependent on the genomic context in 
which it occurs. When 5mC occurs within gene bodies, rather than promoters, it is 
correlated with gene transcription (reviewed in (Jones  2012 )). Thus, the effects of 
6mA on gene transcription may depend on its location in the genome as well. 

 The effects of 6mA on the thermodynamic stability and folding of DNA appear 
to be sequence specifi c (Fazakerley et al.  1987 ). Indeed, when 6mA occurs directly 
after a T, this can cause a highly altered structure that is overwound and bent 
(Fazakerley et al.  1989 ). While 6mA does not dramatically alter helix rigidity 
(Hagerman and Hagerman  1996 ; Mills and Hagerman  2004 ), it can increase DNA 
curvature to variable degrees, depending on sequence context (Diekmann  1987 ).  

9.2     Restriction-Modification Systems 

 In prokaryotes, DNA N6-adenine methylation is used to discriminate self from for-
eign DNA, as part of restriction-modifi cation systems, a bacterial immune system 
by which pathogenic DNA from bacteriophages is recognized by endonucleases 
that selectively cleave unmethylated DNA at specifi c restriction sites that are meth-
ylated in the host’s genome and thus protected from endonuclease digestion (Low 
et al.  2001 ; Iyer et al.  2011 ). Interestingly, enterobacteriophages appear to have 
evolved to contain fewer GATCs to avoid the GATC R-M system of their hosts 
(McClelland  1984 ). This system does not appear to be conserved in eukaryotes that 
have evolved more complex immune systems.  

9.3     DNA Damage Control 

 Early reports suggested that  dam  mutant  E. coli  had higher mutation rates and were 
more sensitive to UV and mitomycin C, suggesting that 6mA could protect against 
DNA damage (Marinus and Morris  1974 ). It was subsequently suggested that 6mA 
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could help to distinguish the parental DNA strand from the mutated daughter strand 
(Glickman et al.  1978 ; Glickman  1979 ). Similarly,  Penicillium chrysogenum  
mutants defi cient in 6mA had higher sensitivity to mutagenic agents without 
changes in the number of mutations (Rogers et al.  1986 ). 

 In  E. coli  and other gram-negative bacteria, DNA adenine methylation plays an 
important role in the DNA mismatch repair pathway, a strand-specifi c repair path-
way that relies on the transient post-replicative hemimethylation of DNA. The DNA 
adenine methylase, Dam, binds to hemimethylated DNA substrates and methylates 
GATC sites after DNA replication. The delay between DNA synthesis and methyla-
tion of the newly synthesized daughter strand is crucial for the fi delity of DNA 
mismatch repair (Pukkila et al.  1983 ). When DNA replication errors lead to base 
pair mismatches, the DNA repair machinery uses adenine methylation to distin-
guish the already methylated template strand from the newly synthesized unmethyl-
ated daughter strand. As described above (6mA-binding proteins) hemimethylated 
DNA allows MutL, MutS, and MutH to identify and specifi cally cleave the daughter 
strand, allowing helicase and exonucleases to excise the single-stranded mismatch 
region. Subsequently, DNA polymerase III resynthesizes the mismatch region of 
single-stranded DNA using the methylated parental strand as a template (Pukkila 
et al.  1983 ).  

9.4     Effect on Transcription 

 Several studies have suggested that N6-adenine methylation correlates with increased 
gene expression. Whether this is due to the direct effect on relaxing DNA structure 
(as discussed above), recruitment of 6mA-specifi c binding proteins, or both remains 
unknown. It is still also unclear as to whether this phenomenon is conserved across 
all organisms that contain 6mA. While 5mC CpG methylation had little effect on 
transcription in barley, 6mA methylation increased transcription two- to fi vefold 
(Rogers and Rogers  1995 ). Similarly, 6mA but not 5mC methylation increased gene 
expression by 3–50-fold of reporter constructs in tobacco or wheat protoplast or 
intact wheat tissues (Graham and Larkin  1995 ). Luciferase reporter constructs puri-
fi ed from dam + dcm + bacteria (with 5mC and 6mA methylation) had two- to sixfold 
increased luciferase production compared to constructs purifi ed from dam-dcm- 
bacteria in rat or mouse cell lines or when electroporated into mice (Allamane et al. 
 2000 ). Together, these results suggest that 6mA promotes gene expression. 

 6mA can also directly affect binding of transcription factors. Methylation of a 
HNF1 binding site reduces HNF1 binding affi nity, but this only causes a minor 
reduction in gene transcription (Tronche et al.  1989 ; Lichtsteiner and Schibler  1989 ). 
Conversely, 6mA increases binding affi nity for the transcription factor AGP1 in 
tobacco (Sugimoto et al.  2003 ). These results suggest that the effects of adenine 
methylation on transcription will be sequence and transcription factor specifi c. 

 Similar to DNA cytosine methylation in metazoa, bacterial DNA adenine meth-
ylation regulates gene expression programs, including those related to virulence 
and phase variation (Low et al.  2001 ; Wallecha et al.  2002 ; Zaleski et al.  2005 ; 
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Sarnacki et al.  2013 ), suggesting that 6mA levels might be sensitive to changes in 
environmental conditions. Similarly, recent data suggest that 6mA may play a role 
in transcriptional regulation in the single-celled eukaryote  Chlamydomonas rein-
hardtii , where 6mA occurs preferentially near actively transcribed genes (Fu et al. 
 2015 ). As preliminary evidence that 6mA levels might be relevant to human physi-
ology and disease, it was reported that human patients with type 2 diabetes have 
reduced levels of m6A on RNA and 6mA on DNA, as measured by HPLC-ms/ms, 
and it was proposed that these differences might be regulated by the cellular fat 
mass and obesity- associated protein (FTO) (Huang et al.  2015 ), which was shown 
to function as an RNA m6A and single-stranded DNA 6mA demethylase (Jia et al. 
 2011 ) and DNA 3mT demethylase (Gerken et al.  2007 ). Future studies will be 
required to confi rm the existence of 6mA in human DNA using independent detec-
tion methods. Despite recent progress in defi ning the potential functions of 6mA in 
different organisms, the roles of 6mA in more recently evolved eukaryotes, includ-
ing its possible roles in human health and disease, remain unknown. Given the high 
degree of evolutionary conservation of MT-A70 family methyltransferases and 
Alkb family demethylases, along with the recent discovery of 6mA in eukaryotes, 
we propose that 6mA is likely to play an important role in the regulation of diverse 
biological processes in metazoa.  

9.5     Nucleosome Positioning 

 In the protists  Tetrahymena  and  Chlamydomonas , 6mA is preferentially located in 
the linker regions between nucleosomes (Karrer and VanNuland  2002 ; Fu et al.  2015 ; 
Pratt and Hattman  1983 ), raising the possibility that 6mA could help to direct nucleo-
some positioning. Alternatively, enrichment of 6mA in linker regions may refl ect 
increased accessibility or recruitment of the methyltransferase at regions of open 
chromatin. Enrichment for 6mA in specifi c genomic regions was not observed in  C. 
elegans  (Greer et al.  2015b ), but the analysis was performed on mixed tissue sam-
ples, which could have obscured any positional bias that may exist in specifi c cell 
types. In future studies, it will be interesting to examine whether 6mA directs nucleo-
some positioning and whether it does so in a conserved manner or whether other 
open chromatin modifi cations can direct N6-adenine methylation at those sites.  

9.6        Cell Cycle Regulation 

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

 In  Caulobacter crescentus , the cell cycle-regulated DNA adenine methylase 
(CcrM) controls the timing of DNA replication and progression through the cell 
cycle (Collier et al.  2007 ). In contrast to the  E. coli  Dam methylase, which does not 
have a preference for hemimethylated sites,  C. crescentus  CcrM preferentially 
methylates hemimethylated DNA after replication (Berdis et al.  1998 ) and is essen-
tial for cell viability (Stephens et al.  1996 ). In  C. crescentus , 6mA levels change 
throughout the cell cycle from fully to hemimethylated as the replication forks 
progress (Kozdon et al.  2013 ). The promoter of the replication initiation factor 
DnaA is preferentially activated when its promoter is fully methylated, leading to 
DnaA accumulation and progression through the cell cycle (Collier et al.  2007 ). 
Whether 6mA plays a similar role in controlling the cell cycle in eukaryotes 
remains to be seen.  

9.7     Transgenerational Inheritance 

 DNA methylation at palindromic sites provides the most parsimonious method by 
which epigenetic information could be transmitted across generations. Because of 
the semiconservative nature of DNA replication, methylation events on the parental 
strand can be replicated on the newly synthesized daughter strand. In mammals, 
5mC methylation patterns are established by the de novo methyltransferases Dnmt3a 
and Dnmt3b during early embryonic development (Okano et al.  1999 ). Inheritance 
of cytosine methylation patterns through cell division is mediated by the mainte-
nance methyltransferase Dnmt1 (Bestor et al.  1988 ). Dnmt1 preferentially binds 
hemimethylated DNA at the replication fork and copies parental-strand methylation 
patterns onto the unmethylated daughter strand (Stein et al.  1982 ; Yoder et al.  1997 ; 
Bestor  2000 ; Martin and Zhang  2007 ). Whether adenine methylation propagates 
nongenetic information through cell divisions or from parents to their offspring 
remains to be seen. However, there are some hints that 6mA could transmit nonge-
netic information. Labeling experiments showed that newly synthesized  E. coli  
DNA in Okazaki fragments were quickly N6-adenine methylated (Marinus  1976 ), 
consistent with the idea that parental methylation patterns might be passed on to 
their descendants during DNA replication. In some bacteria, DNA adenine methyla-
tion is tightly coordinated with cell division Casadesus and Low ( 2006 )) (see 
Sect.  9.6  above), enabling inheritance of parental methylation patterns. Thus, a key 
unanswered question is whether there exists a mode of inheritance of adenine meth-
ylation in eukaryotes or whether different organisms have evolved different mecha-
nisms for the inheritance of parental DNA methylation through somatic nuclear 
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divisions and across generations. In the ciliate  Tetrahymena thermophila  macronu-
cleus, analysis of methylation patterns using methylation-sensitive restriction 
enzymes showed that both actively replicating and nonreplicating DNA contained 
hemimethylated sites and that the vegetatively growing macronucleus contained a 
combination of partially methylated sites and fully methylated sites (Capowski 
et al.  1989 ). These fi ndings are inconsistent with a simple semiconservative 6mA 
inheritance mechanism and suggest that inheritance of 6mA in some organisms may 
rely on hemimethylation-independent mechanisms of 6mA maintenance through 
cell division (Capowski et al.  1989 ). 

 In  C. elegans , loss of the histone H3 lysine 4 dimethyl (H3K4me2) demethylase 
 spr-5  causes a progressive transgenerational loss of fertility (Katz et al.  2009 ) and a 
transgenerational extension in life span (Greer et al.  2016 ). This is accompanied by 
a progressive decline in H3K9me3 and accumulation of H3K4me2 and 6mA (Greer 
et al.  2014 ,  2015b ). Deletion of the 6mA demethylase,  nmad-1 , accelerates the pro-
gressive fertility decline, while deletion of the putative 6mA methyltransferase, 
 damt-1 , suppresses the transgenerational H3K4me2 accumulation, fertility, and lon-
gevity phenotypes (Greer et al.  2015b ; Greer et al.  2016 ), raising the possibility that 
6mA might transmit epigenetic information across generations. It remains to be 
seen whether methylated adenines themselves are transmitted across generations as 
they are transmitted across cell divisions, or whether 6mA is erased in the germ line 
and established de novo during somatic development (see Sect.  9.6 ), or if 6mA is 
more indirectly involved in these processes. Future studies will also reveal whether 
6mA can regulate transgenerational inheritance in other species. 

 Many years of research have shown that chromatin modifi cations do not occur in 
isolation but rather actively communicate with each other. For example, 5mC and 
H3K9me3 are coordinately regulated in plants. The H3K9 methyltransferase binds 
to 5mC methylated DNA (Jackson et al.  2002 ; Johnson et al.  2007 ; Malagnac et al. 
 2002 ), and the DNA methyltransferase binds to H3K9me-containing nucleosomes 
(Du et al.  2012 ). It is possible that a similar reciprocal cross talk occurs between 
6mA and H3K4 methylation in  C. elegans , as described in the previous paragraph 
(Greer et al.  2015b ). It remains to be seen whether this reciprocal cross talk is real 
and whether other species show a similar co-association between 6mA levels and 
H3Kme2 levels. Future work should reveal whether 6mA methyltransferases can 
bind to specifi c methylated histones to direct DNA methylation to particular loci.   

10     Conclusions and Future Directions 

 As detection techniques are becoming increasingly sensitive, 6mA has begun to be 
convincingly observed in several metazoa. The conservation of 6mA methyltrans-
ferases and demethylases along with the initial detection of 6mA in several metazoa 
suggests that N6-adenine methylation might be a conserved signaling modifi cation. 
However, it will be important to rigorously examine whether 6mA is present across 
the tree of life using a combination of rapidly evolving detection techniques (dis-
cussed in this review). For metazoa that are confi rmed to have 6mA in their DNA, it 
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will be important to defi ne the biological functions of 6mA and its genomic local-
ization patterns in different cell types. A fundamental question is whether the bio-
logical functions of 6mA in bacteria are conserved in higher eukaryotes or whether 
6mA has evolved new biological functions in these organisms. As 6mA occurs less 
frequently in more recently evolved organisms, this might refl ect a more specialized 
functional role. 

 A growing body of work has revealed an important role for m6A on mRNAs in 
the regulation of gene expression and cellular differentiation in eukaryotes (Niu 
et al.  2013 ; Meyer et al.  2012 ; Dominissini et al.  2012 ; Deng et al.  2015 ; Wang et al. 
 2014 ,  2015 ; Zhou et al.  2015 ; Yue et al.  2015 ; Batista et al.  2014 ). Therefore, 
another open question is whether N6-adenine methylation of DNA is coordinately 
regulated with N6-adenine methylation on RNA. Given that substrates of the AlkB 
family of demethylases and MT-A70 family of methyltransferases can include both 
RNA and DNA, it will be of interest to better characterize the substrate specifi city 
of these enzymes in different organisms and to examine whether the same enzymes 
regulate both RNA and DNA N6-adenine methylation in different organisms. 
Moreover, it will be relevant to fi nd out if in cases of overlapping substrate specifi ci-
ties, whether methylation of DNA or RNA (or both) is the biologically relevant 
signal under different physiological conditions. 

 The inheritance of 6mA methylation during bacterial cell division (Wion and 
Casadesus  2006 ) raises the question of whether 6mA can be inherited in eukaryotes. 
Is 6mA passed on through successive generations or erased in the germ line? 
Recently described paradigms of transgenerational inheritance in  C. elegans  have 
raised the possibility that 6mA itself might carry epigenetic information across gen-
erations (Greer et al.  2015b ). Alternatively, 6mA might communicate with other 
heritable epigenetic marks that reciprocally regulate the levels of 6mA. Future stud-
ies should reveal whether 6mA is incompletely erased in the germ line and inherited 
in subsequent generations. In mice, 5mC is mostly erased by passive demethylation 
during the expansion of primordial germ cells preceding the formation of gametes 
(Seisenberger et al.  2012 ); methylation patterns are then reestablished during early 
embryonic development by the de novo methyltransferases Dnmt3a and Dnmt3b 
(Okano et al.  1999 ). However, some regions of 5mC, such as those near imprinted 
genes, escape the typical erasure and can therefore carry nongenetic information 
across generations (Breiling and Lyko  2015 ). Whether a similar situation exists for 
6mA remains to be seen. 

 Given the dynamic nature of 5mC in mammalian development and cell differen-
tiation (Okano et al.  1999 ), it will be of interest to defi ne the dynamics and potential 
functions of 6mA during mammalian development, if its presence in mammals can 
be rigorously confi rmed. Future studies should also reveal the environmental factors 
that regulate the levels of 6mA and its modifying enzymes in metazoa, which should 
provide clues to its evolutionary conservation and biological relevance. The diver-
sity of methods for detection of 6mA in DNA will allow for comprehensive and 
detailed examination of 6mA’s presence, localization patterns, and potential func-
tions in the genomes of diverse organisms. All in all, the newly developed and more 
sensitive tools for detection, along with the recent discovery of 6mA in metazoa, 
open an exciting new chapter of discovery in the fi eld of adenine methylation.     
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    Abstract 
   The regulation of the genome relies on the epigenome to instruct, defi ne and 
restrict the activities of growth and development. Among the cohort of epigenetic 
instructions, DNA methylation is perhaps the best understood. In most mam-
mals, cycles of the addition and removal of DNA methylation constitute phases 
of reprogramming when the developing embryo must negotiate lineage defi ning 
and developmental commitment events. In these instances, the DNA methylation 
instruction is often removed, thereby allowing a change in permission for future 
development and a return to a more plastic and pluripotent state. Because of this, 
the germ line, upon demethylation, can give rise to gametes that are fully func-
tional across generations and poised for totipotency. This return to a less differ-
entiated state can also be achieved experimentally. The loss of DNA methylation 
constitutes one of the signifi cant barriers to induced pluripotency and is a prereq-
uisite for the generation of iPS cells. Taking fully differentiated cells, such as 
skin cells, and turning back the developmental clock heralded a technological 
breakthrough discovery in 2006 (Takahashi and Yamanaka  2006 ) with unprece-
dented promise in regenerative medicine. In this chapter, the mechanistic possi-
bilities for DNA demethylation will be described in the context of natural and 
experimentally induced epigenetic reprogramming. The balance of the mainte-
nance of this heritable mark together with its timely removal is essential for 
lifelong health and may be a key in our understanding of ageing.  
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   Abbreviations 

   5caC    5-Carboxylcytosine   
  5fC    5-Formylcytosine   
  5hmC    5-Hydroxymethylcytosine   
  5mC    5-Methylcytosine   
  A    Adenosine   
  AID    Activation-induced deaminase   
  AICDA    Activation-induced cytosine deaminase   
  Ape1    Apurinic/apyrimidinic (AP) endonuclease 1   
  APOBEC    Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like   
  BER    Base excision repair   
  C    Cytosine   
  CpA    Cytosine–adenosine dinucleotide   
  CpG    Cytosine–guanosine dinucleotide   
  CGI    CpG islands   
  CXXC    Zinc fi nger protein-binding domain to non-methylated CpG   
  CHH    Asymmetric DNA methylation   
  DNA    Deoxyribonucleic acid   
  ES cells    Embryonic stem cells   
  DNMTs    DNA methyltransferases, Dnmt1, DNA (cytosine-5)-methyltrans-

ferase 1; Dnmt1o, DNA (cytosine-5)-methyltransferase 1 oocyte 
form; Dnmt1s, DNA (cytosine-5)-methyltransferase 1 somatic 
form; Dnmt3a, DNA (cytosine-5)-methyltransferase 3a   

  Dnmt3b    DNA (cytosine-5)-methyltransferase 3b   
  Dnmt3L    DNA (cytosine-5)-methyltransferase 3-like, E6.5, embryonic day 6.5   
  E13.5    Embryonic day thirteen   
  EGFP    Enhanced green fl uorescent protein   
  ELP1    Elongator complex protein 1   
  ELP3    Elongator complex protein 3   
  ELP4    Elongator complex protein 4   
  GV    Germinal vesicle   
  GVOs    Germinal vesicle oocytes   
  GSE    Gonad-specifi c expression   
  G    Guanosine   
  IAP    Intracisternal A particles, IF, immunofl uorescence   
  iPS cells    Induced pluripotent stem cells   
  H3K9me2    Histone H3 lysine 9 dimethylation   
  KO    Knockout, MBD2, methyl-CpG-binding domain 2   
  MBD4    Methyl-CpG-binding domain 4   
  NGS    Next-generation sequencing   
  NER    Nucleotide excision repair   
  Np95    Nuclear protein 95   
  RFTD    Replication foci targeting domain   
  PARP1    Poly-ADP-ribose polymerase 1   
  PRC2    Polycomb repressive complex   
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  PGCs    Primordial germ cells   
  RRBS    Reduced representational bisulphite sequencing   
  RNA    Ribonucleic acid   
  RNAi    RNA interference   
  SAM    S-Adenosyl-L-methionine   
  siRNA    Small interfering RNA   
  SMUG1    Single-strand selective monofunctional uracil DNA glycosylase 1   
  SNT    Somatic nuclear transfer   
  T    Thymine   
  TDG    Thymine DNA glycosylase   
  TET1–3    Ten-eleven translocation 1, 2 or 3   
  U    Uracil   
  UNG2, ZGA    Zygotic genome activation   

1         DNA Methylation: One Building Block of the Epigenome 

 If the four bases of DNA constitute the building blocks of life, then the variation 
between cell types arising from a common origin, as is the case during the cellular 
differentiation of the zygote, requires another layer to interpret the underlying 
genetic code. This is the role of the epigenome, and one of the critical components 
of this is the modifi cation of cytosine by the addition of a methyl group in the C5 
position of the cytosine base. Early TLC analysis of total hydrolysates of calf thy-
mus DNA identifi ed a satellite to the cytosine spot on chromatograms, and this was 
dubbed the fi fth base of DNA (Hotchkiss  1948 ). Methylcytosine was found fre-
quently but differed in its abundance according to tissue and species (Kothari and 
Shankar  1976 ; Ehrlich et al.  1982 ). Further evaluation placed this methylation in a 
5mCpG dinucleotide context (Grippo et al.  1968 ; Russell et al.  1976 ) which has 
dominated our thinking relative to the genomic nature of DNA methylation and the 
mechanism of its modulation, both gain and loss, over the last 40 years. 

 The machinery which adds DNA methylation to cytosine has been extensively 
studied and is largely comprised of a small group of enzymatic activities, the DNA 
methyltransferases (Dnmts), as well as non-enzymatic family members and cofac-
tors including S-adenosyl-L-methionine as the methyl group donor. These details 
are investigated and outlined in detail elsewhere in this book. Moreover DNA meth-
yltransferases possess important multiple functional partnerships via the replication 
foci targeting domain (RFTD) and CXXC domain of Dnmt1 and the PHD and 
PWWP domains of the Dnmt3 enzymes, which bind chromatin and other proteins. 
Together with a wide selection of splice variants, especially among Dnmt3b, these 
activities possess an expanding potential to create a wide division of labour for 
DNA methylation in the vertebrate genome. However, these mechanisms and activi-
ties are also at the centre of how DNA methylation may be lost. 

 In any discussion of DNA methylation reprogramming, it is important to con-
sider the role of DNA methylation. DNA methylation is regarded to have two non- 
exclusive functions. Very early on, it was associated with the induction of changes 
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in the state of cellular differentiation in experimental situations where 5- azacytidine, 
an inhibitor of DNA methylation, resulted in the generation of muscle cells from 
non-muscle precursors (Constantinides et al.  1977 ). This highlighted two epigenetic 
principles, which dominated the fi eld for many years: that transcription was nega-
tively correlated with DNA methylation and that the loss of DNA methylation 
resulted in the loss of heritable cell fate (Jaenisch and Bird  2003 ). The gene regula-
tory role has led to the widespread concept that DNA methylation silences gene 
expression. In a developing embryo, this can then be tied to the explanation for the 
sequential methylation of genes no longer required as cellular differentiation and 
lineage commitment take place. In a highly related fashion, the second role for DNA 
methylation is in genome defence where the vast non-genic content of retrotranspo-
sons is kept silenced by the presence of DNA methylation (Bestor  1998 ). In addi-
tion, DNA methylation is highly relevant to the silencing of families of repeat 
sequences including the centromeric satellite repeats essential for chromosome 
integrity and segregation in mitosis (Lehnertz et al.  2003 ; Saksouk et al.  2014 ). 
These differential requirements add to the complexity of reprogramming and serve 
to explain the multifaceted mechanisms, both passive and active, that may be 
required during genomic resetting as part of reprogramming. 

 The link between DNA demethylation and development is longstanding. Model 
systems of development, such as embryonal carcinoma cells (a lineage-specifi c cell 
line isolated from teratocarcinomas that exhibits developmental plasticity), male 
germ cells (sperm) (which are highly methylated) as a starting point of development 
and yolk sac as a more developmentally advancement tissue, established that lin-
eages undergo DNA demethylation during development (Razin et al.  1984 ). A loss 
of methylation had already been reported to be present in transformed cells and in 
tumours (Riggs and Jones  1983 ). In the simplest of terms, DNA demethylation can 
be consigned to two clearly defi ned categories, active demethylation that required a 
‘demethylase’ and passive demethylation that assumed that there was ongoing DNA 
replication, but the DNA methylation maintenance machinery was not operational. 
These very clear distinctions formed the basis for understanding all examples of 
demethylation, at times creating impassioned schisms among the chief proponents. 

 In mammals, DNA methylation is reprogrammed in two signifi cant phases: one 
that takes place during the establishment of the germ line and the second immedi-
ately post-fertilisation as part of an enduring cycling that perpetuates genetic mate-
rial across generations (Reik et al.  2001 ). In this respect, the idea of the immortality 
of the germ line is formed, driven by the reiterative cycling of DNA methylation and 
demethylation. As such, much of the investigation of passive and active demethyl-
ation has focused around these cycles especially in the mouse. 

 As mentioned, DNA demethylation is critically required in the germ line where, 
in mammals, the imprinted genes must be reset. These genes are expressed in a 
parent-of-origin manner and hence must undergo erasure of the DNA methylation 
that marks the imprinted regulatory regions in each generation (Reik et al.  2001 ). 
Coupled to the erasure of imprinting, a number of germ line-specifi c genes, such as 
 Dazl , must undergo methylation erasure in order to be expressed, thus ensuring the 
complete development of gametes (Seisenberger et al.  2012 ). However, the kinetics 
of the erasure is tightly regulated, such that methylation from germ line-specifi c 
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genes is erased earlier (E10.5) than that of imprinted genes (from E11.5) (Maatouk 
et al.  2006 ). These multiple trajectories may even require both active and passive 
mechanisms to operate simultaneously across the genome as well as at specifi c loci. 

 A second period of demethylation is initiated immediately at fertilisation. While 
quantitative and qualitative differences have been reported across Mammalia, the 
mechanisms are largely similar (Dean et al.  2001 ; Young and Beaujean  2004 ). 
Owing to the extensive resource tools available to investigate mechanistic path-
ways, the mouse model has been most comprehensively studied and has revealed 
a number of activities involved in passive and active demethylation. In recent 
years, technological advancements have been key in revealing a much richer and 
more intricate temporal change in DNA methylation during the preimplantation 
period of development. In this window, the fully mature gametes give way to the 
newly formed zygote, coupling their remodelling with the loss of methylation from 
both the male and female genomes and setting up a hypomethylated landscape to 
coincide with the fi rst lineage decisions that delimit the preimplantation stage of 
development. The early observation that the paternal contribution to the zygote, 
the remodelled sperm, and thereafter the male pronucleus underwent a rapid and 
extensive loss of methylation prior to replication inspired the fi eld that an activity, 
a demethylase, might be present (Oswald et al.  2000 ; Mayer et al.  2000 ; Santos 
et al.  2002 ).  

2     Active Demethylation: The Hunt for the ‘Demethylase’ 

 The defi nition of active demethylation is straightforward. It refers to the loss of 
DNA methylation in the absence of replication. In dividing cells, this requires the 
proof that this loss must occur outside of ‘S phase’ or that it is not related to the 
machinery required for DNA replication per se, if it occurs in S phase. In order 
to fulfi l this criterion, the mechanism must conform to something where it can be 
envisioned that the methyl group is directly ‘snipped’ away from the base leav-
ing behind cytosine. Another variation might include stripping away of the base 
and leaving behind an abasic site, which then needs some type of DNA repair to 
restore the cytosine. This mechanism is exemplifi ed by the plant family of activities, 
DEMETER and ROSI, DNA glycosylases, which recognise the methylated base 
and remove it via the base excision repair (BER) pathway. Enzymes which bind 
DNA and catalyse chemical reactions on it do so by distorting, bending or kinking 
the B-form helices. Some of these enzymes, such as the DNA methyltransferases, 
achieve this by fl ipping the base out and modifying it, thus creating a methylated 
nucleotide. This leads to the idea that the reverse reaction might occur in order for 
demethylation to take place. Base fl ipping is also thought to occur in some of the 
glycosylases in order to gain access to the DNA bases (Cheng and Roberts  2001 ). 
These ideas supplied a variety of possibilities and gave clues to fi nding and confi rm-
ing DNA demethylases in animals. 

 The study of DNA methylation and its modulation has been ongoing for more 
than 40 years. Early studies using chromatography and nearest neighbour analysis 
could only have reported on total changes in 5-methylcytosine (5mC) (Bird  1980 ). 
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This was superseded by the use of methylation-sensitive restriction endonucleases 
at CpG dinucleotides, followed by Southern blot that gave context assuming that the 
genes or regions had been cloned (Cedar et al.  1979 ). Breakthroughs came in the 
combination of differential methylation sensitivity of restriction enzymes and the 
polymerase chain reaction (Herman et al.  1995 ) together with the base pair resolu-
tion afforded by bisulphite sequencing (BS-seq) (Frommer et al.  1992 ; Clark et al. 
 1994 ). Coupled with the refi nements in sample sizes by orders of magnitude, the 
fi eld experienced a true renaissance with the mouse genome project in 2003 and 
with the advent of next-generation sequencing.  

3     Direct Demethylation 

 If DNA methylation is negatively correlated with gene expression, then the identifi -
cation of a demethylase that regulates expression would provide an integral part of 
the mechanistic understanding of gene regulation, and this enzyme might serve 
important roles therapeutically in the targeted re-expression of key genes involved 
in developmental and cellular processes. Among the most obvious candidate genes 
for such application are the tumour suppressor genes invariably silenced by inap-
propriate acquisition of DNA methylation found in precancerous and transformed 
cells of tumours (Herman et al.  1995 ). In nearly all tumours, cells have a signature 
where tumour suppressor genes are hypermethylated and repressed or silent while 
the remainder of the genome is hypomethylated (Gama-Sosa et al.  1983 ; Feinberg 
and Vogelstein  1983 ). In this context, a concerted effort to identify and characterise 
a demethylase had attracted much interest beyond other biological roles establish-
ing the methylation landscape during development. 

 The publication of the discovery of such a demethylation activity in 1999 was 
received with great interest and a degree of scepticism in the biomedical fi eld and 
the burgeoning fi eld of epigenetics (Bhattacharya et al.  1999 ). The existence of 
such an activity was highly controversial, as it had been regarded that the direct 
loss of a methyl group from cytosine was thermodynamically unfavourable. This 
new protein possessed the hallmark of such an activity together with a methyl-CpG-
binding domain, and demethylation of methylcytosine was observed in the CpG 
context from artifi cially methylated plasmid DNA. Moreover, in the course of this 
enzymatic reaction, the methyl group was removed from the fi ve position of the 
cytosine base and released as methanol, a stable leaving group. This methyl-binding 
protein had been cloned previously and identifi ed as MBD2. Despite the fl urry of 
interest in this molecule, independent verifi cation of direct demethylation catalysed 
by MBD2, and hence demethylase activity of this protein, has not been reported 
(Ng et al.  1999 ; Wade et al.  1999 ; Boeke et al.  2000 ). Aside from this controversy, 
MBD2 has been implicated in demethylation processes in a wide variety of auto-
immune diseases in mice and humans. Whether MBD2 functions as a demethyl-
ase during the immediate post-fertilisation period prior to the fi rst zygotic S phase 
seems unlikely, as oocytes null for MBD2 undergo loss of DNA methylation from 
the male pronucleus in a kinetically similar manner to that of the control population 
(Santos et al.  2002 ).  
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4     Indirect Loss of DNA Methylation 

4.1     Deamination 

 One of the mechanisms that have shaped the mammalian genome is the process 
whereby the amine group (−NH 2 ) of the nucleotide base is lost by deamination. This 
is particularly relevant for cytosine (C) and especially the case for its modifi ed ver-
sion 5mC, as its deamination leads to the natural base thymidine leading to a sub-
stitution known as the C-to-T transition. The propensity of this alteration has had 
a signifi cant impact on the mammalian genome and its unique composition (Bird 
 1980 ). Among these genomic signatures is the suppression of the expected fre-
quency of CpG dinucleotides. The altered frequency and the genomic arrangement 
of CpG have signifi cant implications for the regulation of DNA methylation. The 
genomic frequency of CpG methylation is closer to 1 in 40 rather than the predicted 
1 in 16. This altered frequency occurs as a consequence, over evolutionary time, 
of the transition mutation of methylcytosine to thymidine owing to the hydrolytic 
deamination of the cytosine base where the fi delity of the repair process is apt to 
slip. In addition, this transition forms the basis of the chemical modifi cation used in 
bisulphite mutagenesis, where 5mC is read as T (Frommer et al.  1992 ). These two 
concepts led to the suggestion that endogenous activity, either enzymatic or chemi-
cal, such as through hydrolytic deamination, could serve as candidates capable of 
achieving functional loss of DNA methylation. 

 Spontaneous hydrolytic deamination of cytosine occurs ordinarily at a rate of eight 
bases per cell per hour, corresponding to 100 bases per cell per day (Alberts et al. 
 2002 ). Whether this mechanism is competent to clear the DNA methylation from the 
male pronucleus of the fertilised oocyte during the active period of demethylation is 
not known. However, the rate of this process seems far too slow to account for the 
kinetics of demethylation observed in immunofl uorescence (IF) and by contemporary 
molecular analysis. In contrast, enzymatic deamination coupled to DNA repair pro-
cesses offers a diverse and more feasible solution to explain the rate and magnitude of 
active loss of methylation in the zygote. In mammals, a small family of highly related 
activities achieves deamination of cytosine and methylcytosine. Cytosine deaminases 
are encoded by three enzymatic families, (1) APOBEC1, APOBEC2 and APOBEC3, 
of which APOBEC2 is non-enzymatic (Conticello et al.  2005 ), and (2) the activation-
induced cytosine deaminase (AID), which takes its name from its functional role in 
somatic hypermutation and class switch recombination that permits the repertoire 
expansion of antibody diversifi cation upon B-cell activation as part of the adaptive 
immune response (Longerich et al.  2006 ). The APOBEC family of enzymes are broadly 
involved in RNA editing and as such serve a role in genome defence via engagement 
to restrict the movement of non-LTR and LTR retrotransposable elements, including 
long interspersed nuclear elements (LINEs) and short interspersed nuclear elements 
(SINEs) (Chiu and Greene  2008 ). In the case of retroviral integrations via transposons 
and nuclear APOBEC3, this establishes the idea that an early evolutionary coupling of 
the expansion of the genome together with activities that may alter and defend the func-
tional integrity of this self-same genome. This highlights some of the dynamic facets of 
the genome and the epigenome as they could have evolved in parallel.  
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4.2     Oxidation Mechanisms 

 In the same way as deamination modifi es 5mC to thymidine, the oxidation of the 
5-methyl group can rapidly convert 5mC into 5-hydroxymethylcytosine (5hmC) 
without any further alteration to the double-stranded DNA molecule. Under favour-
able conditions, this process may proceed through further iterative oxidative steps 
to form 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Ito et al.  2010 ; Ko 
et al.  2010 ). Should a decarboxylase be present or simply a repair cascade be trig-
gered, this pathway could mediate the conversion of 5mC to cytosine and the 
demethylation will be complete. The oxidative portion of this process is accom-
plished variously by the ten-eleven-translocation (TET) family, comprised of three 
active forms of the TET1–3 enzymes, which all share a conserved function using 
5mC as a substrate in conjunction with 5-α-ketoglutarate and Fe 2+  as cofactors 
(Kriaucionis and Heintz  2009 ; Tahiliani et al.  2009 ). As such, these enzymes are 
infl uenced by the metabolic state of the cell, and the concentration of each oxidative 
intermediate is dependent on a number of other cofactors including vitamins A and 
C, as well as the oxygen concentration of the tissue or cells (Blaschke et al.  2013 ; 
Chen et al.  2013 ). TET proteins may operate together with other ‘loss of methyla-
tion’ pathways creating a much more complex and diversifi ed means of epigenetic 
regulation. Interestingly, these enzymes may serve wider biological roles beyond 
their canonical enzymatic function in keeping with their evolutionary secondment 
into a demethylation pathway. 

 Site-specifi c, feature-specifi c or ultimately genome-wide loss of DNA methyla-
tion may require more than a single pathway to achieve a change in the epigenome. 
While some activities operate exclusively during the replicative portion of the cell 
cycle, others may act in a redundant fashion through a combination of DNA modi-
fi cations, leading to loss of methylation often by repair-coupled processes. This is 
the case with cytosine deamination and oxidative modifi cation of 5-methylcytosine 
(Fig.  1 ). The order of modifi cations may also change, permitting yet further com-
plexity and specifi city at target loci. This may widen and even accelerate the rate of 
repair or alteration with additional functional consequences. For example, deamina-
tion of 5mC leads to T, which may be further altered or repaired, e.g. by thymidine 
DNA glycosylase (TDG). Alternatively, 5mC may be oxidised to 5hmC, which may 
be deaminated to give 5-hydroxymethyluracil (5hmU). In either case, the loss of 
methylation would be the outcome upon resolution of the repair process.

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

 Whenever chromatin is remodelling, there is a likelihood of the occurrence of 
endogenous DNA damage. As such, the genome-wide remodelling during epigen-
etic reprogramming is particularly susceptible to DNA damage, especially in rep-
licating cells where the replication fork can become a powerful nucleation site for 
activities focused on inheritance of genetic and epigenetic information. Both natural 
and experimental reprogramming, which activates new transcriptional requirements, 
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may trigger the need for a DNA damage response. Collectively, these may result in 
functional demethylation and could become a source of cellular heterogeneity in 
development. 

 In the window defi ned in the immediate post-fertilisation period in the mouse, 
male and female gametes are remodelled in order to form a functional metaphase 
plate, the fi rst of all the subsequent cellular divisions for life in mammals. This 
remodelling is essentially required in order to re-equilibrate the chromatin of the 
somatic-like oocyte with that of the protamine-confi gured sperm nucleus (Brewer 
et al.  1999 ). In order to package the paternal component, the sperm, into a func-
tional structure able to fertilise an ovulated oocyte, the genome must be confi ned to 
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  Fig. 1    Mechanisms of active demethylation. Cytosine is methylated by DNA methyltransferases 
(Dnmts) as an integral part in the development of mammals. These processes are also accompanied 
by demethylation via a number of potential pathways. Cytosine may be altered by [ 1 ] AID/
APOBEC-mediated deamination, leaving uracil, and 5-methylcytosine may likewise undergo 
deamination to thymidine. This pathway may be continued to restore the cytosine residue by one 
of a number of base excision repair (BER) pathways. The 5mC residue may also be directly 
demethylated to cytosine, although this is regarded as enzymatically unfavourable [ 2 ]. Another 
mechanism to facilitate loss of methylation occurs via TET-mediated oxidative alteration of the 
methyl group to give 5-hydroxymethylcytosine (5hmC) that may undergo further iterative oxida-
tion to 5-formylcytosine (5fC). In the absence of glycosylases that can detect this mismatch, 5fC 
may be further oxidised to 5-carboxylcytosine (5caC). BER mechanisms may aid in the repair of 
the cytosine base at each step of the process. The loss of methylation from cytosine may involve 
both pathways. In this case, 5mC is fi rst oxidised to 5hmC and subsequently deaminated to 
5-hydroxymethyluracil       
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the dehydrated toroidal structure confi gured by protamines, something more akin to 
a virus than a cell (Braun  2001 ). This is the state of play when the largest cell, the 
oocyte, meets the smallest, the highly methylated sperm. Very shortly following 
fusion and sperm penetration, remodelling of this genome ensues in the shared envi-
ronment of the oocyte. Indeed, within 1 h of fertilisation, the protamine-encased 
chromatin has been replaced, and the sperm becomes confi gured with oocyte- 
derived histone proteins (McLay and Clarke  2003 ). In this early remodelling phase, 
signifi cant DNA methylation is lost by paternal alleles (Dean et al.  2001 ; Santos 
et al.  2002 ). In contrast, the female pronucleus that forms on completion of meiosis 
is less subject to loss of DNA methylation (Santos et al.  2002 ); quantifi cation of the 
female compartment even under the most stringent conditions indicates a wide vari-
ance in DNA methylation and suggests that chromatin turnover also takes place on 
maternal alleles, but there is no net change (Santos et al.  2013 ). 

 Despite the formation of a histone-based chromatin in the male pronucleus, the 
male and female components of the zygote remain epigenetically different (Santos 
et al.  2005 ; Probst et al.  2007 ). Post-translational modifi cations (PTMs) of the chro-
matin retain differences between the pronuclei beyond that of DNA methylation. 
The PTMs leave the female with most of the modifi cations found in a somatic cell, 
while notably the male pronucleus has neither H3K9me2 nor H3K9me3 (Santos 
et al.  2005 ; van der Heijden et al.  2005 ). Both of these marks are critical due to the 
coupling of DNA methylation to these modifi cations, usually associated with tran-
scriptional silencing, and they are essential for chromosome stability (Guenatri 
et al.  2004 ). The absence of these marks from the chromatin in the male pronucleus 
facilitates the loss of DNA methylation. In turn, this suggested that one or both of 
these marks may well be associated with protecting the maternal genome from 
extensive DNA demethylation (Nakamura et al.  2007 ; Szabo and Pfeifer  2012 ). 
Interestingly, the male pronucleus accumulates 5hmC only once the cell cycle pro-
gresses to S phase with only newly acquired 5mC converted to 5hmC, while the 
female pronucleus has acquired signifi cantly less of the 5hmC modifi cation during 
oogenesis (Santos et al.  2013 ; Amouroux et al.  2016 ). This rapid paternal loss of 
methylation was attributed to the presence of TET3 owing to its overt abundance in 
oocytes (Iqbal et al.  2011 ). However, whether this 5mC turnover is required for 
subsequent development and what protects 5mC from demethylation in the female 
pronucleus are not fully known. Several groups have knocked out the TET3 cata-
lytic activity with varying phenotypic results (Gu et al.  2011 ; Peat et al.  2014 ). All 
agree that the abrogation of the catalytic activity results in the loss of 5hmC as 
measured by IF signal in the male pronucleus, but a concomitant increase in 5mC 
was not always observed (Wossidlo et al.  2011 ; Santos et al.  2013 ). The absolute 
loss of catalytic TET3 is non-viable and homozygotes die shortly after birth. 
Maternal-specifi c oocyte deletion reveals a more subtle nonetheless variable effect. 
Several reports highlight that the failure to generate 5hmC per se is not responsible 
for the developmental defects, e.g. neonatal sub-lethality due to TET3 haploinsuf-
fi ciency in maternally defi cient oocytes (Inoue et al.  2015 ; Tsukada et al.  2015 ). 
Interestingly, genome-wide DNA methylation analysis of the TET3 knockout 
revealed an unexpected role for this protein in protecting CpG islands from DNA 
methylation (Peat et al.  2014 ). This intriguing result reminds us that the machinery 
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of demethylation is complex and multidimensional. The protection of the female 
pronucleus may give us an insight into the overall mechanism of the regulation of 
the loss of DNA methylation and its role. 

 DNA repair has long been implicated in the process of active demethylation 
especially in the mouse zygote. The mammalian oocyte is replete with many of the 
activities that are required across the myriad repair pathways supplying roles in 
maintaining the genome during replication and remodelling (Zheng et al.  2005 ; 
Derijck et al.  2006 ,  2008 ). In the special case of active CpG demethylation, more 
focus has been placed on activities that can read and repair the mismatched deriva-
tives of CG base pairs generated by modifi cation of the cytosine. 

 Several groups have followed avenues of investigation implicating BER or NER 
pathways in active demethylation using both gain- and loss-of-function approaches 
(Wossidlo et al.  2010 ; Hajkova et al.  2010 ). Inhibition of critical activities in BER, 
such as Parp1 [poly(ADP-ribose) polymerase family] and Ape1 (apurinic/apyrimi-
dinic endonuclease), was able to attenuate DNA demethylation with signifi cantly 
higher levels of DNA methylation in the paternal pronucleus, as judged by 5mC stain-
ing (Hajkova et al.  2010 ). Staining of XRCC1 (X-ray repair complementing defec-
tive repair in Chinese hamster cells 1), a protein known to bind to ssDNA breaks, 
revealed high levels of bound protein exclusive to the male pronucleus. The ssDNA 
breaks were detectable from an early pronuclear stage (PN3) on, which coincides 
with the onset of DNA demethylation. Collectively, these pathways account for some 
of the early demethylation in the zygote; yet these studies fail to address the question 
of what initiates the pathways. Dnmt3a and Dnmt3b are abundant in oocytes and 
early embryos (Hirasawa and Sasaki  2009 ; Lucifero et al.  2007 ) and have been impli-
cated in deamination roles in human cells (Kangaspeska et al.  2008 ; Metivier et al. 
 2008 ). However, whether they serve as the upstream initiator of the cascade has not 
been tested directly. Recent reports highlight that de novo methylation is required for 
the replication-dependent generation of 5hmC in the male pronucleus, reinforcing its 
functional status in the zygote as an independent mark (Amouroux et al.  2016 ). In 
contrast, there may not be an activity required to initiate this demethylation; instead 
conformational changes of the sperm chromatin structure during chromatin remodel-
ling in the zygote may be able to trigger DNA damage response mechanisms leading 
to loss of DNA methylation (McLay and Clarke  2003 ). 

 Apart from deamination- and oxidation-linked processes of DNA demethylation, 
the transcription elongator complex protein 3 (ELP3) and the family members ELP1 
and ELP4 have been identifi ed in candidate-based screens for demethylating activi-
ties and have been reported to act via an otherwise unknown mechanism to effect 
active demethylation. Using live cell imaging as a platform to capture the event, 
the authors expressed a construct (CXXC–GFP) able to act as a readout for the 
state of DNA methylation in the zygote. The CXXC–GFP fusion protein reporter 
is able to bind to unmethylated CpG-rich regions and hence can follow the kinetics 
of DNA methylation over time. On injection of the CXXC–GFP reporter, signal 
accumulated in the male pronucleus. When an RNAi to ELP was co-injected, no 
signal was observed in the male pronucleus, suggesting an ELP3-dependent loss 
of methylation at this time (Okada et al.  2010 ). However, the mechanism of this 
paternal- specifi c demethylation is not immediately obvious. Moreover, in light of 
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reports suggesting that some turnover in DNA methylation occurs in the female 
compartment, the exclusive accumulation of the reporter CXXC–GFP in the male 
might not be expected (Guo et al.  2014 ). Nonetheless, given that this phase of devel-
opment is characterised by transcriptional silencing (Bouniol-Baly et al.  1999 ), the 
suggestion that ELPs play a role is somewhat counterintuitive. A functional con-
nection may lie in that these factors share a radical S-adenosyl-methionine (SAM) 
domain and hence are potentially able to modify the target C5 of cytosine, when in 
the presence of [3Fe–4S] + clusters, with the generation of a neutral leaving group, 
like formaldehyde (Broderick et al.  2014 ; Wu and Zhang  2014 ). This idea is remi-
niscent of the mechanism proposed for the activity of MBD2 where, in the absence 
of any cofactor, nucleophilic attack by H 2 O was proposed to lead to demethylation 
and the production of methanol (Bhattacharya et al.  1999 ). 

 Several groups have reported the kinetics of the loss of 5mC and tied this to the 
acquisition of 5hmC but have failed to notice that there were clearly two phases 
(Wossidlo et al.  2011 ; Santos et al.  2013 ). In the fi rst phase, paternal-specifi c active 
demethylation proceeds in the absence of DNA replication and as such without any 
accumulation of 5hmC. In this window, remodelling of the paternal pronucleus 
includes the introduction of replication-independent histone variants. The second 
phase is characterised by the onset of replication and the concomitant accumulation 
of 5hmC exclusively in the paternal compartment. 

 Santos et al. ( 2013 ) used a genetic approach to test the possibility that both AID and 
TET3 could act in the ‘demethylation’ pathways (Santos et al.  2013 ). Investigating 
the long overlooked two phases of demethylation, the dynamics and magnitude of 
the loss of DNA methylation was measured by semi-quantitative IF methods fi rst in 
the wild-type (WT) zygotes (Fig.  2a ) and then using a constitutive AID-null mutant. 
In the null mutant, the early phase of demethylation proceeded as in the WT, but by 
the post-replication stage, PN5 residual gain of methylation was evident. This sug-
gested that an AID-dependent loss of DNA methylation from the male pronucleus 
was possible in the fi rst cell cycle in the mouse. But how can this temporal shift in 
the kinetics be explained? The answer came by way of an  ingenious mechanism 

  Fig. 2    Active demethylation during reprogramming in the zygote. Following fertilisation, the 
maternal and paternal pronuclei are remodelled along two independent pathways. ( a ) Chromatin is 
reconfi gured in stages across time point defi ned by the size and position of the respective pronuclei 
(PN 0  to PN 5 ). The paternal pronucleus is observed to lose methylation in two distinct phases. In the 
fi rst phase, 5mC is rapidly lost with little or no change in 5hmC marking the end of G 1 . The onset 
of phase II at S phase of the cell cycle (PN 3 –PN 5 ) coincides with the appearance of 5hmC, a pro-
cess that is TET3 dependent. Across both phases, the maternal pronucleus retains methylation and 
possesses very low levels of 5hmC, and little overall change takes place. The maternal pronucleus 
resists loss of methylation in a Stella-/PGC7-dependent manner. One mechanism proposed to 
achieve loss of methylation in the paternal pronucleus is mediated by deamination depicted in ( b ) .  
Here cytosine is modifi ed through the loss of the NH 2  group to uracil, triggering a BER cascade 
involving a short-patch repair (SP) ( c ) .  The AID target sequence WRC marks the position of the 
deaminated cytosine in a place adjacent to 5mC residues. It is envisioned that in phase I of demeth-
ylation, the cytosine base is deaminated, and the resection of the local 5mC only takes place in 
phase II in a replication-activated process resulting in functional demethylation. Schematic depic-
tions of fertilised oocytes indicate that initially both compartments have similar methylation levels 
that lead to paternal-specifi c loss of 5mC following short patch repair via BER       
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that fi ts well the temporal licensing of AID and the  biochemical  substrate data for 
AID’s catalytic preference. Aid ordinarily works during G1 of the cell cycle, a 
time consistent with an active demethylation process. Moreover, although AID can 
work on 5mC, its preferred substrate is C as the enzymatic turnover does not work 
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very effi ciently when the C5 position is derivatised especially by  oxidation to hmC 
(Nabel et al.  2012 ). Thus, it was envisioned that deamination of C to U (Fig.  2b ), 
in close proximity to 5mC, would undergo repair via a long-patch BER mechanism 
and would in turn result in functional demethylation (Fig.  2c ). This mechanism 
would involve uracil DNA glycosylases (UNG and SMUG) rather than TDG, a 
result confi rmed using a maternally deleted TDG null zygote (Santos et al.  2013 ). 
UNG and SMUG are abundant in oocytes while TDG is not readily detectable. 
UNG-null zygotes showed a reduced demethylation by IF (Santos et al.  2013 ) and 
molecular analysis (Xue et al.  2016 ).

   This study also followed closely the kinetics of the specifi c acquisition of 5hmC 
as a function of the reciprocal loss of 5mC from the male pronucleus. Conditional 
deletion of TET3 from the oocyte, together with experiments inhibiting DNA repli-
cation with aphidicolin, clearly demonstrated that 5hmC was only present from S 
phase on and that it was coincident with, but not coupled to, DNA replication 
(Santos et al.  2013 ). Together, this groundbreaking study asserted that multiple and 
independent pathways were involved in paternal demethylation in the zygote. These 
fi ndings have been conclusively and independently confi rmed in a recent study 
using genetic and biochemical approaches together with IF where both 5mC and 
5hmC were measured using mass spectrometry (Amouroux et al.  2016 ; Okamoto 
et al.  2016 ). In support of these suggested mechanisms, two additional studies have 
also proposed that long-patch repair may facilitate regional loss of 5mC (Franchini 
et al.  2014 ) when adjacent to an AID-binding site, i.e. WRC (W = A/T; R = A/G) or 
via a similar mechanism through repair of 5-hydroxymethyluracil (hmU) arising 
from oxidative modifi cation of T by TET1 (Pfaffeneder et al.  2014 ). One of the 11 
glycosylases in human cells, Nei endonuclease VIII-like 1 ( NEIL1) and NEIL3, has 
DNA glycosylase/lyase activity towards mismatched uracil and thymine, in particu-
lar in U:C and T:C mismatches, and it specifi cally binds 5hmC, suggesting that it 
acts as a specifi c reader of 5hmC in advance of repair. As such, activities targeting 
both C and T via separate pathways may result in regional demethylation. 

 During the late foetal stages and early on in postnatal stages, oogenesis proceeds, 
and DNA methylation is reacquired in mature germ cells. This re-establishes the 
essential DNA methylation at imprinted loci needed for growth and development 
during the post-implantation phase. Some of this methylation is modifi ed becoming 
5hmC in a TET1-dependent manner. This establishes, in part, the chromatin con-
fi guration for maternal alleles at fertilisation. Together with H3K9me2, the maternal 
chromatin is actively protected from post-fertilisation demethylation by the pres-
ence of the protein Stella/PGC7 that forms a resistant chromatin confi guration that 
is maintained post-fertilisation (Nakamura et al.  2012 ). While Stella is found in 
both male and female pronuclei, the binding of the protein in chromatin confers the 
protective facet against demethylation (Nakamura et al.  2007 ). Maternal deletion of 
Stella in the oocyte reinstates a substrate that is subject to TET3- dependent demeth-
ylation in both compartments and leads to lethality early on in development. Thus, 
demethylation can be affected by the ability to physically bind and modify the sub-
strate and may not simply be a function of presence or absence of the demethylating 
activity. 
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 Interestingly, there is little evidence that the loss of methylation from paternal 
alleles is required. Paternal-specifi c demethylation has been widely observed in 
mammals often to varying degrees, yet an absolute demonstration of its requirement 
remains elusive. Experimental reconstitution of the zygote using round spermatids, 
to represent the paternal component, does not undergo remodelling, neither is 
demethylation of the paternal pronucleus observed, but still can give rise to a full- 
term mouse (Kishigami et al.  2006 ; Polanski et al.  2008 ). Indeed, this raises the 
issue of whether the extensive remodelling and dynamic loss of DNA methylation 
in the paternal compartment is rather a secondary consequence of remodelling. The 
fertilisation of oocytes from species of mammals that do not ordinarily undergo 
overt demethylation of the paternal pronucleus does so when they are artifi cially 
fertilised with sperm from other species. Thus, in sheep oocytes, where there is little 
or no paternal-specifi c active demethylation, mouse sperm is extensively remod-
elled and appears to be demethylated as measured by IF. The reciprocal is also true; 
the fertilisation of mouse oocytes with sheep sperm reveals extensive remodelling 
of the sperm nucleus, including the specifi c loss of methylation (Beaujean et al. 
 2004 ; Barnetova et al.  2010 ). 

 A new study using highly sensitive mass spectrometry has fi nally been able to 
offer an absolute metric for 5mC and 5hmC levels in the zygote thus revealing fur-
ther complexity. In order to evaluate the potential for changes exclusively from 
maternal alleles, the authors experimentally generated parthenogenetic embryos. 
Following active loss from the paternal pronucleus (~40 %) and a small active loss 
from the female, the overall trajectory for 5mC and 5hmC across preimplantation 
regresses with a best fi t model that follows replication, that is, this is loss of meth-
ylation via passive demethylation (Okamoto et al.  2016 ). This active loss of DNA 
methylation confi rms previous bisulphite analysis that had asserted this process in 
the maternal compartment as well (Guo et al.  2014 ). As such, maternal and paternal 
haploid contributions to the zygote are equalised in genomic 5mC content by 24 h 
post-fertilisation (Okamoto et al.  2016 ). Finally, this study found no evidence for 
the commensurate gain of 5hmC reciprocal to the loss of 5mC claimed in some 
studies (Wossidlo et al.  2011 ; Okamoto et al.  2016 ).  

6     Replication-Coupled Loss of DNA Methylation: Passive 
Demethylation 

 For the establishment of the germ line, precursor somatic cells must become repro-
grammed, such that the somatic gene expression pattern is inhibited giving way to 
the early expression of the germ cell markers. Somatic cells of the epiblast are 
highly methylated with approximately 70 % of CpGs marked. While the need for 
reprogramming of the germ line has been known for several decades, the limitations 
of the highly restricted cell numbers and the available technology restricted what we 
could learn about this process (Monk et al.  1987 ). Early studies were confi ned to 
characterising maternally imprinted genes and highly repetitive sequences, includ-
ing centromeric satellites and repeat family sequences, following their progression 
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during germ-line maturation in mouse (Hajkova et al.  2002 ; Lane et al.  2003 ) and 
later in other mammalian model systems. Early genome-wide analysis combined 
histology together with immunofl uorescence detection using the 5mC antibody to 
give a semi-quantitative overview of early germ cells (Seki et al.  2005 ,  2007 ). 
Relying on an Oct4 or Stella/PGC7 – GFP reporters to identify the germ cells – this 
low-resolution approach was suffi cient to establish that at E7.5 the germ cells were 
highly methylated, but over the next 24-h period, this methylation was signifi cantly 
reduced and thereafter no longer detectable up to E12.5. While inconclusive regard-
ing a mechanism for the loss of methylation, these studies gave single-cell resolu-
tion and hinted at a variable level of methylation likely to arise from a highly 
repetitive family or families of genomic sequence. 

 Next-generation sequencing supplied the breakthrough needed for mechanistic 
understanding. Whole-genome bisulphite sequencing was used to profi le the DNA 
methylation in wild-type mice and in mice carrying a constitutive deletion of 
AICDA, a protein with a putative role in active demethylation. The scope of this 
study was limited by the availability of suffi cient DNA to generate a library, and 
hence, E13.5 was elected for the PGC samples. Comparison of the DNA methyla-
tion status of WT with AICDA null gave the fi rst high-resolution unbiased epig-
enome from PGCs (Popp et al.  2010 ). Interestingly, in the absence of AID, E13.5 
female PGCs had three times more methylation (~21 %) than the WT (~7 % CpG 
methylation). Differences in male PGCs were less dramatic. The effect was genome- 
wide except for CGI promoters, suggesting that AICDA had some role to play in the 
reprogramming machinery in germ cells. Despite this breakthrough, little or no 
resolution of the matter of the nature of the mechanism was forthcoming although 
AICDA seemed to be involved. 

 One of the signifi cant limitations to the Popp et al. ( 2010 ) study was that the over-
all genomic coverage was low. However, spurred on by the prospect of an unbiased, 
base pair resolution method to describe the DNA methylation landscape coupled to 
solving the issues of small cell number limitations, a comprehensive evaluation of 
the methylation profi le across multiple stages of PGCs was carried out. Oct4-GFP-
positive PGCs were isolated from selected stages from E9.5 to E13.5 during PGC 
development in males and females (Seisenberger et al.  2012 ). Genome-wide DNA 
methylation was analysed using BS-seq. High-resolution coverage and bp resolu-
tion generated the fi rst unbiased genome-wide survey of DNA methylation in PGCs 
across development with the potential to answer the question of demethylation via 
active or passive mechanisms. Combining strand- specifi c bisulphite sequencing 
analysis and modelling of stage-specifi c data, the outcome was clear-cut. Germ-
line reprogramming proceeded by a mechanism dominated by passive loss of DNA 
methylation through progressive replication up to the mitotic/meiotic arrest around 
E14 (Fig.  3c ). These results were confi rmed by DNA methylation immunoprecipita-
tion (meDIP) on a microarray (Guibert et al.  2012 ). This validation was particularly 
important owing to the ambiguity of calling 5mC and 5hmC by BS-seq. Evaluating 
the role, if any, of hydroxymethylation became important to resolve the profi les 
observed during the passive loss of methylation. Primordial germ cells express 
high levels of TET1 and TET2, and these activities are replication dependent; the 
5hmC mark which they generate from the 5mC is not maintained or read at CpG 
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  Fig. 3    Passive demethylation during preimplantation and germ-line reprogramming. Very early 
on, the discovery that Dnmt1 accumulated in the subcortical region of the oocyte and that of preim-
plantation stage embryos established the expectation that maintenance methylation was interrupted 
during preimplantation. ( a ) This panel illustrates this principle. Dnmt1 antibody signal is clearly 
abundant and excluded from the nucleus up until the 8-cell (8C) stage when it is found in the 
nucleus, thus establishing the conditions for passive demethylation. Beyond the 16-cell stage, the 
protein is again found excluded from the nucleus, something that also continues up to the blastocyst 
stage ( b ). Immunofl uorescence detection of 5mC suggested that there was a diminishing quantity of 
DNA methylation over successive replication cycles across preimplantation stages in keeping with 
passive demethylation. Here the distribution of 5mC is reported from the zygote up to the morula 
stage. ( c ). A similar mechanism may operate in primordial germ cells. Staining germ cells from 
E10.5 up to 16.5 indicate that Uhfr1, an obligate binding partner for Dnmt1 and an essential com-
ponent of the maintenance machinery, is relegated to the cytoplasmic compartment. Despite Dnmt1 
residing in the nucleus, the cross-sectional tracing below identifi es Uhfr1 ( arrow ) depleted in the 
nucleus (marked by an arrow; stained with DAPI) and found in the cytoplasm. These conditions are 
requisite for passive demethylation and in keeping with the genome-wide loss of DNA methylation 
in the reprogramming of the germ line ( Panel A  is reprinted from Howell et al. ( 2001 ) with permis-
sion from Elsevier.  Panel B  is taken from Santos et al. ( 2013 ) Fig.  1  cited herein)       
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dinucleotides and hence may passively decline. Loss of 5mC via hydroxylation of 
the methyl group was thus found to contribute to the erasure of imprinted methyla-
tion asynchronously in PGCs between E9.5 and E 10.5, but thereafter the genome 
average obeyed kinetics of loss of methylation in keeping with passive demethyl-
ation (Hackett et al.  2013 ). In contrast, in vitro generation of differentiated PGCs 
(iPGCs) where TET1 and TET2 were experimentally depleted or defi cient indi-
cated that iPGCs were unaffected by the absence of these activities and the lack of 
genomic 5hmC (Vincent et al.  2013 ). However, some loci were found hypermethyl-
ated, which necessitated an alternative loss of methylation mechanism to generate 
functional iPGCs. Indeed, the erasure of methylation in the germ line is suffi ciently 
important that multiple and overlapping redundant mechanisms of erasure have 
arisen to ensure the process and restrict transgenerational inheritance of epimu-
tations (Hackett et al.  2012 ). In fact, the extent of the functional redundancy for 
loss of methylation pathways may even stretch to include multiple and overlapping 
mechanisms operating even in the same genomic locus (Ohno et al.  2013 ).

   If we can measure the dynamic process of demethylation at high resolution and 
derive a model that indicates that passive demethylation is the favoured mechanism, 
can we explain how this mechanism might come about? Kurimoto et al. ( 2008 ) 
isolated Blimp1-positive PGC precursors and profi led RNA from them over the 
early stages of PGC establishment and commitment in an attempt to understand the 
basis for passive demethylation. These cells were characterised by the downregula-
tion of pathways associated with DNA methylation maintenance – Dnmt1 and 
Uhfr1 – and BER pathways (including a role for TDG) in conjunction with the loss 
of methylation by TET oxidation and AICDA deamination (Kurimoto et al.  2008 ). 
The selective staining of staged PGCs for Dnmt1 and Uhfr1 suggested that, while 
Dnmt1 remained in the nucleus, Uhfr1 was cytoplasmic, a confi guration in keeping 
with passive demethylation (Fig.  3c ) (Seisenberger et al.  2012 ). Whether this exclu-
sion of Uhfr1 despite nuclear Dnmt1 can account for loss of 5mC in PGCs has not 
been tested yet. However, Dnmt1 is very ineffi ciently recruited in replicating 
gonadal germ cells consistent with progressive loss of methylation during matura-
tion (Ohno et al.  2013 ).  

7     Resetting and Erasure of the Germ Line: A Barrier 
Against Transgenerational Inheritance 

7.1     Demethylation During Preimplantation Development 

 Sanford et al. ( 1984 ) showed that sperm was highly methylated, and oocytes were 
less so and that following fertilisation DNA methylation declined progressively 
(Sanford et al.  1984 ). These data illustrate that methylation-sensitive Southern 
blots, although restricted in the genomic loci which could be interrogated, were 
nonetheless accurately revealing locus-specifi c changes during development, 
which included both hyper- and hypomethylation during this dynamic phase. 
Monk et al. ( 1987 ) confi rmed and extended these observations using as few as 
200 cells, showing dynamic and temporal-specifi c regulation of DNA methylation 
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and demethylation during early mouse development (Monk et al.  1987 ). However, 
molecular analysis, at that time, could not supply a genome-wide nuclear archi-
tectural perspective. Interestingly, in one of the earliest studies investigating the 
question of loss of methylation, Howlett and Reik ( 1991 ) found very little change 
in the methylation of L1 repeats between the zygote and blastocyst stages when 
following maternal chromosomes derived from parthenogenetic mouse embryos 
(Howlett and Reik  1991 ). 

 The fi rst study into the dynamic genome-wide distribution of DNA methylation 
at the single-cell level was reported not in mouse but in bovine. Using stage-specifi c 
chromosome spreads across preimplantation development together with the anti- 
5mC antibody led to the conclusion that active demethylation was absent and hence 
that the progressive loss of 5mC occurred by a passive mechanism (Rougier et al. 
 1998 ; Bourc’his et al.  2001 ). The visual resolution of the machinery of maintenance 
methylation by IF had already predicted such outcome (Fig.  3a ). Antibodies raised 
against Dnmt1 had already identifi ed that the highly abundant protein was largely 
relegated to the cytoplasmic compartment of the zygote and throughout preimplan-
tation and that it appeared to be tethered to the subcortical region by an active pro-
cess (Carlson et al.  1992 ; Cardoso and Leonhardt  1999 ). This striking and stark 
distribution offered a mechanism consistent with the observed passive demethyl-
ation (Carlson et al.  1992 ; Howell et al.  2001 ; Ratnam et al.  2002 ) up to the blasto-
cyst stage (Fig.  3b ). 

 During preimplantation epigenetic reprogramming, the loss of methylation must 
be more complex and nuanced in contrast to that of germ-line erasure, because some 
regions must retain their methylation. This specifi cally affects germ line differen-
tially methylated regions (DMRs), including those of maternally imprinted genes, 
which during oogenesis are restored in a Dnmt3a-/Dnmt3L-dependent manner 
(Kaneda et al.  2010 ). Transcriptional activity during this period stockpiles tran-
scripts in order to maintain the oocyte’s integrity as to function as an immediate 
store of protein for the completion of meiosis at fertilisation and the initiation of 
embryogenesis. This includes a number of maternal-specifi c transcripts that supply 
the oocyte with an extraordinary amount of protein. Numbered among these pro-
teins are Dnmt1, both the somatic (Dnmt1s) and the oocyte (Dnmt1o) form, and 
Uhfr1, an essential part of the maintenance machinery. 

 Advances in molecular profi ling of DNA methylation have provided a more 
detailed understanding of the genome-wide methylation reprogramming during 
preimplantation in mouse and human. Reduced representation bisulphite sequenc-
ing (RRBS) is a technique that offers deeper sequencing of CpG-rich regions with a 
trade-off of lower genomic coverage. This technique covers 5–10 % of the genome 
and favours CpG islands and the promoters of genes and hence is ideally suited for 
methylation profi ling of imprinted genes. In contrast to earlier studies done by IF, 
recent studies in the mouse and human confi rmed a rapid and global demethylation 
of paternal alleles post-fertilisation, but a much more limited loss of methylation at 
maternal alleles, such that, at the blastocyst stage, some imprinted DMRs were main-
tained (Smallwood et al.  2011 ; Guo et al.  2014 ; Smith et al.  2012 ). Applying a whole-
genome bisulphite sequencing (WGBS) approach revealed further details. Many of 
the 1600 DMRs inherited from the oocyte were only partially demethylated during 
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preimplantation indicative of mechanisms conferring resistance to  demethylation 
at play (Kobayashi et al.  2012 ). A similar study in human blastocysts found that 
maternal alleles were demethylated to a much lesser extent than in mouse, with 
notable locus-specifi c and species-specifi c differences attributed to both the de novo 
methylation and demethylation machinery (Okae et al.  2014 ). 

 Passive demethylation can occur when the methylation machinery is physically 
excluded from the substrate or degraded in each replication cycle, but other explana-
tions are possible as well; for example, the loss of methylation may occur when the 
ability of Dnmts to recognise the substrate is lost (Inoue et al.  2011 ; Inoue and Zhang 
 2011 ). This is the situation that arises in the presence of 5hmC and in the presence of 
asymmetric methylation of cytosine. Asymmetric DNA methylation has been char-
acterised and mechanistically documented in plants, but it has recently been recog-
nised in mammals, and new biological functions are being discovered especially 
in non-replicating cells in the brain (Lister et al.  2009 ). This non- canonical DNA 
methylation is found in CHH (where H = A, C or T) and CpNpG sequences, which 
represent a nonsymmetrical and symmetrical sequence context, respectively. The 
most abundant nonsymmetrical confi guration for DNA methylation is CpA, which 
is found in the male germ line during the foetal maturation period where Dnmt3b 
is expressed at a time when imprinted methylation is fi rst returned (Ichiyanagi et al. 
 2011 ). This mark is temporary, as the mitotic expansion of spermatocytes does not 
allow for the maintenance of the asymmetrical methylation, and hence it disappears 
over time. In a similar manner, during the re- establishment of DNA methylation 
during oogenesis, the abundance of Dnmt3a results in the acquisition of extensive 
CpA methylation. The absence of replication in oogenesis has a number of impor-
tant implications. Any accumulation of altered or aberrant bases, ordinarily removed 
by replication, remains static until after ovulation and fertilisation when the fi rst S 
phase takes place. As such, the mammalian oocyte may accumulate a signifi cant 
level of genomic CpA, which remains until after fertilisation when it is progressively 
diluted away in each replication cycle (Tomizawa et al.  2011 ; Shirane et al.  2013 ). 

 In the zygote and preimplantation embryo, demethylation thus follows a path 
whereby the 5hmC of the male and the 5CpA in the female are both subject to pas-
sive reduction irrespective of the cytoplasmic exclusion of the maintenance machin-
ery, because neither 5hmC nor 5CpA can be maintained on replication (Dean  2014 ; 
Okamoto et al.  2016 ).   

8     Experimental Reprogramming and the Loss of DNA 
Methylation 

 Changes of the differentiation potential of cells are often associated with  quantitative 
changes in the epigenome, especially in DNA methylation. This is the case in 
somatic nuclear transfer, where the use of cells with reduced DNA methylation 
greatly enhances the reprogramming of the somatic nucleus and consequently the 
cloning effi ciency. A similar enhanced effi ciency, as a function of reduced DNA 
methylation, has been observed in the cellular reprogramming involved in the gen-
eration of induced pluripotent cells. 
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 Studies to understand the developmental equivalence of embryonic stem cells 
have been aided by the introduction of small-molecule inhibitors that uncouple the 
Erk1/Erk2 and the GSK signalling pathway revealing a more in vivo-like ground or 
‘naive’ state now termed ‘2i’ (Ficz et al.  2013 ). This state differs from the classical 
or ‘primed’ state, where cells are maintained in a rich signalling environment in 
the presence of serum. ESCs can be readily moved between these two states with a 
remarkably rapid and quantitatively signifi cant change in genomic DNA methyla-
tion. This dynamic response in the epigenome’s DNA methylation may serve as 
a useful model to understand developmental reprogramming in the germ line and 
during preimplantation. 

 Serum to 2i transitions have been characterised at the RNA and epigenome level 
of DNA. Genome-wide bisulphite profi ling indicated that, while most of the genomic 
features quickly lost methylation, major satellite repeats of the centromere, the IAP 
class of retrotransposons and imprinted genes were ostensibly resistant to this change 
(Ficz et al.  2013 ). Initial fi ndings from RNA-seq noted a striking downregulation of 
the de novo methylation machinery, while the maintenance pathway, in particular, 
Dnmts and Uhfr1, was largely unchanged or upregulated similarly to the oxidative 
pathway mediated by TETs. Prdm14, an important negative transcriptional regula-
tor of the de novo methyltransferase genes, was profoundly upregulated as well. 
This upregulation of Prdm14 was regarded as supplying mechanistic understanding 
for the rapid and widespread demethylation. In this transition, DNA methylation 
is reduced by 50 % (5mC/C) in 24 h, while 5hmC increases from 0.08 to 0.28 % 
(5hmC/C) (Yamaji et al.  2013 ; Leitch et al.  2013 ; Ficz et al.  2013 ). However, con-
ditional deletion of both de novo methyltransferases has been tested, but the time-
line for reduction of DNA methylation to this extent failed to fi t the model. In fact, 
Dnmt3a and Dnmt3b double null ES cells need an excess of 30 passages to become 
fully demethylated (Chen et al.  2003 ). More congruous with the observed rapid 
decline was the suggestion that this was caused by the erosion in the fi delity of the 
maintenance process (Ficz et al.  2013 ). The best fi t suggested a combination of all 
three methods, including TET-mediated oxidative pathways albeit with only a minor 
effect at most loci. 

 Interestingly, a recent re-evaluation of the reciprocal loss of methylation and gain 
of hydroxymethylation in the zygote has uncovered similar principles and advanced 
our understanding of the complexity which is the reprogramming of DNA methyla-
tion in mammals (Amouroux et al.  2016 ). These integrated global and locus-specifi c 
modulations will have signifi cant impact in therapeutic applications for regenerative 
medicine and in the testing of patient-specifi c treatment which replies on a modifi -
cation of the epigenome to restore and correct errors associated with human infertil-
ity and in the understanding of nutrition and health in ageing.     
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    Abstract 
   Mammalian DNA methylation mainly occurs at the carbon-C5 position of 
 cytosine (5mC). TET enzymes were discovered to successively oxidize 5mC to 
5-hydromethylcytosine (5hmC), 5-formylcytosine (5fC), and 5- carboxylcytosine 
(5caC). TET enzymes and oxidized 5mC derivatives play important roles in vari-
ous biological and pathological processes, including regulation of DNA demeth-
ylation, gene transcription, embryonic development, and oncogenesis. In this 
chapter, we will discuss the discovery of TET-mediated 5mC oxidation and the 
structure, function, and regulation of TET enzymes.  

mailto:xuyh@fudan.edu.cn


276

   Abbreviations 

   2HG    2-Hydroxyglutarate   
  5caC    5-Carboxylcytosine   
  5fC    5-Formylcytosine   
  5hmC    5-Hydromethylcytosine   
  5hmrC    5-Hydroxymethylcytidine   
  5mC    5-Methylcytosine   
  5mrC    5-Methylcytidine   
  6mA    N6-methyladenine   
  ABH2    AlkB homolog 2   
  AID    Activation-induced deaminase   
  AML    Acute myeloid leukemia   
  APOBEC    Apolipoprotein B mRNA-editing enzyme complex   
  BER    Base excision repair   
  CD    Catalytic domain   
  Chip-seq    Chromatin immunoprecipitation-sequencing   
  CMML    Chronic myelomonocytic leukemia   
  CpG    Cytosine-phosphate-guanine   
  CXXC    Cysteine-X-X-cysteine   
  Cys-C    Cys-rich C-terminal   
  Cys-N    Cys-rich N-terminal   
  Cys-rich    Cysteine rich   
  DMAD    DNA 6mA demethylase   
  DNMT    DNA methyltransferase   
  DSBH    Double-stranded β-helix   
  E11.5    Embryonic day 11.5   
  FH    Fumarate hydratase   
  HCF1    Host cell factor 1   
  HEK293    Human embryonic kidney 293   
  hmU    Hydroxymethyluracil   
  IDH    Isocitrate dehydrogenase   
  iPSCs    Induced pluripotent stem cells   
  JBP    J-binding protein   
  JmjC    Jumonji C   
  LC-MS    Liquid chromatography-mass spectrometry   
  MEFs    Mouse embryonic fi broblasts   
  mESCs    Mouse embryonic stem cells   
  MET    Mesenchymal to epithelial   
  NER    Nucleotide excision repair   
  NOG    N-oxalylglycine   
  OGT    O-linked β-N-acetylglucosamine transferase   
  OSKM    Oct4, Sox2, Klf4, and c-Myc   
  PGCs    Primordial germ cells   
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  Pol II    RNA polymerase II   
  R-2HG    R-2-hydroxyglutarate   
  SAM    S-adenosyl methionine   
  SDH    Succinate dehydrogenase   
  SMUG1    Single-strand-selective monofunctional uracil DNA glycosylase 1   
  T7H    Thymine-7-hydroxylase   
  TAB-seq    Tet-assisted bisulfi te sequencing   
  TCA    Tricarboxylic acid   
  TDG    Thymine-DNA glycosylase   
  TET    Ten-eleven translocation   
  TSKM    Tet1, Sox2, Kf4, and c-Myc   
  TSS    Transcription start site   
  α-KG    α-Ketoglutarate   

1         Introduction 

 DNA methylation plays important roles in various biological processes through 
regulating gene expression, genome stability, genomic imprinting, and develop-
ment (Bird  2002 ; Jaenisch and Bird  2003 ; Smith and Meissner  2013 ). Mammalian 
DNA methylation mainly occurs at the carbon-5 position of cytosine (5-methyl-
cytosine, also known as 5mC) in CpG dinucleotide context (Bird  2002 ). Over the 
past several decades, mammalian DNA demethylation has been thought to be a 
passive process occurring through DNA replication-dependent dilution of the 
methylation mark in the absence of the maintenance DNA methyltransferase 
DNMT1. However, the passive dilution seems to be insuffi cient to account for the 
massive and cell division- independent DNA demethylation during specifi c stages 
of development. For example, genome-wide DNA demethylation in sperm-
derived paternal pronuclei is detected shortly after fertilization before the com-
pletion of the fi rst round of cell division (Mayer et al.  2000 ; Oswald et al.  2000 ). 
Proximal epiblast-derived primordial germ cells (PGCs) also undergo global 
DNA demethylation during their migration (Lee et al.  2002 ; Yamazaki et al. 
 2003 ; Hajkova et al.  2002 ). Considering that PGCs go through several cell cycles 
in the presence of DNMT1 before arriving at the genital ridge at E11.5, active 
DNA demethylation mechanisms are proposed to be involved in this process (Wu 
and Zhang  2010 ). Additionally, DNA demethylation has been reported to take 
place in the promoter region of different genes in somatic cells upon stimulation 
by certain signals, indicating the existence of active DNA demethylation 
(Bruniquel and Schwartz  2003 ; Kangaspeska et al.  2008 ; Martinowich et al. 
 2003 ; Metivier et al.  2008 ). 

 Over the past decades, a number of studies have reported the identifi cation of 
different enzymes and pathways involved in DNA demethylation, including the 
enzymatic removal of the methyl groups, nucleotide excision repair (NER) 
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pathway, and deamination followed by base excision repair (BER) pathway. 
However, none of the above fi ndings has been essentially proven. Recently, ten-
eleven translocation (TET) proteins have been demonstrated to catalyze the oxida-
tion of 5mC (Ito et al.  2011 ; He et al.  2011 ; Tahiliani et al.  2009 ). Further studies 
have indicated that TET and the oxidized 5mC derivatives play important roles in 
various biological and pathological processes, including the regulation of active 
DNA demethylation, gene transcription, embryonic development, and oncogenesis 
(Branco et al.  2012 ; Cimmino et al.  2011 ; Pastor et al.  2013 ; Tan and Shi  2012 ; 
Williams et al.  2012 ; Wu and Zhang  2011 ,  2014 ; Xu and Walsh  2014 ). Phylogenetic 
analyses show that members of the TET family are present in a vast variety of 
organisms from phages and fungus to plants and animals (Iyer et al.  2009 ,  2013 ). 
The prokaryotic TET proteins may generate 5hmC or hmU as an epigenetic mark or 
to help the prokaryotes to escape from the restriction-modifi cation system of the 
host. Here, we will focus on the discovery of TET-mediated 5mC oxidation and the 
structure, function, and regulation of TET enzymes and briefl y describe the subse-
quent steps in DNA demethylation.  

2     Discovery of TET-Mediated 5mC Oxidation 

2.1     TET-Mediated Iterative Oxidation of 5mC 

 Ten-eleven translocation 1 (TET1) was fi rst identifi ed as an MLL fusion partner 
in acute myeloid leukemia (AML) patients (Ono et al.  2002 ). Mammalian TET 
proteins have three family members, TET1, TET2, and TET3. TET proteins were 
considered as candidates in a search for 5mC-modifying enzymes in mammals 
(Tahiliani et al.  2009 ), because they show homology to the trypanosome proteins 
J-binding protein 1 (JBP1) and JBP2, which have been proposed to possess hydrox-
ylase activity toward the C5-methyl group of thymine (Cliffe et al.  2009 ; Yu et al. 
 2007 ). TET1 has been identifi ed to catalyze the hydroxylation of 5mC to gener-
ate 5- hydroxylmethylcytosine (5hmC) in a manner dependent on α-ketoglutarate 
(α-KG) and Fe(II) (Tahiliani et al.  2009 ). This activity has been observed for all 
three mouse Tet enzymes (Ito et al.  2010 ). 

 Later on, two groups independently demonstrated that TET mediate iterative 
oxidation of 5mC to 5hmC, 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) 
(He et al.  2011 ; Ito et al.  2011 ), reminiscing the thymine-7-hydroxylase (T7H)-
catalyzed stepwise conversion of thymine to isoorotate (Smiley et al.  2005 ; Neidigh 
et al.  2009 ; Liu et al.  1973 ). The three 5mC oxidation derivatives counteract the 
DNMT1-mediated maintenance methylation, because CpG sites containing oxi-
dized 5mC are not good substrates for DNMT1 (Hashimoto et al.  2012 ; Valinluck 
and Sowers  2007 ). Following studies have demonstrated that active DNA demeth-
ylation is dependent on TET3 in the early stage of embryo development (Guo et al. 
 2014 ; Shen et al.  2014a ; Gu et al.  2011 ). Thus, TET enzymes may facilitate DNA 
demethylation through passive dilution of the modifi ed bases during replication 
and/or via active demethylation (Fig.  1 ).
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  Fig. 1    Pathways for dynamic DNA methylation. ( a ) Mammalian DNA methylation (5mC) is 
established by de novo DNA methyltransferases DNMT3A/3B, and the patterns of 5mC are main-
tained by DNMT1. TET enzymes successively oxidize 5mC to 5hmC, 5fC, and 5caC. The three 
5mC derivatives may be involved in DNA demethylation through passive dilution and active 
demethylation. The latter has been observed in early embryo development, but the mechanism 
remains unknown. 5fC/5caC is replaced by unmodifi ed cytosine through the TDG-initiated BER 
pathway, which does not account for massive DNA demethylation in mouse zygotes but contrib-
utes to demethylation of specifi c loci in ESCs and neurons. ( b ) Schematic model for the oxidative 
reactions catalyzed by TET enzymes       
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2.2        TET-Dependent DNA Demethylation 

 An additional step for the active DNA demethylation should exist because 5mC and 
its oxidation derivatives 5hmC/5fC/5caC do not spontaneously convert to unmodi-
fi ed cytosine under physiological conditions. Interestingly, 5fC and 5caC can be 
recognized and excised by thymine-DNA glycosylase (TDG) coupled with the BER 
pathway (He et al.  2011 ; Maiti and Drohat  2011 ; Zhang et al.  2012 ) to complete the 
demethylation pathway (Fig.  1 ). However, TDG is not required for active demethyl-
ation during early stage embryo development (Guo et al.  2014 ). In the thymidine 
salvage pathway, the thymine to uracil conversion is achieved by thymine hydrox-
ylation to isoorotate, followed by decarboxylation catalyzed by the isoorotate decar-
boxylase (Neidigh et al.  2009 ; Smiley et al.  2005 ; Xu et al.  2013 ). Decarboxylation 
has been proposed to contribute to the conversion of 5caC to an unmodifi ed cyto-
sine. In support of this hypothesis, a 5caC-decarboxylation activity has been 
observed in nuclear extracts of mouse embryonic stem cells (mESCs) (Schiesser 
et al.  2012 ). However, to what extent this decarboxylation activity contributes to the 
active demethylation remains largely unknown. 

 5mC derivatives have been proposed to serve as intermediates in DNA demeth-
ylation through alternative pathways. For example, cytidine deaminase AID 
(activation- induced deaminase)/APOBEC (apolipoprotein B mRNA-editing 
enzyme complex) family members have been proposed to deaminate 5hmC to gen-
erate 5hmU, which is further removed by SMUG1 (single-strand-selective mono-
functional uracil DNA glycosylase 1) or TDG and ultimately replaced by cytosine 
via the BER pathway (Guo et al.  2011 ). However, controversial evidence for this 
hypothesis does exist. For example, 5hmU is not detectable in HEK293T cells con-
comitantly with the overexpression of AID/APOBEC. Purifi ed AID/APOBEC pos-
sess decreased or undetectable deamination activity toward 5mC or 5hmC compared 
with the canonical substrate cytosine, because of steric effects of the 5-substituent 
groups (Nabel et al.  2012 ; Rangam et al.  2012 ). Intriguingly, DNMT3A/3B have 
been shown to directly convert 5hmC to cytosine in the absence of S-adenosyl-L- 
methionine (AdoMet) under certain reaction conditions (Liutkeviciute et al.  2009 ; 
Chen et al.  2012 ). Moreover, a decarboxylation activity toward 5caC mediated by 
bacterial and mammalian DNA methyltransferases, such as M.HhaI and DNMTs, 
was reported (Liutkeviciute et al.  2014 ). However, whether this reaction occurs 
in vivo remains elusive (Shen et al.  2014b ), because AdoMet acts as a general 
methyl donor in various biological processes and it is very abundant in cells.  

2.3     Mechanisms for TET-Mediated 5mC Oxidation 

 TET enzymes belong to the group of α-KG/Fe(II)-dependent dioxygenases 
(Tahiliani et al.  2009 ; Iyer et al.  2009 ) (Fig.  2 ). Members of this enzyme family 
regulate secondary metabolisms in plants and microorganisms, biosynthesis of col-
lagen, hypoxia response, and epigenetic modifi cation in animals, through catalyzing 
versatile oxidative reactions, such as hydroxylation, desaturation, epoxidation, 
epimerization, and oxidative halogenations (McDonough et al.  2010 ; Loenarz and 
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Schofi eld  2008 ). In mammals, the group includes the AlkB family of DNA/RNA 
demethylases, JmjC-containing histone lysine demethylases, TET enzymes, and 
other enzymes that will not be discussed hereafter.

   Oxidation mediated by the α-KG/Fe(II)-dependent dioxygenases can be divided 
into two successive steps, dioxygen activation and substrate oxidation (Fig.  1b ) 
(Shen et al.  2014b ). In the fi rst step, Fe(II) and α-KG coordinate to the “facial triad” 
composed of the conserved HxD/E…H (where x can be any residue) motif of the 
enzyme. Then substrate deposition allows molecular dioxygen to replace the water 
molecule and bind to the Fe(II) in the catalytic center of the enzyme. One oxygen 
atom of the bound dioxygen inserts into the succinate derived from α-KG decarbox-
ylation, and the other one couples with the iron to generate a high-valent Fe(IV)-oxo 
intermediate (Seisenberger et al.  2012 ; Krebs et al.  2007 ; Valegard et al.  2004 ). The 
dioxygen activation procedure has been demonstrated to be accelerated in the pres-
ence of substrate within the catalytic cavity (Ryle et al.  1999 ), which induces envi-
ronmental changes in Fe(II) coordination and then facilitates dioxygen binding 
(Muller et al.  2005 ). In the second step, the C-H bond of the substrate is cleaved by 
the Fe(IV)-oxo oxidizing radical, and the oxygen atom is transferred to the target 
carbon group through hydrogen abstraction (Price et al.  2003 ; Hoffart et al.  2006 ). 
Upon substrate oxidation, the iron returns to the Fe(II) state and thus completes one 
reaction cycle. TET enzymes oxidize 5mC through the same mechanism (Fig.  2 ) 
(Shen et al.  2014b ). In the fi rst cycle of oxidation, 5mC is converted to 5hmC. In the 
next step, 5hmC is further oxidized to a germinal diol, which decomposes into 5fC, 

  Fig. 2    TET-mediated oxidation of 5mC. TET enzymes successively oxidizes 5mC to 5hmC, 5fC, 
and 5caC. The oxidation depends on the presence of Fe(II), molecular oxygen, and α-KG as co- 
substrates. Vitamin C and ATP enhance the enzymatic activity of TET. TET enzymes and 5mC 
oxidation derivatives are involved in various molecular events (DNA demethylation and regulation 
of gene expression) and therefore play key roles in embryonic development and oncogenesis. 
Patient-derived mutations of enzymes in TCA cycle, including IDH1/2, SDH, and FH lead to 
accumulation of metabolites 2-HG, succinate, and fumarate. These α-KG analogs competitively 
inhibit the activities of TET enzymes and JmjC-containing histone demethylases and therefore 
may contribute to oncogenesis       
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and then 5caC is generated in a third cycle. One α-KG is consumed for each cycle 
of the reaction (Fig.  1b ).  

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

 In addition to their activity toward 5mC in DNA, enzymes of the TET family also 
possess oxidation activity on other substrates, including 5-methylcytidine (5mrC) in 
RNA and N6-methyladenine (6mA) in DNA. Fu et al. found that TET enzymes 
convert 5mrC to 5-hydroxymethylcytidine (5hmrC) in RNA in vitro and induce the 
formation of 5hmrC in human cells (Fu et al.  2014 ). The presence of 5hmrC in RNA 
has been verifi ed in mammalian cells using sensitive and accurate LC-MS/MS/
MS. This study has given rise to a number of open questions. For example, can 
5hmrC-RNA be further oxidized similarly to 5hmC in DNA? What is the function 
of TET in mediating the oxidation of 5mrC in RNA? Additionally, 5mrC in RNA 
should be recognized by TET enzymes in a manner similar to that of 5mC in DNA 
during oxidation. Consequently, how do TET enzymes recognize 5mrC-RNA? 

 DNA 6mA is commonly found in bacterial genomes. Recent studies have dem-
onstrated the existence of this modifi ed nucleotide in genomes of various eukary-
otes, including  Chlamydomonas  (Fu et al.  2015 ),  C. elegans  (Greer et al.  2015 ), 
and  Drosophila  (Zhang et al.  2015 ). While searching for a specifi c enzyme respon-
sible for demethylation of 6mA, Zhang et al. found a  Drosophila  gene (CG2083) 
that possesses such activity and named the corresponding protein DMAD (DNA 
6mA demethylase), which is a homolog of mammalian TET (Zhang et al.  2015 ). 
Nuclear extracts from late-stage embryos showed considerable 6mA demethyl-
ation activity, whereas depletion of DMAD from the nuclear extracts using an anti-
DMAD antibody or siRNA led to the loss of 6mA demethylase activity. Further 
study has suggested that DMAD removes 6mA primarily from transposon regions 
and is essential for development (Zhang et al.  2015 ). In an in vitro assay, the cata-
lytic domain (CD) of DMAD shows 5mC oxidation activity, albeit approximately 
30-fold lower than that of Tet1-CD, suggesting dual substrate specifi city. This study 
is the fi rst report to indicate that TET enzymes can oxidize nucleotides other than 
5mC/5mrC. Intriguingly, structure-based sequence analysis has indicated that all 
critical residues for 5mC recognition are conserved in human TET2 and  Drosophila  
DMAD (Hu et al.  2013 ). Because 6mA is considerably larger than 5mC, it would be 
of interest to investigate how 6mA is bound and specifi cally recognized by DMAD.   

3     Function of TET Enzymes 

3.1     Distribution of TET Enzymes and 5mC Oxidation 
Derivatives 

 The level of 5hmC is relatively high in neurons (15–40 % of 5mC), and self- 
renewing and pluripotent stem cells, but is greatly reduced in cancer cells and 
along with differentiation (Globisch et al.  2010 ; Ito et al.  2011 ; Mellen et al.  2012 ; 
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Pfaffeneder et al.  2011 ; Song et al.  2011 ; Tahiliani et al.  2009 ; Szwagierczak et al. 
 2010 ; Ruzov et al.  2011 ), suggesting a positive correlation between 5hmC and 
pluripotent states. Based on this fi nding 5hmC might serve as not only a DNA 
demethylation intermediate but also a relatively stable epigenetic mark. The 5mC 
derivatives may reduce DNA-binding affi nity of methyl-CpG-binding proteins 
(Valinluck et al.  2004 ) or could be recognized by other chromatin-associated fac-
tors for transcriptional regulation (Frauer et al.  2011 ; Yildirim et al.  2011 ; Zhou 
et al.  2014 ). 

 Consistent with the enrichment of 5hmC in mESCs, relatively high expression 
levels of Tet1 and Tet2 (to a lesser extent Tet3) are also detected in mESCs and 
mouse iPSCs, whereas the protein levels diminish during mESCs differentiation 
(Ito et al.  2010 ; Szwagierczak et al.  2010 ; Wossidlo et al.  2011 ; Ficz et al.  2011 ). 
TET enzymes are expressed at different magnitudes in adult human and mouse tis-
sues (Ito et al.  2010 ). In particular, Tet1 is largely expressed in PGCs (Yamaguchi 
et al.  2012 ). Tet3 is highly expressed in oocytes and zygotes, whereas Tet1 or Tet2 
shows undetectable or moderate expression (Wossidlo et al.  2011 ), indicating a 
critical role for Tet3 in epigenetic reprogramming during embryo development. The 
expression levels of TET enzymes are largely decreased in various cancers which is 
also consistent with the low level of 5hmC (Lian et al.  2012 ; Yang et al.  2013 ; 
Haffner et al.  2011 ). 

 In accordance with other chromatin-modifying enzymes, overexpressed TET1 is 
observed in the nucleus, but not the cytoplasm in cultured HEK293 cells by immu-
nofl uorescence staining (Tahiliani et al.  2009 ). Transfected Tet1, Tet2, and Tet3 are 
also found localized in the nucleus in cultured U2OS and HEK293T cells by another 
group (Ito et al.  2010 ). However, Tet3 is found present in the male pronucleus in the 
zygotic stage, and it translocates to the cytoplasm in the preimplantation stages (Gu 
et al.  2011 ). Besides, Aid may regulate the subcellular localization of Tet proteins. 
When co-transfected with Aid, the subcellular localization of Tet1/2/3 is altered to 
the cytoplasm from the nucleus, and this translocation is associated with Aid shut-
tling (Arioka et al.  2012 ). 

 A base resolution map of 5hmC in human and mouse ESCs determined by Tet- 
assisted bisulfi te sequencing (TAB-seq) has revealed its widespread distribution in 
the genome and varied abundance across functional elements (Yu et al.  2012 ). 
Almost half (46.4%) of the 5hmCs reside in distal regulatory elements, in which 
p300-binding sites, enhancers, CTCF-binding sites, and DNaseI hypersensitive 
sites harbor more 5hmC than other genic regions. High levels of 5hmC concomitant 
with low levels of 5mC have been observed near the transcription factor binding 
sites but not within them. 5mC but not 5hmC is enriched in repetitive elements. 
Notably, TAB-seq analysis has indicated that 5hmC is abundant in regions with low 
CpG content (Yu et al.  2012 ), whereas antibody-based sequencing has indicated that 
5hmC is enriched in CpG-rich transcription start sites (TSSs) (Williams et al.  2011 ). 
This discrepancy may result from the different approaches used. 

 Genome-wide analysis of 5fC localization in mESCs has revealed that 5fC 
is enriched at poised and active enhancers, preferentially at poised enhancers, 
suggesting its roles in epigenetic priming (Song et al.  2013 ). An additional 
study using DNA immunoprecipitation-coupled chemical modifi cation-assisted 
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bisulfi te sequencing has indicated that 5fC and 5caC can be detected in  enhancers, 
promoters, and intragenic regions but share limited overlap in mESCs genome 
(Lu et al.  2015 ). In addition, the 5mC oxidation activity negatively correlates 
with 5mC abundance and positively correlates with enhancer activity, suggesting 
its roles in regulating gene expression (Lu et al.  2015 ) by affecting the process of 
transcriptional elongation. In support of this hypothesis,  Tdg -KO mESCs display 
an apparent retardation of RNA polymerase II (Pol II) elongation compared with 
the wild-type cells, possibly because of the increased level of 5caC. The crystal 
structure of Pol II in complex with 5caC-DNA indicates that an extra hydro-
gen bond formed between Pol II and 5caC may contribute to this retardation 
(Wang et al.  2015a ). These studies suggest a functional impact of 5caC on gene 
expression.  

3.2     Tet1 in mESCs and Cell Differentiation 

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

 Although Tet1 plays a role in gene regulation, it is largely dispensable in the 
maintenance of pluripotency; however, it may regulate the cell lineage differentia-
tion.  Tet1  knockdown and knockout mESCs present an unvaried propagation rate 
and morphology (Ficz et al.  2011 ; Dawlaty et al.  2011 ; Koh et al.  2011 ). The full 
pluripotency of  Tet1  −/−  mESCs has also been verifi ed by the tetraploid complemen-
tation assay (Dawlaty et al.  2011 ).  Tet1  knockdown or knockout mESCs generate 
teratomas that contain differentiated cells from all three germ layers but show 
skewed differentiation toward the trophectoderm (Dawlaty et al.  2011 ; Koh et al. 
 2011 ). Consistently,  Tet1  knockdown mESCs show increased mRNA levels of 
trophectoderm markers  Cdx2 ,  Eomes , and  Hand1  but decreased mRNA levels of 
 Pax6  and  Neurod1 , which are representatives of neuroectoderm (Koh et al.  2011 ). 
The  Tet1  and  Tet2  double-knockout mESCs retain pluripotency in the teratoma for-
mation assay but generate abnormal chimeric embryos (Dawlaty et al.  2013 ). 
Although there exist possible defects in embryo development as indicated by the 
signifi cant skewing,  Tet1  −/−  mice are viable and fertile and grow normally, except for 
the smaller size of some of the pups (Dawlaty et al.  2011 ), and viable  Tet1  and  Tet2  
double-knockout mice can also be generated, albeit with a low birthrate (Dawlaty 
et al.  2013 ).  
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3.3     TET3 in Early Embryogenesis 

 Active demethylation of the paternal pronucleus occurs rapidly after fertilization 
(Mayer et al.  2000 ; Oswald et al.  2000 ). Recent studies have suggested that TET- 
mediated 5mC oxidation participates in this demethylation process (Wossidlo et al. 
 2011 ; Iqbal et al.  2011 ; Gu et al.  2011 ). Immunofl uorescence staining has indicated 
that 5mC of the maternal pronucleus remains constant through different pronucleus 
stages, whereas 5mC in paternal pronuclei is progressively lost and 5hmC shows up. 
Coincident with the appearance of 5hmC, Tet3 is especially enriched in oocytes and 
paternal pronuclei of zygotes (Wossidlo et al.  2011 ; Gu et al.  2011 ; Iqbal et al.  2011 ), 
suggesting its key role in DNA demethylation. Tet3-defi cient zygotes show impaired 
conversion of 5mC to 5hmC in paternal genome and retardation of demethylation of 
paternal  Oct4  and  Nanog  genes, indicating that Tet3 plays an important role in epigen-
etic reprogramming (Gu et al.  2011 ). Tet3 also generates 5fC and 5caC in paternal pro-
nuclei (Inoue et al.  2011 ), which may also contribute to DNA demethylation (Fig.  1 ). 

 It is generally believed that 5mC in maternal pronuclei does not undergo active 
demethylation (Inoue et al.  2011 ; Inoue and Zhang  2011 ; Iqbal et al.  2011 ; Gu et al. 
 2011 ; Xie et al.  2012 ). The corresponding 5mC seems to be protected by PGC7 
(also known as Dppa3 or Stella) (Nakamura et al.  2007 ; Wossidlo et al.  2011 ; Iqbal 
et al.  2011 ). However, advanced single-base resolution sequencing analyses of 
mouse oocytes and early embryos have indicated that both maternal and paternal 
pronuclei undergo active demethylation and replication-dependent dilution of meth-
ylation (Wang et al.  2014 ; Guo et al.  2014 ; Shen et al.  2014a ). Wang et al. have 
demonstrated the existence of 5hmC and 5fC in both male and female pronuclei and 
showed that a signifi cant proportion of maternal genomes are subjected to active 
demethylation (Wang et al.  2014 ). Studies from another two groups have indicated 
that replication-dependent dilution contributes more than expected to genome-wide 
demethylation in both maternal and paternal pronuclei (Guo et al.  2014 ; Shen et al. 
 2014a ). Nevertheless, active DNA demethylation does occur in a manner dependent 
on TET3, although the mechanism remains elusive (Fig.  1 ).  

3.4     TET Enzymes in PGC Development 

 During the development of PGCs, massive genome-wide demethylation occurs for 
the establishment of totipotency of the germ cells (Saitou et al.  2012 ).  Tet1  (but not 
 Tet2  or  Tet3 ) is substantially expressed in mouse PGCs and is enriched between 
E10.5 and E11.5, suggesting its key role in regulating methylation states of imprint-
ing genes during PGCs development (Hackett et al.  2013 ; Yamaguchi et al.  2012 , 
 2013 ).  Tet1  paternal knockout mice have been obtained by mating  Tet1  −/−  male and 
wild-type female mice, but the mice exhibit partial fetal or postnatal defects as well 
as early embryo lethality (Yamaguchi et al.  2013 ). 

 Interestingly, 5mC and 5hmC diminish at different rates during PGCs develop-
ment (Hackett et al.  2013 ), suggesting the occurrence of two waves of genomic 
demethylation. During the fi rst wave, 5mC drops to approximately 30 % until 
E9.5 during PGC migration (Seisenberger et al.  2012 ) owing to passive dilution 
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(Kurimoto et al.  2008 ). During the second wave, active demethylation occurs in a 
manner dependent on TET1 and possibly TET2, leading to a rapid decrease in 5mC 
and a slight increase in 5hmC, followed by a decline resembling a dilution pattern 
(Hackett et al.  2013 ; Yamaguchi et al.  2013 ).  

3.5     TET Enzymes in Somatic Cell Reprogramming 

 In induced pluripotent stem cells (iPSCs) from mouse embryonic fi broblasts (MEFs) 
induced by OSKM factors (Oct4, Sox2, Klf4, and c-Myc), Tet1 has a high expres-
sion level, whereas Tet2 expression is relatively moderate and Tet3 is undetectable 
(Gao et al.  2013 ). MEFs lacking all three Tet enzymes no longer produce repro-
grammed colonies; this result is in contrast to MEFs defi cient in one or two of the 
Tet enzymes, indicating that Tet enzymes are redundant but essential for iPSCs 
generation (Hu et al.  2014 ). Furthermore, Tet1 overexpression can facilitate OSKM 
(Oct4, Sox2, Klf4, and c-Myc)-induced iPSC formation (Gao et al.  2013 ). The 
underlying mechanisms for Tet functions in iPSC generation have been studied 
from various aspects, as indicated below. 

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

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

3.6     TET Enzymes and Cancer 

  TET2  mutations are frequently observed in chronic myelomonocytic leukemia 
(CMML), AML, and other myeloid malignancy patients (Abdel-Wahab et al.  2009 ; 
Langemeijer et al.  2009 ; Tefferi et al.  2009 ). Some of the patient-derived mutations, 
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such as those involved in iron chelation (H1881, H1382, and D1384), α-KG 
 interaction (R1896, R1261, and S1898), and DNA recognition (N1387, H1904, and 
Y1902), largely decrease or abolish TET2 activity (Ko et al.  2010 ; Hu et al.  2013 ). 
The prevalence of two catalytic inactive mutants (H1802 and R1817, corresponding 
to H1881 and R1896 in human TET2) strongly correlates with low genomic 5hmC 
levels in the bone marrow and blood. Further evidence has shown that TET2 is criti-
cal for normal myelopoiesis (Ko et al.  2010 ).  Tet2  defi ciency results in enhanced 
self-renewal and the abnormal proliferation of hematopoietic stem cells, resulting in 
splenomegaly, monocytosis, and extramedullary hematopoiesis in an animal model 
(Moran-Crusio et al.  2011 ).  Tet2   +/−   mice are also predisposed for myeloid transfor-
mation (Moran-Crusio et al.  2011 ).  TET2  mutations have been identifi ed in human 
lymphomas, and these loss-of-function mutants may perturb the early developmen-
tal state of hematopoietic stem cells, leading to myeloid and/or lymphoid malignan-
cies (Quivoron et al.  2011 ). 

 Melanoma is a highly malignant and aggressive type of cancer and displays 
globally hypomethylation and gene-specifi c hypermethylation at certain tumor sup-
pressors (Hoon et al.  2004 ; Liu et al.  2008 ; Shen et al.  2007 ). 5hmC is considerably 
decreased in melanoma, compared with melanocytes and nevi, suggesting that the 
modifi cation may be a unique feature of melanoma. Moreover, all three TET pro-
teins are downregulated in melanoma, which is consistent with the decreased 5hmC 
level (Lian et al.  2012 ). The low level of 5hmC and downregulation of TET enzymes 
have also been found in other human cancer cells, including breast, liver, lung, pan-
creatic, colon, and prostate cancers (Yang et al.  2013 ; Haffner et al.  2011 ).  

3.7     TET Enzymes in Neural System 

 The presence of 5hmC in mammalian genomes was fi rst discovered in Purkinje 
neurons and the brain (Kriaucionis and Heintz  2009 ). Relatively high levels of 
5hmC have been observed in various adult brain regions (Munzel et al.  2010 ; 
Ruzov et al.  2011 ; Szwagierczak et al.  2010 ), suggesting important roles for TET 
enzymes and 5mC oxidation derivatives in neural systems. TET1 exhibits strong 
co- localization with the neuronal marker NeuN throughout the hippocampus, 
implicating a primary expression and distribution in neurons (Kaas et al.  2013 ). 
Overexpression of TET1 leads to increased conversion of 5mC to 5hmC in the 
central nervous system and TET1 is essential for the demethylation of fi broblast 
growth factor 1 ( Fgf1 ) and brain-derived neurotrophic factor ( Bdnf ) promoters 
(Guo et al.  2011 ). 

  Tet1  knockout mice display normal overall health and brain development 
(Rudenko et al.  2013 ; Gao et al.  2013 ). However, depletion of Tet1 leads to a hyper-
methylation and downregulation of genes involved in progenitor cells proliferation 
and therefore impaired hippocampal neurogenesis and the mice exhibit poor learn-
ing and memory (Gao et al.  2013 ). Another group reported that the Tet1 ablation 
gives rise to the downregulation of genes involved in neuronal activity and results in 
impairment of memory extinction, synaptic plasticity, and hippocampal long-term 
depression (Rudenko et al.  2013 ).   
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4     Structure of TET Enzymes 

4.1     Domain Structure of Human TET Enzymes 

 The three TET family members (TET1, TET2, and TET3) share a less conserved 
N-terminal region and highly conserved C-terminal catalytic domain, a character-
istic fold in α-KG and Fe(II)-dependent dioxygenases (Fig.  3a ). TET1 (also known 
as CXXC6) and TET3 (also known as CXXC10) contain an N-terminal zinc fi nger 
cysteine-X-X-cysteine (CXXC) domain, which was previously thought to recog-
nize unmethylated CpGs (Long et al.  2013 ). Intriguingly,  TET2  does not encode 
a CXXC domain, but in the genome it is located close to the  IDAX  gene, which 
encodes a CXXC domain similar to that of TET1 and TET3. IDAX directly inter-
acts with TET2 and is enriched at unmethylated CpGs (Ko et al.  2013 ). Genome- 
wide analysis in mESCs indicates that Tet1 preferentially localizes to the TSS of 
unmethylated CpG-rich promoters and within genes (Williams et al.  2011 ; Wu et al. 
 2011 ). Biochemical analysis indicates that the CXXC domain of Tet1 binds CpG 
and methylated-CpG DNA (Xu et al.  2011b ). A further structural study has indi-
cated that the Tet3 CXXC domain prefers unmethylated cytosines within CpG or 
non-CpG DNA, and the CXXC domain is critical for Tet3 targeting (Xu et al.  2012 ). 
Thus, the CXXC domain of TET enzymes may recognize CpG-containing DNA and 
accommodate cytosine methylation, thereby providing fl exibility for their genomic 
targeting. Therefore, it is of interest to investigate how the TET CXXC domains 
recognize CpG DNA when the cytosine is replaced by 5hmC, 5fC, and 5caC.

   A previous study has predicted that TET enzymes contain a double-stranded 
β-helix (DSBH) fold, which is a characteristic domain of α-KG/Fe(II)-dependent 
dioxygenases and a cysteine-rich (Cys-rich) domain at the N-terminus of the DSBH 
(Iyer et al.  2009 ). Both the DSBH and Cys-rich domains are highly conserved 
among TET enzymes and across species. There is a much less conserved low- 
complexity insert within the core DSBH domain. The deletion of the insert does not 
obviously affect the in vitro enzymatic activity of TET2 (Hu et al.  2013 ). However, 
the insert is present across the entire TET family enzymes, suggesting that it might 
be important for TET functions in vivo.  

4.2     Crystal Structure of the TET2-5mC-DNA Complex 

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

X. Yin and Y. Xu



289

  Fig. 3    Structures of TET enzymes in complex with DNA substrates ( a ) Color-coded domain 
architecture of human TET enzymes. All three TET family members share conserved Cys-rich and 
DSBH domains, which constitute the catalytic domain and are both essential for enzymatic activi-
ties of TET enzymes. TET1 and TET3 contain a CXXC domain, which recognizes CpGs and is 
essential for the function of TET enzymes in vivo. The TET2 construct used for structural study is 
indicated below. ( b ) Crystal structure of human TET2 in complex with methylated DNA. The color 
scheme is used as in Fig.  3a . The DNA is shown in ribbon representation and colored in  yellow . 
NOG, the α-KG analog, is shown in stick representation. Fe(II) and zinc cations are shown as  red  
and  gray  balls, respectively. ( c ) Ribbon representation of the crystal structure of NgTet1-DNA 
complex. The structure is shown in a similar orientation as that of TET2 in Fig.  3b  for comparison. 
( d ) Structural comparison of TET2-5mC-DNA (PDB: 4NM6, 2.02Å resolution), TET2-5hmC- 
DNA (PDB: 5DEU, 1.80 Å resolution), and TET2-5fC-DNA (PDB: 5D9Y, 1.97Å resolution) com-
plexes (Hu et al.  2013 ,  2015 ). The three complexes adopt similar overall structures (not shown). 
The close-up views of the TET2-DNA interactions show the different conformation of 
5mC/5hmC/5fC within the catalytic cavity of TET2. Critical bases or residues are shown in stick 
representation. Hydrogen bonds are indicated as  dashed lines . The nitrogen, oxygen, and phospho-
rous atoms are shown in  blue ,  red , and  orange , respectively. All the structural fi gures were modi-
fi ed from published literatures (Hu et al.  2013 ,  2015 ; Hashimoto et al.  2014 )       
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 The challenge for structural studies of TET enzymes is the diffi culty in obtaining 
well-behaved protein for crystallization. Hu et al. have mapped the minimal regions 
required for the enzymatic activity of TET2 (Hu et al.  2013 ). As shown in Fig.  3a , a 
human TET2 construct corresponding to residues 1129–1936 with an internal dele-
tion (residues 1481–1843) maintains enzymatic activity and largely improves the 
solubility and yield of protein expression and purifi cation. The TET2-5mC-DNA 
complex structure has been determined with this fragment at 2.02 Å resolution (Hu 
et al.  2013 ) (Fig.  3b ). The α-KG analog N-oxalylglycine (NOG) was used to avoid 
the oxidation of 5mC in the crystals. Notably, the TET2 regions in the crystal struc-
ture are highly conserved in most TET enzymes, indicating that the structural fea-
tures described below apply to other TET enzymes. 

 The structure shows a compact fold of the catalytic domain in complex with the 
5mC-DNA duplex. The central DSBH core is formed by two β-sheets and stabilized 
by other regions from both sides and on the bottom. The Cys-rich domain wraps 
around the DSBH core and is separated into Cys-rich N-terminal (Cys-N) and 
C-terminal (Cys-C) subdomains. Two β-strands (β12 and β13) should be connected 
by the large low-complexity insert, which has been removed for crystallization 
(Fig.  3b ). This organization is consistent with the observation that the insert is not 
required for TET activity and suggests that the insert is located away from the cen-
tral catalytic domain of TET2. 

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

 The methylated dsDNA is located above the DSBH core and is stabilized by two 
loops (L1 and L2) from Cys-C subdomain (Fig.  3b ). One methylcytosine (5mC) is 
fl ipped out of the DNA duplex and inserted into the catalytic cavity. As a replace-
ment, a hydrophobic loop fi lls in this gap within the double-stranded DNA. A highly 
conserved residue (Y1294) stabilizes the G:C base pair of the CpG dinucleotide 
through a base-stacking interaction. Therefore, TET2 may use a tipping mechanism 
to search for the modifi ed CpG when DNA slides through the enzyme (Tsai and 
Tainer  2013 ). The mechanism is similar to that observed for AlkB homolog 2 
(ABH2) (Yang et al.  2008 ,  2009 ). The comparison between TET2-DNA and ABH2- 
DNA structures has been described previously (Hu et al.  2013 ; Tsai and Tainer 
 2013 ) and will not be discussed here. 

X. Yin and Y. Xu



291

 Within the catalytic cavity, the 5mC is specifi cally recognized by TET2 through 
a network of interactions, which allow the 5mC to adopt a specifi c orientation so 
that the methyl group faces toward the catalytic center for reaction (Hu et al.  2013 ). 
The catalytic cavity is large enough to accommodate 5mC and its derivatives for 
further oxidation. With the exception of the methyl-CpG dinucleotide, only the 
DNA phosphate groups are involved in the TET2-DNA contacts. Further biochemi-
cal analysis supports that TET2 has no sequence selectivity for the DNA sequence 
besides the CpG dinucleotide (Hu et al.  2013 ).  

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

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

 NgTet1 has a DSBH core formed by two β-sheets, with the eight-stranded β-sheet 
stabilized by fi ve α-helices (Fig.  3c ). The DNA binds to NgTet1 on the basic surface 
and the fl ipped 5mC inserts into the catalytic cavity. The overall structure and the 
pattern of DNA recognition are similar to that observed in the structure of TET2- 
DNA complex. The hairpin loop L1 of NgTet1 is equivalent to loop L2 of human 
TET2, which is important for DNA recognition. NgTet1 lacks the Cys-rich region. 
As a result, the enzyme lacks the equivalents of loop L1 and the regions involved in 
the coordination of the three zinc cations in human TET2. Moreover, no insert 
within the DSBH is present in any of the eight NgTet enzymes. TET enzymes may 
have gained these additional regions (loop L1 and the insert) for potential regulatory 
functions during evolution.  

4.4     Structural Basis for Substrate Preference in TET-Mediated 
Oxidation 

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

 Recently, we determined the crystal structures of human TET2 in complex with 
5hmC-DNA and 5fC-DNA (Hu et al.  2015 ) (Fig.  3d ). The structural analyses indi-
cate that 5hmC or 5fC is specifi cally recognized by TET2 in a manner similar to that 
of 5mC in TET2-5mC-DNA structure (Hu et al.  2013 ). The cytosine portion of 
5mC/5hmC/5fC adopts an almost identical conformation within the catalytic cavity 
in the three structures (Hu et al.  2013 ,  2015 ). The major difference between 5hmC 
and 5fC is that the hydroxyl group of 5hmC and carbonyl group of 5fC face toward 
opposite directions, because the hydroxymethyl group of 5hmC and the formyl 
group of 5fC form hydrogen bonds with 1-carboxylate of NOG and N4 exocyclic 
nitrogen of cytosine, respectively. The hydrogen bonds prevent the C-C bond 
between carbon 5 of cytosine and the methyl group (5hmC or 5fC) from free rota-
tion. Therefore, the hydroxymethyl group of 5hmC and the formyl group of 5fC 
adopt restrained conformations within the catalytic cavity, whereas the methyl 
group of 5mC is not restrained, because no hydrogen bond is formed. Further bio-
chemical analyses and molecular dynamic simulations suggest that such a restrained 
conformation may prevent the hydrogen(s) of 5hmC/5fC from adopting an orienta-
tion favorable for hydrogen abstraction during catalysis leading to low catalytic 
effi ciency. The residues for catalytic cavity formation are highly conserved, which 
suggests a general mechanism for TET enzymes. Thus, the substrate preference of 
TET enzyme results from the type of 5mC derivative groups, and TET enzymes are 
less reactive toward 5hmC, further supporting that 5hmC may serve as a potentially 
epigenetic mark for regulatory functions (Hu et al.  2015 ). Genome-wide analyses 
have shown that 5fC and 5caC mainly occur at specifi c regions (Song et al.  2013 ; 
Shen et al.  2013 ), suggesting that TET might be recruited to these regions in higher 
concentration or be more active through mechanisms yet to be discovered.   

5     Regulation of TET Enzymes 

5.1     Inhibitors 

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

 Isocitrate dehydrogenases (IDH) are important metabolic enzymes involved 
in the tricarboxylic acid (TCA) cycle through converting isocitrate to α-KG. The 
 IDH1/2  genes are frequently mutated in de novo AML (Mardis et al.  2009 ), 
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melanoma (Shibata et al.  2011 ), glioma (Parsons et al.  2008 ), and thyroid carcinomas 
(Hemerly et al.  2010 ). The  IDH1/2  mutations result in a gain of enzymatic activity 
for the production and accumulation of the oncometabolite R-2-hydroxyglutarate 
(R-2HG) (Figueroa et al.  2010 ). The resultant α-KG analog functions as a competi-
tor to inhibit the activities of various α-KG/Fe(II)-dependent dioxygenases, includ-
ing JmjC-containing histone demethylases and TET enzymes (Xu et al.  2011a ; Ye 
et al.  2013 ). Loss-of-function mutations of two other key enzymes in the TCA cycle 
[fumarate hydratase (FH) and succinate dehydrogenase (SDH)] have also been 
observed in various tumors. These mutations lead to the accumulation of their sub-
strates (fumarate and succinate), which results in similar effects as IDH1/2 muta-
tions (Xiao et al.  2012 ). 

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

5.2     Activators 

 Vitamin C (also known as L-ascorbic acid) is a dietary nutrient that is critical for 
mammals. It functions as an antioxidant and plays an important role in biosynthesis 
of collagen, catecholamine, and carnitine (Englard and Seifter  1986 ) and facilitates 
the generation of iPSCs (Esteban et al.  2010 ). Vitamin C has been reported to enhance 
the enzymatic activities of a number of α-KG/Fe(II)-dependent dioxygenases, 
including prolyl 4-hydroxylase (P4H) (Myllyla et al.  1978 ) and JmjC-containing 
histone demethylases (Wang et al.  2011 ). The vitamin C-induced enhancement of 
TET activity has been observed in vitro and under various physiological conditions, 
including mouse ESCs and MEFs (Yin et al.  2013 ; Minor et al.  2013 ; Blaschke 
et al.  2013 ; Chen et al.  2013a ) (Fig.  2 ). Therefore, vitamin C may contribute to epi-
genetic remodeling through regulating JmjC-containing histone demethylases and 
TET enzymes (Young et al.  2015 ). Vitamin C is generally believed to function as 
an antioxidant to prevent the oxidation of Fe(II). However, the activity enhancement 
of α-KG/Fe(II)-dependent dioxygenases does not occur when vitamin C is replaced 
by other reducing agents and antioxidants, such as DTT, glutathione, and L-cysteine 
(Blaschke et al.  2013 ; Yin et al.  2013 ), indicating a specifi c effect. Vitamin C appears 
to bind to the C-terminal catalytic domain of TET enzymes (Yin et al.  2013 ), whereas 
the underlying mechanism for the activity enhancement needs further investigation. 

 Adenosine triphosphate (ATP) has been found to enhance the in vitro activity of 
TET enzymes (He et al.  2011 ) (Fig.  2 ). Although the cellular concentration of ATP 
is high enough for the enhancement, the physiological relevance of this fi nding 
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remains unknown. Because the expression and activity of TET enzymes are impaired 
in various tumors, it is of interest to test whether vitamin C, ATP, or other TET acti-
vators yet to be discovered could be used for cancer treatment through enhancing 
the activity of TET enzymes.  

5.3     Interacting Proteins 

 O-linked β-N-acetylglucosamine transferase (OGT) is an enzyme that transfers 
O-GlcNac moiety to the hydroxyl groups of threonine and serine residues of various 
protein substrates for specifi c regulations (Hanover et al.  2012 ). OGT directly inter-
acts with the DSBH domain of TET enzymes (primarily Tet2 and Tet3) (Chen et al. 
 2013b ; Deplus et al.  2013 ; Vella et al.  2013 ). However, neither the interaction nor 
the O-GlcNAcylation of TET regulates the activity of TET enzymes. Genome-wide 
analyses have indicated that TET enzymes recruit OGT to CpG-rich promoters. The 
depletion of TET enzymes impairs the chromatin association of OGT and OGT- 
mediated O-GlcNAcylation of histone H2B (Chen et al.  2013b ) and HCF1 (host cell 
factor 1) (Deplus et al.  2013 ). 

 Tet1 binds to and co-localize with the SIN3A co-repressor complex. Tet1 con-
tributes to the genomic targeting of SIN3A, while SIN3A does not affect Tet1 bind-
ing to the target genes (Williams et al.  2011 ). Recent studies have indicated that 
WT1, encoded by Wilms’ tumor gene  WT1 , interacts with and recruits TET2 to its 
target genes and regulates their gene expression (Wang et al.  2015b ; Rampal et al. 
 2014 ). Interestingly,  WT1 ,  TET2 , and  IDH1/2  are mutated in a mutually exclusive 
manner in AML, suggesting that these genes act in a same pathway for the suppres-
sion of oncogenesis.   

6     Concluding Remarks 

 It has now been well established that TET enzymes mediate 5mC oxidation in 
genome and play important roles in DNA demethylation, gene transcription, embry-
onic development, and oncogenesis. What remains to be addressed is how the activ-
ity and genomic localization of TET enzymes are precisely determined and 
dynamically regulated, especially during developmental and pathological processes. 
In particular, what are the key factors to allow TET enzymes to exhibit basal activity 
to generate 5hmC or higher activity to generate 5fC/5caC in specifi c genomic 
regions? What are the roles of 5hmC, 5fC, and 5caC? Are there specifi c readers to 
interpret these modifi cations? Moreover, specifi c TET inhibitors would provide 
valuable tools to study whether TET enzymes could be potential drug target for 
therapeutic applications.     
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    Abstract 
   Covalent modifi cation of DNA via deposition of a methyl group at the 5′ position 
on cytosine residues alters the chemical groups available for interaction in the 
major groove of DNA. The information content inherent in this modifi cation 
alters the affi nity and the specifi city of DNA binding; some proteins favor inter-
action with methylated DNA, and others disfavor it. Molecular recognition of 
cytosine methylation by proteins often initiates sequential regulatory events 
which impact gene expression and chromatin structure. The known methyl- 
DNA- binding proteins have unique domains responsible for DNA methylation 
recognition: (1) the methyl-CpG-binding domain (MBD), (2) the C2H2 zinc fi n-
ger domain, and (3) the SET- and RING fi nger-associated (SRA) domain. 
Structural analyses have revealed that each domain has a characteristic methyl-
ated DNA-binding pattern, and this difference in the recognition mechanism ren-
ders the DNA methylation mark able to transmit complicated biological 
information. Recent genetic and genomic studies have revealed novel functions 
of methyl-DNA-binding proteins. These emerging data have also provided 
glimpses into how methyl-DNA-binding proteins possess unique features and, 
presumably, functions. In this review, we summarize structural and biochemical 
analyses elucidating the mechanism for recognition of DNA methylation and 
correlate this information with emerging genomic and functional data.  
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1       Introduction 

 DNA methylation serves as a fundamental component of epigenetic regulation; 
dysregulation of DNA methylation impacts multiple biological processes, includ-
ing tumorigenesis (Schübeler  2015 ). In mammals, most DNA methylation occurs 
in the context of the simple palindrome 5′-CG-3′, the CpG dinucleotide. In gen-
eral, 70–80 % of the CpGs in mammalian genomes are methylated (Bird  2002 ). 
Importantly, although DNA methylation has historically been depicted as a rela-
tively static modifi cation, recent studies have revealed that the methyl group on 
cytosine can be further modifi ed by oxidation; Fe (II)- and α-ketoglutarate- 
dependent oxidation mediated by ten-eleven translocation (TET) dioxygenases 
converts 5-methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC), 5-form-
ylcytosine (5fC), and 5-carboxylcytosine (5caC) (Tahiliani et al.  2009 ; Kriaucionis 
and Tahiliani  2014 ; Kohli and Zhang  2013 ). 

 The “reader proteins,” referred to as methylcytosine-binding proteins (MBPs), 
specifi cally recognize DNA methylation marks and initiate signaling pathways. 
MBPs often interact with other proteins and serve as hubs to organize effector pro-
teins to particular loci. It is the particular collection of the effector proteins associ-
ated with each MBP protein, and not the act of binding methylated CpG per se that 
typically elicits a downstream transcriptional effect. The MBP proteins can be clas-
sifi ed using structural information into three major families, each characterized by 
the presence of a critical recognition domain: the methyl-CpG-binding domain 
(MBD), the C2H2 zinc fi nger domain, and the SET- and RING fi nger-associated 
(SRA) domain. Each MBP has unique features, including DNA-binding prefer-
ences, expression patterns, or protein-protein interaction partners, and has critical 
roles in various biological contexts. The domain architecture of each protein family 
is unique, presenting opportunities for a single modifi cation, CpG methylation, to 
nucleate different effectors (Fig.  1 ).

   Many proteins are effectively prevented from high-affi nity interaction with their 
cognate DNA recognition sequences when those loci are methylated. Examples 
include myc, CREB, and members of the E2F family (Tate and Bird  1993 ). Recently, 
Schübeler and colleagues have elegantly clarifi ed the relationship between tran-
scription factor binding site methylation and productive binding for NRF1 in embry-
onic stem cells, concluding that methylation and productive binding “compete” to 
establish appropriate regulatory states (Domcke et al.  2015 ). How the addition of 
methyl groups impacts DNA-protein transactions in this manner is a fascinating 
topic beyond the scope of this chapter.  

2     The Methyl-CpG-Binding Domain Family 

2.1     MeCP2 

 MeCP2 was the fi rst MBP to be purifi ed biochemically and has its cDNA cloned 
and sequenced (Meehan et al.  1989 ,  1992 ; Lewis et al.  1992 ). The cDNA initially 
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cloned by Bird and colleagues codes for a protein of 492 amino acids that contains 
an amino terminal MBD domain and a transcriptional repression domain in the 
carboxyl-terminal region. Somewhat surprisingly, MeCP2 was subsequently found 
to be homologous to a matrix attachment binding protein from chicken known as 
ARBP, a protein identifi ed by biochemical means based on its binding to a sequence 
found in a matrix attachment region (von Kries et al.  1991 ; Weitzel et al.  1997 ). 
The biochemical characteristics initially described for MeCP2 indicated a prefer-
ence for DNA with a single fully methylated CpG dinucleotide, while the less 

  Fig. 1    Methyl-binding proteins and their protein domains.  MBD  Methyl-CpG-binding domain, 
 CXXC , CXXC type zinc fi nger domain,  PWWP  “Pro-Trp-Trp-Pro” domain,  SRA  SET- and RING 
fi nger-associated domain,  RING  Really Interesting New Gene fi nger domain,  Tudor  Tudor domain, 
 UBQ  ubiquitin-like domain,  BTB  BR-C, ttk, and bab domain,  C2H2  C2H2 type zinc fi nger domain, 
 KRAB  Kruppel-associated box domain,  WT1  Wilms’ tumor 1 type zinc fi nger domain       
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well-characterized MeCP1 activity required at least 12 methylated CpG dinucleo-
tides (Meehan et al.  1989 ). The region responsible for the binding of methylated 
CpG sites was subsequently identifi ed and termed the MBD (for methyl-CpG- 
binding domain); this domain became the archetypal methyl-CpG-binding domain. 
Subsequent homology searches using the MBD from MeCP2 led to the identifi ca-
tion of the remaining MBD family proteins (Nan et al.  1993 ; Hendrich and Bird 
 1998 ). MeCP2 thus represents the founding member of the MBD protein family. 

 The crystal structure analysis of MeCP2 revealed that MeCP2 recognizes the 
fully methylated CpG dinucleotide using the 5mC-Arg-Gua triad (Fig.  2 ); two argi-
nines within the MBD domain (R111 and R133) each bind to a guanine with a 
hydrogen bond and form van der Waals contacts with methylated cytosines (Ho 
et al.  2008 ; Liu et al.  2013b ). In addition, a tyrosine residue forms water-mediated 
hydrogen bonds with one of the two cytosine methyl groups. Subsequent SELEX 
experiments refi ned the model, stipulating that high-affi nity interaction with meth-
ylated DNA was facilitated if the methylated CpG dinucleotide was fl anked by A/T 
base pairs on each side (see Table  13.1 ) (Klose et al.  2005 ; Ghosh et al.  2010 ). 
Exploration of the MeCP2 interaction with chromatin demonstrated that the protein 
has a very high affi nity for nucleosomes, equivalent to that of linker histone. It is 
able to mediate chromatin compaction in vitro, a function requiring residues outside 
the MBD domain (Georgel et al.  2003 ). 

   MeCP2 shows relatively high expression levels in the brain, particularly in neu-
rons, where its levels approach that of histone octamers (Skene et al.  2010 ). The 
infl uence of MeCP2 on normal chromatin architecture in neurons is underscored by 
the phenotypes of individuals defi cient in MeCP2 function. Mutations in the human 
MeCP2 gene result in the neurodevelopmental disorder Rett syndrome (Amir et al. 
 1999 ; Chen et al.  2001 ; Guy et al.  2001 ). However, despite the important role(s) in 
development and disease evident in individuals harboring mutations, MeCP2 

  Fig. 2    Schematic representation of the 5mC-Arg-Gua triad. The guanidinium group of arginine 
forms a triad with the methylated C and its adjacent G residue. The fi gure depicts a van der Waals 
contact with the cytosine methyl group and hydrogen bonds with guanine. In the right side, this 
interaction is illustrated in the MBD complex (2KY8). Arg24 is shown in  green , the CpG site in 
 blue  and  orange        
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deletion in mice has minimal impact on global gene regulation. Thus, detailed 
mechanistic insights into how disruption of MeCP2 causes developmental failure or 
Rett syndrome are currently lacking. Recently, it has been suggested that MeCP2 
recognizes methylated CpA dinucleotides within the gene body of long genes; sur-
prisingly, those long genes are downregulated when MeCP2 is absent (Gabel et al. 
 2015 ). Although it is still unclear if this observation has relevance to tissues other 
than the brain (methylation in non-CpG contexts is typically found at high levels in 
embryonic stem cells or the brain), this emerging data suggest a novel paradigm 
explaining how MeCP2 regulates gene expression.  

2.2     MBD1 

 MBD1, like other MBD proteins, was initially discovered in homology screens 
using the MeCP2 MBD as template. MBD1 is distinctive among the MBD proteins 
in that, in addition to the MBD, the protein has either two or three CXXC zinc fi nger 
domains; the isoforms resulting from alternative splicing have different numbers of 
zinc fi nger domains (Fujita et al.  1999 ). Like MeCP2, MBD1 also contains a tran-
scriptional repression domain (TRD) near its carboxyl-terminus (Fig.  1 ). The struc-
ture of the methyl-CpG-binding domain of MBD1 in complex with methylated 
DNA was solved by Shirakawa and colleagues in 2001 (Ohki et al.  2001 ). This 
seminal work demonstrated that while the DNA substrate is completely symmetri-
cal, the protein interface recognizing this sequence is not. A pair of beta strands lies 
in the major groove of DNA with specifi c chemical contacts formed by amino acid 
side chains (Fig.  3 ). One cytosine methyl group sits in a pocket formed by specifi c 
valine, tyrosine, and arginine residues. The other methyl group is recognized by a 
second arginine residue (reminiscent of the 5mC-Arg-Gua triad in MeCP2) and a 
serine (Ohki et al.  2001 ). Interestingly, DNA binding by the MBD1 MBD (and pre-
sumably other MBD family members) causes an unstructured loop to fold into a 
highly structured interaction with the DNA backbone on one strand. Biochemical 
analysis indicated that, like in the case of MeCP2, nucleotides fl anking the 

     Table 1    Known DNA sequence preferences of MBPs   

 MeCP2  MG-(A/T)  ≥4  [16] 

 MBD1  TMGCA [25] 

 TGMGCA [25] 

 MBD2  CMGG [15] 

 Kaiso  MGMG [87] 

 TCCTGCNA [88] 

 ZFP57  TGCMGC [93] 

 KLF4  (A/G)(G/A)GG(M/T)G(C/T) [99] 

 GGG(M/T)G(T/G)GG [100] 

 EGR1, WT1  GMG(T/G)GGGMG [104] 

   M stands for 5-methylcytosine, N stands for any nucleotide  
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methylated CpG dinucleotide exert an infl uence on binding affi nity of the MBD1 
MBD domain. An adenine residue at position +2 relative to the methylated CpG and 
a thymine at position −2 provided a three- to fi vefold increase in binding affi nity 
(Table 13.1) (Clouaire et al.  2010 ). Interestingly, the fl anking residues providing 
increased binding affi nity to the MBD1 MBD domain actually decreased binding 
interactions with the MBD domain from MeCP2, suggesting that nucleotides fl ank-
ing a methylated CpG have a strong infl uence on which MBD protein may stably 
interact with a given sequence.

   In addition to the MBD, the zinc fi ngers of MBD1 add an additional DNA- binding 
interface. While MBD1 isoforms with all three zinc fi ngers can repress genes regard-
less of their promoter methylation status, MBD1 lacking the third zinc fi nger, CxxC3, 
can only suppress gene expression when the promoter is methylated, suggesting the 
CxxC3 is essential for binding to unmethylated templates (Fujita et al.  2000 ; Jørgensen 
et al.  2004 ). The extent to which the zinc fi ngers impact on the target specifi city of 
MBD1 was unclear until recently. In embryonic stem cells, biotin tagged MBD1 
localized at highly methylated regions, and the enrichment was lost upon depletion of 
DNA methylation. In addition, the targeting of MBD1 to unmethylated templates was 
observed only when the MBD was deleted, suggesting the recruiting mechanism of 
MBD1 is dominated by the MBD-methyl-CpG interaction (Baubec et al.  2013 ).  

2.3     MBD2 

 MBD2 is a member of a chromatin remodeling complex, Mi-2/NuRD (Nucleosome 
Remodeling Deacetylase), which is proposed to act as a repressor connecting DNA 
methylation and histone deacetylation (Feng and Zhang  2001 ). Like MeCP2 and 

CG

GC

Y34

V20

R44

S45

R22

m

m

  Fig. 3    Schematic representation of the methyl-CpG recognition by MBD1. The symmetrical 
DNA substrate – methylated CpG paired with methylated CpG – is recognized by an asymmetric 
protein recognition module. Two separate units interact with the methylated CpG moiety on each 
strand, V20-R22-Y34 for the binding surface for one strand and R44-S45 for the other strand. Both 
arginine residues, R22 and R44, form 5mC-Arg-Gua triads. On the right side, the clamping inter-
action of both arginine residues (shown in  light green ) into the DNA helix in MBD1 (1IG4) is 
illustrated. The protein is shown as ribbon tube in  dark green  and the DNA in  blue  and  orange        
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MBD1, MBD2 contains a TRD in addition to an MBD. MBD2 also has a glycine- 
arginine (GR) repeat and a coiled-coil (CC) domain (Fig.  1 ), which is essential for 
binding to the Mi-2/NuRD complex (Gnanapragasam et al.  2011 ). MBD2 was also 
reported to be an integral component of the MeCP1 complex which was subse-
quently shown to have biochemical similarities to Mi-2/NuRD (Ng et al.  1999 ; 
Zhang et al.  1999 ). 

 The interaction of the MBD2 methyl-CpG-binding domain with its DNA sub-
strate has been defi ned in detail for chicken MBD2 (which is >95 % identical to 
human) by Williams and colleagues (Scarsdale et al.  2011 ). The DNA substrate ini-
tially employed for this set of analyses was derived from a chicken globin gene and 
provided advantages not evident in model DNA substrates used in previous structural 
studies of MBD proteins. It was observed that MBD2 bound the DNA substrate in a 
single orientation that was largely determined by a guanine base at position +1 rela-
tive to the methylated CpG (Table  13.1 ). Further, mutation of this residue to other 
bases reduced the binding affi nity by up to tenfold. Similarly as for MeCP2 and 
MBD1, base-specifi c contacts with the methylated CpG palindrome are mediated by 
a pair of arginine residues (R24 and R46), as well as a tyrosine residue (Y36). The 
molecular basis for the preference of MBD2 for mCGG sequences likely lies in base-
specifi c contacts formed between a lysine residue (K32) and the +1 guanine base. 

 MBD2 is expressed in most somatic cells and is particularly abundant in embryonic 
stem cells in mice (Hendrich and Bird  1998 ). Despite this intriguing expression pat-
tern, MBD2 knockout mice are viable and fertile (Hendrich et al.  2001 ). MBD2 has 
two predominant isoforms, MBD2a and MBD2c; MBD2c lacks the carboxyl- terminal 
region including the coiled-coil domain integral to the interaction with Mi-2/NuRD 
complex (Hendrich and Bird  1998 ). Recently, differential expression of MBD2a and 
MBD2c was shown in human pluripotent stem cells (hPSCs); MBD2c is dominant in 
hPSCs, while MBD2a is dominant in fi broblasts (Lu et al.  2014 ). Interestingly, MBD2a, 
but not MBD2c, can interact with NuRD complex and promote differentiation, while 
MBD2c enhances reprogramming effi ciency when overexpressed in fi broblasts.  

2.4     MBD3 

 As predicted from its high sequence similarity with MBD2 (Fig.  1 ), MBD3 is also 
a member of Mi-2/NuRD, although MBD2 and MBD3 form mutually exclusive 
complexes (Le Guezennec et al.  2006 ). In contrast to the mild phenotypes of the 
MBD2 knockout mice, MBD3 deletion causes early embryonic lethality. 
Furthermore, MBD3-null ES cells can maintain stemness, even in the absence of 
leukemia inhibitory factor (LIF) (Hendrich et al.  2001 ; Kaji et al.  2006 ). These 
striking phenotypes suggest that MBD2 and MBD3 have nonredundant role(s). 
Importantly, deletion of MBD3 can signifi cantly enhance reprogramming effi -
ciency, suggesting that MBD3 functions as a barrier for reprogramming (Luo et al. 
 2013 ; Rais et al.  2013 ). However, the fi eld is not in a complete agreement with the 
role of MBD3 in reprogramming, suggesting a possibility that the role of MBD3 is 
highly context dependent (dos Santos et al.  2014 ; Bertone et al.  2015 ; Zviran et al. 
 2015 ). Moreover, in uterine serous carcinoma patients, a small segment of 
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chromosome 19 containing MBD3 is frequently deleted, suggesting a critical role 
of MBD3 in tumorigenesis or tumor progression (Zhao et al.  2013 ). 

 MBD3 from mammals lacks the capacity for high-affi nity interaction with meth-
ylated DNA in conventional biochemical assays (Fraga et al.  2003 ; Hendrich and 
Bird  1998 ). In contrast, the amphibian protein displays a strong preference for meth-
ylated substrates (Wade et al.  1999 ). Close inspection of the amino acid sequence of 
MBD3 MBD domains from multiple species reveals that mammals differ from 
Amphibia, fi sh, reptiles, and birds at two critical positions encoding the conserved 
tyrosine residue involved in specifi c contacts with a 5-methyl C methyl group 
(changed to phenylalanine in mammals) and a lysine residue (changed to histidine in 
mammals) that contacts the +1 guanine base in MBD2. These amino acid changes 
are consistent with the binding behavior observed in classic biochemical assays. 

 High resolution NMR has the ability to observe interactions that may be missed 
with other techniques. In the case of MBD3, a precise structural determination was 
not pursued, but the interaction of human MBD3 with various modifi ed DNA sub-
strates was probed (Cramer et al.  2014 ). MBD3 has a modest preference for methyl-
ated DNA in NMR experiments; its preference is not as marked as MBD2. The protein 
also appears to lack the capacity to recognize oxidized forms of 5-methyl cytosine. 

 Despite the accumulation of evidence on the critical function of MBD3 in biology, 
the detailed molecular mechanism of how MBD3, or MBD3/NuRD, regulates gene 
expression and chromatin structure is still unclear. Unlike MBD2, MBD3 does not 
show strong binding preference to methylated DNA (Saito and Ishikawa  2002 ; Fraga 
et al.  2003 ). Indeed, most cells express a splice variant of MBD3 that disrupts the 
canonical MBD sequence (Hendrich and Bird  1998 ; Hendrich and Tweedie  2003 ). 
Genomic localization analyses revealed that MBD3 preferentially localizes at unmeth-
ylated CpG-rich regions, including CpG islands, while MBD2 distributes across the 
genome in a methylation-dependent manner (Baubec et al.  2013 ). Surprisingly, MBD3 
was reported to preferentially bind to 5hmC and localize in a TET1 (ten-eleven trans-
location 1)-dependent manner, consistent with a direct interaction with oxidized forms 
of 5-methyl C (Yildirim et al.  2011 ). While this report was initially attractive in con-
cept, it has not been supported by subsequent biochemical and genomic experiments 
(Hashimoto et al.  2012a ; Baubec et al.  2013 ; Cramer et al.  2014 ).  

2.5     MBD4 

 MBD4 contains two functional domains, an MBD and a glycosylase domain (GD), 
separated by a relatively long region of unknown function (Fig.  1 ). This presence of 
a glycosylase domain positions MBD4 as a unique member among the MBD fam-
ily. The MBD domain has high affi nity for methylated CpG-containing substrates; 
it has similar affi nity for the deamination product of that substrate – methylated 
CpG base paired (mismatch) with TpG (Hendrich et al.  1999 ; Otani et al.  2013 ). Not 
surprisingly, MBD4 possesses enzymatic activity that can repair mCpG/TpC or 
mCpG/hmUpG double-strand mismatches (Hendrich and Bird  1998 ; Hendrich 
et al.  1999 ). MBD4 knockout mice are viable and fertile with minor phenotypes, 
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including a slight increase in C to T mutations at CpG sites (Millar et al.  2002 ; 
Wong et al.  2002 ). Although the deletion of MBD4 itself does not impact tumori-
genesis, it increases tumor incidence in a susceptible genetic background (mutation 
in the adenomatous polyposis coli (APC) gene). In addition, mutations in MBD4 
have been observed in human colorectal tumors with microsatellite instability 
(Riccio et al.  1999 ). Taken together, these observations suggest that MBD4 may 
play an important role in tumor progression by regulating DNA mismatch repair. 

 The crystal structures of the MBD of MBD4 with a methylated DNA substrate 
revealed that MBD4 recognizes these templates using the 5mC-Arg-Gua triad in a 
manner highly similar to MeCP2 and other MBD family members (Otani et al. 
 2013 ). While there are some minor alterations, the overall structure of the MBD4 
MBD domain bound to a mismatched substrate is highly similar to that of the pro-
tein bound to symmetric methylated CpG-containing DNA. In contrast to the MBD, 
the glycosylase domain of MBD4 binds to DNA containing a G:X mismatch in a 
very different manner (Hashimoto et al.  2012b ). The target nucleotide is fl ipped out 
from the DNA strand and an arginine fi lls that space. The fl ipped base is associated 
with the active-site cleft. Importantly, the crystal structure of full-length MBD4 
containing both the MBD and GD is yet to be solved, and it is unclear to what level 
the two domains communicate. This question has been partially approached via 
analysis of solution structure; although MBD4 shows a slow exchange rate between 
different DNA molecules (intermolecular exchange), it has rapid exchange rate 
between the two binding sites on the same dsDNA molecule (intramolecular 
exchange) (Walavalkar et al.  2014 ). These data support a local hopping model in 
which the MBD of MBD4 rapidly scans multiple methylated CpG sites and sup-
ports the mismatch repair conducted by the GD.  

2.6     MBD5 and MBD6 

 MBD5 and MBD6 are relatively uncharacterized members of the MBD family; bio-
chemical and structural analyses on their methylcytosine-binding ability are limited. 
MBD5 and MBD6 are known to be associated with some neurodevelopmental disor-
ders (Cukier et al.  2012 ; Talkowski et al.  2012 ). MBD5-null mice show growth 
defects and exhibit preweaning lethality, showing several characteristic phenotypes 
observed in 2q23.1 microdeletion syndrome patients (Du et al.  2012 ). Like other 
MBD proteins, MBD5 and MBD6 localize at heterochromatic regions in an MBD- 
dependent manner (Laget et al.  2010 ). However, EMSA experiments using purifi ed 
MBDs from MBD5 and MBD6 indicate that these domains display no methylcytosine- 
binding capacity. This property may be explained by the loss of a characteristic loop 
structure, which is critical for DNA backbone contacts in the MBDs of MBD5 and 
MBD6 (Hendrich and Tweedie  2003 ). Interestingly, although the incomplete MBDs 
of these proteins have lost methylcytosine-binding affi nity, they can interact with 
mammalian PR-DUB polycomb protein complex, which is known as a histone H2A 
deubiquitinase (Baymaz et al.  2014 ). These distinct differences from other MBD 
proteins may assign a specialized function of MBD5 and MBD6.   
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3     SET- and RING-Associated (SRA) Domain 

3.1     UHRF1 (Ubiquitin-Like with PHD and Ring Finger 
Domains)  

 UHRF1 (ubiquitin-like, containing PHD and RING fi nger domains 1, also known as 
ICBP90 or Np95) contains ubiquitin-like (UBL), tandem tudor, plant homeodomain 
(PHD), SET- and RING-associated (SRA), and really interesting new gene (RING) 
domains (Fig.  1 ) and was originally identifi ed as a potential regulator for topoisom-
erase IIα (Hopfner et al.  2000 ). Overexpression of UHRF1 is observed in various 
types of tumors and drives tumorigenesis by inducing genome-wide DNA hypo-
methylation (Mudbhary et al.  2014 ). UHRF1 is essential for maintenance of proper 
DNA methylation levels by recruiting DNA methyltransferase 1 (DNMT1) to repli-
cation foci (Bostick et al.  2007 ; Sharif et al.  2007 ). Deletion of UHRF1 in mice 
causes genome-wide DNA hypomethylation and results in embryonic lethality, pre-
sumably due to the dysfunction of DNMT1. 

 UHRF1 recognizes hemimethylated DNA with its SRA domain using an inter-
esting mechanism, referred to as base fl ipping, commonly found in DNA methyl-
transferases (Arita et al.  2008 ; Hashimoto et al.  2008 ; Avvakumov et al.  2008 ). To 
achieve this base-fl ipping recognition mechanism, the SRA domain encodes two 
different loop structures responsible for CpG recognition and base fl ipping. The two 
loops capture DNA from opposite directions; the CpG recognition loop and the 
base-fl ipping loop capture the major groove and minor groove of DNA, respec-
tively. The fl ipped-out methylcytosine is stabilized in a binding pocket with planar 
stacking contacts, Watson-Crick polar hydrogen bonds, and van der Waals interac-
tions. The use of this base-fl ipping mechanism uniquely positions UHRF proteins in 
the MBP family; the SRA domain is the fi rst domain which conducts base fl ipping 
without enzymatic activity (Song et al.  2012 ). 

 In addition to hemimethylated DNA, UHRF1 also recognizes histone modifi ca-
tions, such as H3K9me3, unmodifi ed H3K9, and H3R2 through its histone reader 
domains (Rajakumara et al.  2011 ; Hu et al.  2011 ; Nady et al.  2011 ). This interaction 
is allosterically regulated by phosphatidylinositol 5-phospate (PI5P), which alters 
the local structure around the tudor and PHD domains (Gelato et al.  2014 ). 
Interestingly, it has been demonstrated that the interaction between UHRF1 and 
H3K9me3 is essential for the maintenance of DNA methylation, suggesting a role 
for UHRF1 as a molecular hub connecting DNA methylation and histone modifi ca-
tions (Rothbart et al.  2012 ; Liu et al.  2013a ).  

3.2     UHRF2 

 UHRF2 (also known as NIRF) has high sequence similarity with its paralog UHRF1 
(Fig.  1 ). They are the only two proteins with an SRA domain in humans (Mori et al. 
 2002 ). Based on their sequence similarity, UHRF2 and UHRF1 likely share func-
tions; UHRF2 also recognizes hemimethylated DNA and interacts with DNMT1 
(Zhang et al.  2011 ). However, there are critical differences between UHRF1 and 
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UHRF2. Most importantly, unlike UHRF1, UHRF2, through the SRA domain, can 
specifi cally bind to 5hmC using base fl ipping (Zhou et al.  2014 ). In addition, UHRF2 
and UHRF1 are differentially expressed; UHRF2 is downregulated in embryonic 
stem cells and gradually upregulated upon differentiation, whereas UHRF1 shows an 
opposite pattern (Pichler et al.  2011 ). Moreover, the introduction of UHRF2 into 
UHRF1-null embryonic stem cells cannot rescue the hypomethylation phenotype, 
suggesting a differential functionality of UHRF2, at least in embryonic stem cells 
(Zhang et al.  2011 ). With these similarities and differences, it is yet unclear how 
UHRF1 and UHRF2 cooperatively (or distinctively) function in cells; analysis with 
UHRF2 knockout mice would provide more information.   

4     Transcription Factors 

4.1     Kaiso 

 Being a member of the BTB/POZ ( B road complex,  T ramtrack, and  B ric-a- 
brac/ po xvirus and  z inc fi nger) family, Kaiso contains three C2H2 zinc fi ngers and was 
originally identifi ed as a binding partner of p120 catenin (Daniel and Reynolds  1999 ). 
In addition to p120 catenin, Kaiso also interacts with a repression complex, N-CoR 
(nuclear receptor corepressor), and suppresses the expression of MTA2, a member of 
Mi-2/NuRD complex, in a methylation-dependent manner (Yoon et al.  2003 ). As 
N-CoR complex contains histone deacetylase, the recruitment of N-CoR complex 
mediated by Kaiso is proposed as a potential mechanism of DNA methylation- 
dependent gene repression. However, Kaiso is also known to associate with p53 and 
upregulate apoptosis-related genes, suggesting pleiotropic roles of Kaiso in different 
biological contexts (Koh et al.  2014 ,  2015 ). Moreover, Kasio showed both pro- and 
antitumorigenic activities, which also position Kaiso as a context-dependent regulator 
(Prokhortchouk et al.  2006 ; Soubry et al.  2010 ; Koh et al.  2014 ). 

 Kaiso has preferential sequence determinants for binding: two consecutive meth-
ylated CpG dinucleotides or to a chemically similar, albeit unmethylated counter-
part, TCCTGCCA (Prokhortchouk et al.  2001 ; Daniel et al.  2002 ). The crystal 
structures of Kaiso have been solved using two templates: a methylated template, 
MeECad (promoter region of E-cadherin) containing two methylated CpG dinucle-
otides, and an unmethylated sequence TCCTGCCA (Buck-Koehntop et al.  2012 ). 
The two structures were almost identical; Kaiso recognizes the methyl group, either 
in mCpG or TpG dinucleotides, using the 5mC-Arg-Gua triad structure. The fi rst 
two zinc fi ngers hold the major groove of DNA, and the third zinc fi nger (together 
with the C-terminal extension) enables high-affi nity binding.  

4.2     Zfp57 

 Zfp57 belongs to the KRAB (Kruppel-associated box) zinc fi nger family. Zfp57, 
together with its binding cofactor KAP1, regulates imprinted genes by targeting 
CpG-rich regions, known as imprinting control regions (ICRs) (Li et al.  2008 ). 
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Loss of Zfp57 in mice results in early embryonic lethality, presumably due to loss 
of the methylation imprint (Li et al.  2008 ). Interestingly, the loss of DNA methyla-
tion imprints in Zfp57-null embryonic stem cells cannot be rescued by supplemen-
tation with exogenous Zfp57, suggesting a maintenance role in genomic imprinting 
(Zuo et al.  2012 ). In addition, loss-of-function mutations in human Zfp57 are asso-
ciated with global imprinting disorder, transient neonatal diabetes (TND), suggest-
ing a critical role of Zfp57 both in mice and humans (Mackay et al.  2008 ). Zfp57 
recognizes the TGC CG C motif containing a methylated CpG dinucleotide with 
strong preference for fully methylated template (Quenneville et al.  2011 ; Liu et al. 
 2012 ). Like MBD proteins and Kaiso, Zfp57 uses the 5mC-Arg-Gua triad for meth-
ylated cytosine recognition.  

4.3     KLF4 

 KLF4 is a member of the Kruppel-like factor family and contains three standard 
Kruppel-like zinc fi ngers. KLF4 is probably best known as a Yamanaka factor for 
reprogramming somatic cells to induced pluripotency (Takahashi and Yamanaka 
 2006 ). In addition to reprogramming, KLF4 is required for normal skin and colon 
development, and KLF4 knockout mice die soon after birth (Segre et al.  1999 ; Katz 
et al.  2002 ). KLF4 recognizes both methylated and unmethylated DNA templates 
using the 5mC-Arg-Gua triad with a modest difference in binding affi nity (Liu et al. 
 2014 ; Shields and Yang  1998 ; Chen et al.  2008 ). KLF4 progressively loses binding 
affi nity as 5mC is sequentially oxidized into 5hmC, 5fC, and 5caC. Interestingly, 
genome-wide studies showed that about half of KLF4-binding sites in vivo are 
highly methylated (Hu et al.  2013 ).  

4.4     EGR1 and WT1 

 EGR1 (early growth response protein 1) and WT1 (Wilms’ tumor 1) are two related 
C2H2 type zinc fi nger proteins, both recognizing the same 9-bp consensus sequence, 
GCG(T/G)GGGCG (Pavletich and Pabo  1991 ; Stoll et al.  2007 ). Consistent with 
other MBPs, these two proteins interact with a methylated DNA template using the 
5mC-Arg-Gua triad (Hashimoto et al.  2014 ). Like KLF4, EGR1 and WT1 have 
similar binding affi nity to their consensus DNA sequence regardless of its methyla-
tion status. Interestingly, Hashimoto et al. clarifi ed that EGR1, but not WT1, loses 
binding capacity when the cytosine within the motif is oxidized into 5caC, suggest-
ing the potential for epigenetic regulation triggered by the oxidation of methylated 
cytosine. 

   Conclusion 

 In this chapter, we reviewed the research on proteins that recognize methylated 
DNA. Several themes have emerged from recent biochemical, structural, and 
genomic studies of MBPs. With a single exception (the SRA domain-containing 
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proteins), all MBP proteins characterized to date utilize a version of the 5-methyl 
C, arginine, and guanine triad in molecular recognition of methylated CpG. In 
many MBPs, a pair of arginine residues makes contact with the methylated CpGs 
on the two DNA strands. This near-universal mechanism is somewhat surprising 
given that outside of this feature the various families have little sequence or 
structural similarity. 

 The recognition of the symmetrically methylated CpG double-stranded DNA 
moiety is universally performed by MBP proteins that lack symmetry in their 
DNA- binding domains. Thus, the amino acids recognizing the methylated CpG 
in one strand differ from those recognizing the other strand. This feature implies 
that some directionality of binding occurs at methylated loci in vivo. The down-
stream outcomes of this unanticipated behavior are currently unknown, but it is 
tempting to speculate that orientation relative to genomic features may have criti-
cal impact(s) on orientation of functional domains and interaction partners that 
infl uence local chromatin features. 

 Detailed analyses of structural and biochemical data have also indicated 
that the MBD family members have the capacity to recognize DNA features 
outside the methylated CpG sequence. While genomic mapping experiments 
to localize these proteins in living cells are in their infancy, it seems likely 
that some level of functional specificity may be produced by the preference 
of individual MBD family members for chemical information found flank-
ing the methylated CpG. To what extent cells utilize this differential capac-
ity to distinguish bases flanking a methylated CpG sequence to specify 
recruitment of a unique MBP (and associated cofactors) is incompletely 
understood. 

 As a dinucleotide sequence (i.e., meCpG) lacks the chemical information inherent 
in the longer binding sites typical of most transcription factors, it has been puzzling 
how the various MBP proteins would be distributed across the genome. The struc-
tural and biochemical work reviewed here places this problem in a new context. 
Most MBP proteins utilize a common protein feature (arginine) to recognize chemi-
cal features of the methylated CpG dinucleotide. Additional protein functional 
groups recognize fl anking sequence information, suggesting that the true consensus 
recognition sequence for these proteins is not a simple methylated CpG, but the 
methylated CpG with its fl anking sequence context that differs for each MBP 
(Table  13.1 ). This feature – recognition of a common modifi ed dinucleotide fl anked 
by specifi c sequence information – endows the MBP proteins with considerable 
fl exibility to respond to DNA methylation with different outputs at unique loci 
within the genome. Unraveling how cells utilize this surprising fl exibility to resolve 
epigenetic regulation remains a principal challenge of current genetic and genomic 
experiments.       
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       DNA Base Flipping: A General 
Mechanism for Writing, Reading, 
and Erasing DNA Modifications                     

     Samuel     Hong      and     Xiaodong     Cheng   

    Abstract 
   The modifi cation of DNA bases is a classic hallmark of epigenetics. Four 
forms of modifi ed cytosine—5-methylcytosine, 5-hydroxymethylcytosine, 
5- formylcytosine, and 5-carboxylcytosine—have been discovered in eukaryotic 
DNA. In addition to cytosine carbon-5 modifi cations, cytosine and adenine meth-
ylated in the exocyclic amine—N4-methylcytosine and N6-methyladenine—are 
other modifi ed DNA bases discovered even earlier. Each modifi ed base can 
be considered a distinct epigenetic signal with broader biological implications 
beyond simple chemical changes. Since 1994, crystal structures of proteins and 
enzymes involved in writing, reading, and erasing modifi ed bases have become 
available. Here, we present a structural synopsis of writers, readers, and erasers 
of the modifi ed bases from prokaryotes and eukaryotes. Despite signifi cant dif-
ferences in structures and functions, they are remarkably similar regarding their 
engagement in fl ipping a target base/nucleotide within DNA for specifi c recogni-
tions and/or reactions. We thus highlight base fl ipping as a common structural 
framework broadly applied by distinct classes of proteins and enzymes across 
phyla for epigenetic regulations of DNA.  
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  Abbreviations 

   5caC    5-Carboxylcytosine   
  5fC    5-Formylcytosine   
  5ghmC    Glucosylated 5-hydroxymethylcytosine   
  5hmC    5-Hydroxymethylcytosine   
  5mC    5-Methylcytosine   
  AdoHcy     S -Adenosyl- l -homocysteine   
  AdoMet     S -Adenosyl- l -methionine   
  AlkB     E. coli  alkylated DNA repair protein   
  ALKBH5    Alkylated DNA repair protein AlkB homolog 5 in human   
  CMT2    Chromomethylase 2 (plant specifi c)   
  CMT3    Chromomethylase 3 (plant specifi c)   
  DME    Demeter (plant)   
  DML3    Demeter-like protein 3 (plant)   
  DNMT1    Mammalian DNA methyltransferase 1   
  DNMT3A    Mammalian DNA methyltransferase 3A   
  DNMT3L    Mammalian DNA methyltransferase 3-like   
  DRM2    Domain rearranged methyltransferase 2 (plant)   
  FTO    Fat mass and obesity-associated protein   
  HhH    Helix-hairpin-helix   
  JBP    J-binding protein   
  MBD    Methyl-CpG-binding domain   
  McrB    Modifi ed cytosine restriction B   
  Met1    DNA methyltransferase 1 (plant)   
  MTase    Methyltransferase   
  N4mC    N4-methylcytosine   
  N6mA    N6-methyladenine   
  NOG    N-oxalylglycine   
  ROS1    Repressor of silencing 1 (plant specifi c)   
  SRA    SET and RING associated   
  TDG    Thymine DNA glycosylase   
  TET    Ten-eleven translocation   
  TRD    Target recognition domain   
  Uhrf1    Ubiquitin-like-containing PHD and RING fi nger domains protein 1   
  WH    Winged helix   
  αKG    α-Ketoglutarate   

1         Introduction 

 Chemical modifi cations of DNA bases (Fig.  1 ) have fundamental biological roles in 
virtually every living organism. In both prokaryotes and many eukaryotes, cytosine 
can be methylated at the carbon-5 (C5) position by cytosine-C5 methyltransferases 
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(MTases) to generate 5-methylcytosine (5mC) (Goll and Bestor  2005 ; Kumar et al. 
 1994 ). In higher eukaryotes, 5mC dioxygenases ten-eleven translocation (TET) 
enzymes utilize α-ketoglutarate (αKG) and Fe(II) to oxidize the methyl group of 
5mC to generate 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 
5-carboxylcytosine (5caC) via discrete reactions (Ito et al.  2011 ; Kriaucionis and 
Heintz  2009 ; Tahiliani et al.  2009 ). In prokaryotes, 5mC and 5hmC can be intro-
duced de novo into the genome during phage invasions, as both modifi ed bases can 
be synthesized prior to incorporation into the phage genome during DNA synthe-
sis (Warren  1980 ). After DNA synthesis, phage glucosyltransferases can modify 
5hmC within the genome to generate glucosylated 5hmC (Kornberg et al.  1961 ; 
Lehman and Pratt  1960 ). Beyond cytosine-C5 modifi cations, exocyclic amine 
groups of cytosine and adenine can be methylated in prokaryotes to generate 
N4-methylcytosine (N4mC) and N6-methyladenine (N6mA) (Cheng  1995 ; Jeltsch 
 2002 ). Crystal structures of DNA modifi cation enzymes to date have consistently 
shown that the target nucleotide is fl ipped out of the double helix for reactions in a 
process called base fl ipping.
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  Fig. 1    Chemical modifi cations of DNA. ( a ) Cytosine-C5 modifi cations: enzymes and proteins 
involved in writing, reading, and erasing the modifi cations via base-fl ipping mechanisms. ( b ) 
Adenine-N6 methylation: enzymes involved in writing and erasing DNA adenine N6 methylation. 
( c ) Cytosine-N4 methylation       
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   In addition to the modifi cation writers, modifi ed base readers have also been 
shown to fl ip the target base for recognitions. Mammalian and plant SET- and 
RING-associated (SRA) domains recognize 5mC within the genome by base fl ip-
ping (Arita et al.  2008 ; Avvakumov et al.  2008 ; Hashimoto et al.  2008 ; Rajakumara 
et al.  2011 ) and have been characterized as nonenzymatic base fl ippers. Since the 
fi rst discovery in eukaryotes, SRA domains have been rediscovered in prokaryotes, 
recognizing 5mC, 5hmC, and/or 5ghmC to coordinate restriction activity in a 
modifi cation- dependent manner (Horton et al.  2012 ,  2014a ,  b ,  c ). In addition to 
SRA, the bacterial modifi ed cytosine restriction B enzyme also fl ips 5mC for recog-
nitions but is structurally distinct from other known base fl ippers (Sukackaite et al. 
 2012 ). Structural homologs of McrB across different phyla may recognize modifi ed 
bases in a similar way. 

 A brief survey of DNA base modifi cations in both prokaryotes and eukaryotes 
reveals that two major families of enzymes, methyltransferases and dioxygenases, 
are involved in writing DNA modifi cations in the four forms of modifi ed cytosine: 
5mC, 5hmC, 5fC, and 5caC. In plants, the 5mC DNA glycosylase repressor of 
silencing 1 (ROS1) can excise 5mC and 5hmC (in vitro) (Gong et al.  2002 ; Jang 
et al.  2014 ; Hong et al.  2014 ), and in mammals, thymine DNA glycosylase (TDG) 
can excise 5fC and 5caC (He et al.  2011 ; Maiti and Drohat  2011 ; Zhang et al.  2012 ; 
Hashimoto et al.  2012a ). These discoveries effectively link the base excision repair 
pathway to DNA demethylation/demodifi cation, by which epigenetic signals 
encoded in the modifi ed cytosines can be reversed. DNA glycosylases represent the 
most structurally diverse family of enzymes that are involved in base fl ipping (also 
known as nucleotide fl ipping) (Brooks et al.  2013 ). Thus, base fl ipping is not 
restricted to writers and readers, but has been adopted by DNA glycosylases for 
erasing DNA modifi cations as well. Together, structural characterizations of writ-
ers, readers, and erasers of DNA base modifi cations in prokaryotes and eukaryotes 
effectively showcase base fl ipping as a general mechanism for regulating and trans-
lating fundamental epigenetic signals.  

2     Base Flipping for Methylation of DNA Bases 

2.1     Bacterial DNMTs (HhaI, TaqI, PvuII) 

 Biological methylation is widely engaged in various regulations, and it uses 
 S -adenosyl- l -methionine (AdoMet) as the primary methyl group donor. The methyl 
group of AdoMet is bound to a positively charged sulfur atom predisposed to a 
nucleophilic attack. During the methylation reaction, AdoMet loses the methyl 
group and becomes  S -adenosyl- l -homocysteine (AdoHcy). A number of dif-
ferent families of methyltransferases use AdoMet as cofactor, targeting diverse 
substrates ranging from small molecules to large macromolecules such as DNA, 
RNA, proteins, lipid, and polysaccharides. The atoms subjected to methylation also 
vary, including carbon (C), nitrogen (N), oxygen (O), sulfur (S), and several met-
als. AdoMet-dependent DNA methyltransferases were fi rst discovered in bacterial 
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restriction-modifi cation systems (Roberts et al.  2015 ). The known structures of 
AdoMet-dependent DNA methyltransferases share a common “MTase fold” char-
acterized by mixed seven-stranded β sheets (6↓ 7↑ 5↓ 4↓ 1↓ 2↓ 3↓) in which strand 
7 is inserted between strands 5 and 6 antiparallel to the others (Cheng and Roberts 
 2001 ) (Fig.  2a ).

   M.HhaI was the fi rst DNA methyltransferase to be structurally characterized 
(Cheng et al.  1993 ). It contains an N-terminal MTase domain and a C-terminal 
target recognition domain (TRD) (Cheng  1995 ). M.HhaI is a cytosine-C5 methyl-
transferase that methylates the fi rst cytosine within 5′-GCGC-3′ recognition 
sequences and prevents R.HhaI restriction activity at the site (Roberts et al.  1976 , 
 2015 ). Before the structure was available, the proposed mechanism predicted that 
the catalytic Cys81 would make a nucleophilic attack on the C6 of cytosine to form 
a covalent complex, followed by transferring the methyl group from AdoMet to 
cytosine-C5 and releasing the covalent intermediate (Wu and Santi  1985 ,  1987 ). In 
1994, the crystal structure of M.HhaI-DNA complex with AdoMet was solved as a 
trapped covalent enzyme-DNA intermediate using 5-fl uorocytosine and directly 
supported the proposed mechanism, presenting the catalytic cysteine covalently 
linked to C6 and showing methylated C5 adjacent to AdoHcy (Klimasauskas et al. 
 1994 ). Yet the most striking aspect of the structure was that both the MTase and the 

  Fig. 2    Writers of DNA modifi cations. ( a ) Prokaryotic DNA methyltransferases involved in three 
different types of DNA methylation have similar structures. DNA is colored in  red , and AdoMet/
AdoHcy is colored in  blue . Flipped bases are shown in  green . ( b )  E. coli  AlkB and eukaryotic TET 
are dioxygenases with common structural folds. αKG is colored in  blue , and metal in the active 
sites is colored in  orange        
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TRD of the enzyme work simultaneously to bind DNA and fl ip the target base into 
the active site pocket. The mechanism of DNA base access by base fl ipping has 
since been described as the framework for other DNA methyltransferases (Cheng 
and Roberts  2001 ). 

 After the fi rst structure of M.HhaI-DNA complex was solved, many crystal 
structures of DNA methyltransferase-DNA complexes have been solved. Besides 
cytosine-C5 methylation, adenine exocyclic N6 methylation is also a critical modi-
fi cation in prokaryotic DNA (Fig.  1b ) and in eukaryotic RNA (Low et al.  2001 ; 
Hattman  2005 ; Jia et al.  2013 ; Niu et al.  2013 ). Recent studies have also shown that 
 Drosophila  genome also harbors N6mA in DNA (Zhang et al.  2015 ). The structure 
of the adenine- N6 methyltransferase M.TaqI in complex with DNA and a nonreac-
tive AdoMet analog was solved in 2001 (Goedecke et al.  2001 ). The enzyme meth-
ylates adenine within 5′-TCGA-3′ sequence and harbors a similar two-domain 
organization as M.HhaI, with the conserved N-terminal MTase domain, but a quite 
distinct C-terminal TRD (Cheng  1995 ; Goedecke et al.  2001 ). The ternary structure 
is remarkably reminiscent of M.HhaI, involving a fl ipped adenine in the active site, 
where the methyl group from the AdoMet analog is positioned near the N6 of the 
fl ipped adenine. Instead of the catalytic cysteine residue as in M.HhaI, the aspara-
gine 105 side chain and the following proline backbone oxygen make hydrogen 
bonds with the adenine-N6 amine group, potentially modulating the direct transfer 
of the methyl group from AdoMet. A similar mode of interaction is also seen in the 
active site of the T4 phage DNA adenine methyltransferase (T4 Dam) that fl ips 
adenine in 5′-GATC-3′ sequence, and an aspartate residue (Asp171) contacts the 
adenine-N6 (Horton et al.  2005 ). Besides adenine-N6 methylation, cytosine-N4 
methylation is another type of DNA methylation (Fig.  1c ). For example, M.PvuII 
methylates the central cytosine within 5′-CAGCTG-3′ in the exocyclic amine 
(Blumenthal et al.  1985 ; Bheemanaik et al.  2006 ). The structure of M.PvuII is avail-
able only in an AdoMet-bound form without DNA, yet it contains many shared 
features of other methyltransferases in terms of domain organization and AdoMet 
interactions (Gong et al.  1997 ; Bheemanaik et al.  2006 ).  

2.2     Mammalian DNMTs (DNMT1, DNMT3A/3L) 

 Structural features of classic prokaryotic methyltransferases are extensively shared 
by the mammalian DNA methyltransferases DNMT1, DNMT3A, and 
DNMT3B. They are all cytosine-C5 methyltransferases containing an MTase 
domain with a catalytic cysteine and a TRD. DNMT1 is primarily implicated in 
methylation of the daughter strand during DNA replication to maintain the methyla-
tion pattern encoded in the mother strand by preferentially recognizing hemi- 
methylated DNA in CpG dinucleotide context (Li et al.  1992 ; Yoder et al.  1997 ). On 
the other hand, DNMT3A and DNMT3B are considered de novo methyltransferases 
that can methylate CpG sites as well as non-CpG sites (Ramsahoye et al.  2000 ; 
Gowher and Jeltsch  2001 ; Suetake et al.  2003 ). Such differences in substrate speci-
fi cities are partly due to the involvement of other domains outside the catalytic frag-
ment. For example, a CXXC domain and a BAH1 domain within DNMT1  hinder 
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methylation of unmethylated CpG sites (Song et al.  2011 ), whereas DNMT3A and 
DNMT3B do not contain such domains and can readily methylate them.  

2.3     Implications of DNA Methyltransferase Dimers 
(DNMT3A/3L and EcoP15I) 

 Besides being a catalytic domain, the MTase domain can participate in protein- 
protein interactions as exemplifi ed by the DNMT3A MTase domain interacting with 
a naturally inactive MTase-like domain of DNMT3L, a scaffold protein that binds 
histone tail H3 to guide DNMT3A activities by forming a tetramer of 3L-3A-3A-3L 
(Jia et al.  2007 ; Ooi et al.  2007 ). Interestingly, a multi-subunit prokaryotic DNA 
N6mA methyltransferase, EcoP15I, contains a DNA MTase dimer in which one 
monomer is involved in target base fl ipping and the other in the recognition of DNA 
base context (Gupta et al.  2015 ). Thus, dimerization of two structurally comparable 
proteins for divergent functionalities may be a mechanism for fi ne-controlling 
genomic DNA modifi cations.  

2.4     Plant DNMTs 

 Plant DNA MTases show similar functionalities as the mammalian counterparts. 
Met1 is homologous to mammalian DNMT1 and is responsible for the maintenance 
of CpG methylation, whereas domain rearranged methyltransferase 2 (DRM2) is 
involved in de novo DNA methylation (Goll and Bestor  2005 ; Law and Jacobsen 
 2010 ). DRM2 contains a rearranged MTase domain, such that its N-terminal half is 
equivalent to the C-terminal half of the conventional MTase fold and vice versa. A 
structural study of DRM2 family MTase domain has revealed that the rearranged 
domain still forms a classic MTase structure and functions as a homodimer (Zhong 
et al.  2014 ) analogous to DNMT3A-3L heterodimer. In addition to Met1 and DRM2, 
plants also have plant-specifi c DNA methyltransferases, such as CMT2 and CMT3 
that are specifi cally involved in non-CpG methylation (Stroud et al.  2014 ; Lindroth 
et al.  2001 ; Zemach et al.  2013 ). The higher diversity of the MTase family within 
plants compared to the mammalian family suggests that DNA methylation may be 
more dynamically regulated in plants than in mammals.   

3     Base Flipping in Oxidative Modifications of Methylated 
Bases 

3.1     Eukaryotic TET Enzymes 

 The 5mC is by far the most widely studied modifi ed base. Yet, if 5mC has been 
considered “the fi fth” base, 5hmC is increasingly being labeled as “the sixth” base 
and has garnered much attention recently. The existence of 5hmC in bacteriophage, 
modifi ed from 2′-deoxycytidine before the integration into the viral genome (Warren 
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 1980 ), was fi rst reported in 1953 (Wyatt and Cohen  1953 ). In 1993, a novel J base 
(β-D-glucosyl-hydroxymethyluracil) was discovered in trypanosomes, in which 
J-binding proteins (JBP1 and JBP2) are involved in oxidizing the C5-methyl group 
of thymine during J-base synthesis by using αKG and Fe(II) as cofactors to generate 
5-hydroxymethyluracil (Gommers-Ampt et al.  1993 ; Borst and Sabatini  2008 ). In 
2009, mammalian JBP homolog TET enzymes were discovered to oxidize the 
methyl group of 5mC to generate 5hmC (Tahiliani et al.  2009 ; Kriaucionis and 
Heintz  2009 ). Further analysis revealed that TET enzymes could further oxidize 
5hmC to 5fC and then to 5caC (Ito et al.  2011 ). Also, TET enzymes have been 
shown to convert thymine (5-methyluracil) to 5-hydroxymethyluracil by oxidizing 
the C5-methyl group of thymine (Pfaffeneder et al.  2014 ; Pais et al.  2015 ). 

 Eukaryotic JBP/TET homologs are present across many eukaryotic organisms 
including amoebofl agellate  Naegleria gruberi  (Iyer et al.  2013 ; Hashimoto et al. 
 2014b ). Crystal structures of  Naegleria gruberi  TET-like (NgTET) and human 
TET2 (hTET2) in complex with 5mC-, 5hmC-, and 5fC-containing DNA have been 
characterized (Hashimoto et al.  2014b ,  2015a ; Hu et al.  2013a ,  2015 ). All TET 
structures show a fl ipped base positioned in the active site pocket close to 
N-oxalylglycine (NOG)—an inactive αKG analog—and a divalent metal such as 
Fe(II) or Mn(II) used for stalling the enzyme in the pre-reaction state. Some of the 
features of fl ipped base recognitions observed in DNMT-DNA complex structures 
(Cheng and Roberts  2001 ; Horton et al.  2005 ) can also be seen in the structures of 
TET-DNA complexes. The fl ipped base in the active site of a TET enzyme in com-
plex with DNA is stabilized by π stacking interactions involving an aromatic residue 
such as Phe295 in NgTET (Hashimoto et al.  2014b ) and Tyr1902 in hTET2 (Hu 
et al.  2013a ). Also, polar residues such as Asn147, His297, and Asp234 in NgTET 
contact O2, N3, and N4, respectively, to guide substrate specifi cities (Hashimoto 
et al.  2014b ), and the methyl or the hydroxymethyl group is oriented toward NOG 
and Fe(II)/Mn(II) (Hashimoto et al.  2015a ; Hu et al.  2015 ). Often, active site pock-
ets for fl ipped bases not only contain residues for base recognition but also specifi -
cally orient the base for distinct reactions depending on the type of enzymes. Base 
fl ipping is therefore a common mechanism applied by different classes of enzymes, 
such as AdoMet-dependent methyltransferases and αKG- and Fe(II)-dependent 
dioxygenases to recognize and stabilize the target base for specifi c reactions.  

3.2     AlkB and Homologs 

 Similar to TET enzymes, eukaryotic homologs of  E. coli  AlkB such as FTO and 
ALKBH5 are also αKG- and Fe(II)-dependent dioxygenases that can oxidize the 
methyl group of N6mA within mRNA to yield demethylated adenine (Jia et al. 
 2011 ; Zheng et al.  2013 ; Zhu and Yi  2014 ). Indeed, TET-DNA complex structures 
are remarkably comparable to that of the AlkB-DNA complex, and both TET 
enzymes and AlkB homologs perform base fl ipping as part of their reaction mecha-
nism (Hu et al.  2013a ; Iyer et al.  2013 ; Hashimoto et al.  2014b ; Zhu and Yi  2014 ; 
McDonough et al.  2010 ). Common structural folds include two twisted β-sheets in 
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the core where the active site is formed (Fig.  2b ). However, the two enzyme families 
differ in an important way. TET enzymes oxidize CH 3  attached to an inert carbon 
atom (cytosine or thymine C5). The resulting product 5hmC (or 5hmU) is very 
stable and can undergo further oxidations in subsequent rounds of reactions to gen-
erate further oxidized products. On the other hand, FTO and ALKBH5 likely gener-
ate N6-hydroxymethyladenine intermediate in which the oxidized carbon is attached 
to a reactive nitrogen atom (adenine-N6). This intermediate spontaneously releases 
the hydroxymethyl group as formaldehyde and decomposes to adenine—the fi nal 
“demethylated” product (Hashimoto et al.  2015b ) (Fig.  1b ). Therefore, AlkB and its 
homologs are demethylases, while TET enzymes should not be designated as a 
demethylase but would rather be appropriately understood as a “writer” that gener-
ates additional marks on 5mC within genomes to alter epigenetic signals. 

 Several biochemical observations suggest that modifi ed cytosines beyond 5mC 
may form distinct epigenetic signals. Many 5mCpG readers such as methyl-CpG 
binding domain (MBD) proteins have shown signifi cantly reduced binding affi nity 
toward 5hmC when compared to 5mC within CpG context (Hashimoto et al.  2012b ), 
whereas some proteins may preferentially bind 5hmC (Spruijt et al.  2013 ). DNMT1 
has a signifi cantly reduced affi nity toward hemi-hydroxymethylated DNA substrate 
compared to hemi-methylated DNA (Hashimoto et al.  2012b ), suggesting that 
methylation marks altered by TET enzymes can be lost in subsequent DNA replica-
tions. In addition, the RNA polymerase II transcription rate can be specifi cally 
reduced by 5fC and 5caC (Kellinger et al.  2012 ; Wang et al.  2015 ). These fi ndings 
strongly point to the possibility that modifi cations beyond 5mC are distinct signals, 
and much future work is needed to elucidate how the modifi ed bases are differently 
implicated in larger biological contexts.   

4     Base Flipping in the Recognition of Modified Bases 

4.1     Eukaryotic SRA Domains 

 The function of 5mC and N6mA in prokaryotes was classically understood in the 
context of restriction-modifi cation systems, in which methylated bacterial DNA is 
protected from restriction digestion (Wilson and Murray  1991 ). Effects of DNA 
methylation are fundamentally determined by the way the methyl groups alter vari-
ous protein-DNA interactions. In eukaryotes, genomic 5mC bases are widely 
involved in various regulatory processes to control gene expression, chromatin 
states, and genomic stability that are highly relevant in the human disease context 
(Robertson  2005 ). Such penetrating biological implications can be partly attributed 
to a large number of protein-DNA interactions that are potentially affected by DNA 
methylation in a direct manner. Evidence shows that several transcription factors are 
prevented from DNA binding when the binding site is methylated (Tate and Bird 
 1993 ), whereas several MBD family proteins are specifi c 5mCpG readers, as previ-
ously mentioned (Klose and Bird  2006 ). The interface between methylated DNA 
and its biological effects can be further complicated by the involvement of the 
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nucleosome context which is closely interwoven with DNA methylation (Hashimoto 
et al.  2010 ; Cedar and Bergman  2009 ). 

 The initial discovery of 5mC-binding proteins has raised the possibility of other 
readers involved in modifi ed base recognitions. In 2007, another family of 5mC 
readers was discovered in plants and was termed SET and RING associated (SRA) 
domain as a part of VIM1 (Woo et al.  2007 ). A mammalian homolog to VIM1 is 
Uhrf1, which can associate with DNMT1 during post-replicative maintenance of 
DNA methylation (Bostick et al.  2007 ). In the following year, three crystal struc-
tures of the mammalian Uhrf1 SRA domain in complex with 5mC-containing DNA 
were reported (Hashimoto et al.  2008 ; Avvakumov et al.  2008 ; Arita et al.  2008 ). 
The structures have revealed that SRA recognizes 5mC by base fl ipping, although it 
is not a DNA-modifying enzyme such as methyltransferases or dioxygenases. SRA 
is also structurally distinct from other base fl ippers and is characterized by a twisted 
β-sheet fold resembling a half-moon shape (Fig.  3a ). Remarkably, the 5mC-binding 
pocket of SRA features familiar modes of base recognitions exemplifi ed by π stack-
ing interactions, recognitions of the N3 and N4 by Asp474 side chain, and a van der 
Waals contact of the C5-methyl group of fl ipped 5mC by Ser486 Cβ.

   Interestingly, the SRA of Uhrf2 binds 5hmC with a slightly higher preference com-
pared to 5mC, and the crystal structure of Uhrf2 SRA in complex with 5hmC- 
containing DNA is available (Zhou et al.  2014 ). In the structure, 5hmC is fl ipped and 
stabilized, and the OH moiety of the hydroxymethyl group is contacted by the back-
bone carbonyl groups of Thr508 and Gly509 in the active site pocket which is slightly 
larger in size compared to that of Uhrf1 SRA. Therefore, the eukaryotic SRA domain 
has been characterized as a base-fl ipping domain that recognizes both 5mC and 5hmC.  

4.2     Prokaryotic SRA Domains 

 Recently, SRA domains have been rediscovered in prokaryotes in families of 
modifi cation- dependent restriction enzymes that recognize modifi ed bases and 
introduce a double-stranded break in some distances away. MspJI was among the 
fi rst such enzymes to be reported, which recognizes hemi-modifi ed 5mC or 5hmC 
by the N-terminal SRA-like domain and restricts the DNA by the C-terminal 

  Fig. 3    Readers of DNA modifi cations. ( a ) Prokaryotic and eukaryotic SRA domains recognize 
C5-modifi ed cytosine via base fl ipping and are similar in structures. ( b ) Crystal structure of pro-
karyotic McrB-N monomer fl ipping 5mC       
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endonuclease domain (Cohen-Karni et al.  2011 ). The crystal structure of MspJI has 
been solved with substrate DNA, revealing an SRA-like structure in the N-terminal 
modifi cation recognition domain that fl ips the target 5mC (Cohen-Karni et al.  2011 ; 
Horton et al.  2014c ). Despite the lack of amino acid sequence conservation between 
eukaryotic UHRF1/2 SRA and MspJI SRA, all SRA domains feature a twisted 
β-sheet fold with a half-moon shape (Fig.  3a ). 

 As more modifi cation-dependent restriction enzymes have been identifi ed, some 
of them are found with different specifi cities toward 5mC, 5hmC, and 5ghmC. AbaSI, 
unlike MspJI, has an N-terminal Vsr-like endonuclease domain and a C-terminal 
SRA-like domain (Borgaro and Zhu  2013 ; Horton et al.  2014a ). Its SRA domain 
seems to preferentially recognize 5ghmC and 5hmC compared to 5mC, as the rela-
tive rate of cleavage of DNA containing the corresponding modifi cation is 
5ghmC:5hmC:5mC = 8000:500:1 (Wang et al.  2011 ). Structural features within 
SRA domains that fi ne-tune such specifi cities await future characterizations.  

4.3     McrB-N as Distinct 5mC Reader 

 Modifi cation-dependent restriction enzymes also utilize yet another 5mC recogni-
tion domain (Fig.  3b ). The N-terminus of McrB (McrB-N) recognizes 5mC next to 
adenine within 5′-ACCGGT-3′ sequences, and McrC associates with McrB to pro-
vide endonuclease activity (Sutherland et al.  1992 ; Gast et al.  1997 ). The crystal 
structure of McrB-N in complex with 5mC-containing DNA shows fl ipped 5mC in 
the active site, revealing a novel fold distinct from any other known base fl ippers 
(Sukackaite et al.  2012 ). The active site displays familiar π stacking of the fl ipped 
5mC via aromatic residues and van der Waals contact of the C5-methyl group via 
the side chain of Leu68. So far, SRA is the only known modifi ed base reader in 
eukaryotes that fl ips the target base, and no eukaryotic homolog of McrB-N has 
been identifi ed. However, the history of the discovery of base fl ippers suggests a 
strong possibility of its structural homologs present in a wide spectrum of phyla.  

4.4     DpnI as N6mA Reader 

 While base fl ipping seems to be a major mechanism by which a modifi ed DNA 
base can be recognized, it should be noted that modifi ed bases can be recognized 
by some transcription factors in a sequence-dependent context as well (Spruijt 
et al.  2013 ; Hu et al.  2013b ), none of which involves base fl ipping. Along with the 
previously mentioned MBD family proteins that recognize 5mC within the simple 
dinucleotide CpG sequence, certain mammalian zinc-fi nger family proteins such 
as Kaiso (Buck-Koehntop et al.  2012 ), Zfp57 (Liu et al.  2012 ), Klf4 (Liu et al. 
 2014 ), and Egr1 (Hashimoto et al.  2014a ) bind 5mC within specifi c sequences 
via a common structural motif (Liu et al.  2013 ; Hashimoto et al.  2015b ). In addi-
tion, another zinc-fi nger transcription factor WT1 (Hashimoto et al.  2014a ) and the 
basic helix-loop-helix (bHLH) family Tcf3-Ascl1 heterodimer (Golla et al.  2014 ) 
can specifi cally bind 5caC within their consensus sequences. In prokaryotes, DpnI 
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harbors a C-terminal winged-helix (WH) domain that recognizes the methyl group 
of N6mA within 5′-GATC-3′ sequence via Trp138 involving van der Waals inter-
actions (Mierzejewska et al.  2014 ). Therefore, DNA modifi cations may regulate 
transcription- binding sites in much more dynamic and selective manners than they 
were previously understood.   

5     Base Flipping in Removing Modified and Unmodified 
Bases 

5.1     Mammalian Thymine DNA Glycosylase (TDG) 

 The discovery of TET-mediated modifi ed cytosine bases has provided a fresh insight 
into a long sought-after pathway of 5mC demethylation/demodifi cation within 
mammalian genomes (see review (Zhu  2009 )). In the base excision repair pathway, 
DNA glycosylases cleave the glycosidic bond between the ribose and the target base 
and represent the most structurally diverse family of base-fl ipping enzymes (Brooks 
et al.  2013 ). Initially, it was hypothesized that 5mC is removed by 5mC DNA 
glycosylase(s), as mammalian 5mC DNA glycosylase activity had been reported 
(Vairapandi and Duker  1993 ,  1996 ; Vairapandi et al.  2000 ). However, the glycosyl-
ase involved was never identifi ed. After the discovery of TET enzymes, mammalian 
TDG that generally removes uracil or thymine mismatched to guanine was surpris-
ingly revealed to excise 5fC and 5caC to establish genome-wide DNA demethyl-
ation (He et al.  2011 ; Maiti and Drohat  2011 ; Hashimoto et al.  2012a ; Zhang et al. 
 2012 ). The crystal structure of the human TDG catalytic domain in complex with 
5caC-containing DNA was also solved (Fig.  4a ), presenting the fl ipped base in the 
active site where the C5-carboxyl moiety of 5caC is specifi cally recognized by the 

  Fig. 4    Erasers of DNA modifi cations. ( a ) Crystal structure of human TDG fl ipping 5caC opposite 
guanine. ( b ) Crystal structure of  Geobacillus stearothermophilus  endonuclease III in complex with 
DNA. Iron-sulfur cluster is colored in  orange  and  yellow        
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side chain of Asn157 and the Tyr152 amide backbone (Zhang et al.  2012 ). The dis-
covery of TDG excising 5fC and 5caC has effectively linked the base excision repair 
pathway to DNA demethylation in mammalian system.

5.2        Plant ROS1 

 In plants, paradoxically, bona fi de 5mC DNA glycosylases were clearly demon-
strated and identifi ed in 2002 (Gong et al.  2002 ), approximately a decade before 
TET and TDG were implicated in DNA demethylation. In  Arabidopsis , four 
closely related 5mC DNA glycosylases exist: ROS1, DME, DML2, and DML3 
(Gong et al.  2002 ; Morales-Ruiz et al.  2006 ; Gehring et al.  2006 ; Ortega-Galisteo 
et al.  2008 ). They have a catalytic glycosylase domain homologous to  E. coli  endo-
nuclease III (Fig.  4b ), a helix-hairpin-helix (HhH) fold DNA glycosylase that har-
bors an iron- sulfur cluster-binding site and excises damaged pyrimidines 
(Ponferrada-Marin et al.  2009 ,  2011 ; Mok et al.  2010 ). Both ROS1 and DME have 
been shown to excise 5mC in vivo and in vitro (Gong et al.  2002 ; Ponferrada-
Marin et al.  2009 ; Gehring et al.  2006 ; Mok et al.  2010 ), and they are shown to 
excise 5hmC, but not 5fC and 5caC in vitro (Hong et al.  2014 ; Jang et al.  2014 ; 
Brooks et al.  2014 ). Thus, plant ROS1 and mammalian TDG have mutually exclu-
sive substrate specifi cities for 5mC, 5hmC, 5fC, and 5caC; the fi rst two are sub-
strates for ROS1 and the latter two for TDG (Hashimoto et al.  2012a ; Hong et al. 
 2014 ). One of the most surprising aspects of plant 5mC DNA glycosylases is that 
they excise the target base only when both the catalytic glycosylase domain and 
the C-terminal domain are present (Hong et al.  2014 ; Mok et al.  2010 ). The 
C-terminal domain of ROS1 is conserved only among plant 5mC DNA glycosyl-
ases and has been shown to strongly associate with the catalytic domain, suggest-
ing that domain-domain interactions are important for target base recognition and 
excision (Hong et al.  2014 ). 

 While TDG and ROS1 have been clearly implicated in DNA demethylation path-
ways, jury is still out on the possibility of the contribution of other pathways to 
DNA demethylation. In addition to the previously mentioned mammalian 5mC 
DNA glycosylase activities, 5hmC DNA glycosylase activity was observed in a calf 
thymus extract (Cannon et al.  1988 ). A recent proteomic study has revealed that 
several mammalian DNA glycosylases such as NTH1, OGG1, NEIL1, and NEIL2 
bind 5mC- and 5hmC-containing DNA in a modifi cation-specifi c manner (Spruijt 
et al.  2013 ), though they by themselves do not have the glycosylase activity against 
5mC or 5hmC (Hong et al.  2014 ). 

 The 5mC DNA glycosylase activity by ROS1 is interesting from a standpoint of 
historical characterization of DNA glycosylases as DNA damage repair enzymes. 
In a given genome, there can be many types of damaged bases, and their diversity 
is on par with many classes of DNA glycosylases that are structurally distinct 
(Brooks et al.  2013 ). On the other hand, 5mC in plants is not considered a damaged 
base and exists in substantial amounts in the  Arabidopsis  genome (Zhang et al. 
 2006 ). Thus, ROS1 must be regulated and specifi cally targeted to a certain genomic 
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location to initiate DNA demethylation (Zheng et al.  2008 ; Qian et al.  2012 ). In 
addition to 5mC, ROS1 is comparably active on thymine mismatched to guanine 
and on some damaged pyrimidines, suggesting that ROS1 can be involved in both 
DNA demethylation and DNA damage repair (Ponferrada-Marin et al.  2009 ,  2010 ). 
Such dual functionality can be applied to TDG as well, which not only excises 
thymine or uracil mismatched to G during the process of DNA mismatch repair but 
also excises 5fC and 5caC base paired with guanine for DNA demodifi cation in 
mammals (He et al.  2011 ; Maiti and Drohat  2011 ; Hashimoto et al.  2012a ; Zhang 
et al.  2012 ).  

5.3     Achaeon PabI Activity as Adenine DNA Glycosylase 

 Interestingly, the archaeal  Pyrococcus abyssi  PabI enzyme was initially thought to 
be a restriction endonuclease but has recently been re-characterized as a sequence- 
specifi c adenine DNA glycosylase (Miyazono et al.  2014 ). PabI is comparable to 
MutY family mismatch repair DNA glycosylases that excise target adenine mis-
matched to 8-oxoguanine (Fromme et al.  2004 ). However PabI is remarkably dis-
tinct from MutY, because PabI excises adenine correctly base paired to thymine in 
a targeted manner. It is therefore possible that DNA glycosylases have adapted to 
function in more processes than DNA damage repair by removing benign bases for 
various biological regulations. 

   Conclusions 

 First observed in 1994 in the crystal structure of M.HhaI with DNA, base fl ip-
ping is now understood as a common mode of protein-DNA/RNA interactions 
adopted by structurally and functionally distinct classes of proteins across vari-
ous phyla. Base fl ipping is the only known mechanism for establishing DNA 
modifi cations in a targeted manner via DNA methyltransferases and TET dioxy-
genases. What used to be considered a eukaryote-specifi c base-fl ipping 5mC 
reader, SRA, has later been shown to be widely prevalent in prokaryotic systems 
for recognizing several modifi ed bases including 5mC, 5hmC, and 5ghmC. In 
addition to SRA, more structurally diverse classes of modifi ed base readers have 
been discovered in prokaryotes, such as the base-fl ipping 5mC reader McrB-N 
and the N6mA-recognizing WH domain of DpnI (using non-base-fl ipping mech-
anism). Also, DNA glycosylases are base fl ippers primarily characterized as 
DNA repair enzymes, though not all DNA glycosylases fl ip a base/nucleotide for 
base excision, as presented in the very recent example of bacterial AlkD (Mullins 
et al.  2015 ). Today, DNA demodifi cation is considered a bona fi de output of the 
base excision repair pathway through DNA glycosylases, such as mammalian 
TDG and plant ROS1 whose mechanism of action again involves base fl ipping. 
In an era in which DNA modifi cations are considered critical and increasingly 
complex epigenetic signals, this simple, but elegant, structural mechanism for 
protein-DNA interaction is preserved as a truly ubiquitous framework.       
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    Abstract 
   DNA methylation is the most studied epigenetic modifi cation, and altered DNA 
methylation patterns have been identifi ed in cancer and more recently also in 
many other complex diseases. Furthermore, DNA methylation is infl uenced by a 
variety of environmental factors, and the analysis of DNA methylation patterns 
might allow deciphering previous exposure. Although a large number of tech-
niques to study DNA methylation either genome-wide or at specifi c loci have 
been devised, they all are based on a limited number of principles for differenti-
ating the methylation state, viz., methylation-specifi c/methylation-dependent 
restriction enzymes, antibodies or methyl-binding proteins, chemical-based 
enrichment, or bisulfi te conversion. Second-generation sequencing has largely 
replaced microarrays as readout platform and is also becoming more popular for 
locus-specifi c DNA methylation analysis. In this chapter, the currently used 
methods for both genome-wide and locus-specifi c analysis of 5-methylcytosine 
and as its oxidative derivatives, such as 5-hydroxymethylcytosine, are reviewed 
in detail, and the advantages and limitations of each approach are discussed. 
Furthermore, emerging technologies avoiding PCR amplifi cation and allowing a 
direct readout of DNA methylation are summarized, together with novel applica-
tions, such as the detection of DNA methylation in single cells or in circulating 
cell-free DNA.  
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   Abbreviations 

  5caC    5-Carboxylcytosine   
  5fC    5-Formylcytosine   
  5hmC    5-Hydroxymethylcytosine   
  5mC    5-Methylcytosine   
  Aba-seq    AbaSI-coupled sequencing   
  Ccf    DNA circulating cell-free DNA   
  ChIP    Chromatin immunoprecipitation   
  CMS    5-Cytosinemethylenesulfonate   
  COBRA    Combined bisulfi te restriction analysis   
  COLD    Coamplifi cation at lower denaturation temperature   
  ddPCR    Digital droplet PCR   
  DREAM    Digital restriction enzyme analysis of methylation   
  FFPE    Formalin fi xed paraffi n embedded   
  GLIB    Glucosylation, periodate oxidation, biotinylation   
  HELP    HpaII tiny fragment enrichment by ligation-mediated PCR   
  HELP-GT    HpaII tiny fragment enrichment by ligation-mediated PCR- 

glycosyl  t ransferase assay   
  hMeSEAL    5hmC-selective chemical labeling   
  M    Million   
  MALDI-TOF-
MS/MALDI-MS    Matrix-assisted laser desorption/ionization time-of-fl ight mass 

spectrometry   
  MBD    Methyl-binding domain   
  MSDK    Methylation-specifi c digital karyotyping   
  MeDIP    Methylated DNA immunoprecipitation   
  MIRA    Methylated-CpG island recovery assay   
  MRE    Methylation-specifi c restriction enzyme   
  MS    Methylation sensitive   
  MSCC    Methylation-specifi c cut counting   
  MS-FLAG    Methylation-sensitive fl uorescent amplicon generation   
  MS-HRM    Methylation-specifi c high-resolution melting analysis   
  MS-MLPA    Methylation-specifi c multiplexed ligation probe amplifi cation   
  MSP    Methylation-specifi c PCR   
  MS-SNuPE    Methylation-specifi c single-nucleotide primer extension   
  NGS    Next-/second-generation sequencing   
  OxBS    Oxidative bisulfi te   
  PBAT    Post-bisulfi te adaptor tagging   
  PBMC    Peripheral blood mononuclear cells   
  QAMA    Quantitative analysis of methylated alleles   
  RRBS    Reduced representation bisulfi te sequencing   
  RRHP    Reduced representation 5-hydroxymethylcytosine profi ling   
  SBS    Sequencing by synthesis   
  SCAN    Single chromatin molecule analysis at the nanoscale   

J. Tost



345

  SMART-MSP    Sensitive melting analysis after real-time methylation-specifi c PCR   
  SMRT    Single-molecule real time   
  SuBLiME    Streptavidin bisulfi te ligand methylation enrichment   
  TAB-seq    TET-assisted bisulfi te sequencing   
  TET    Ten-eleven translocation (enzyme)   

1          Introduction 

 Epigenetic phenomena are mediated by a variety of molecular mechanisms  including 
posttranscriptional histone modifi cations, histone variants, ATP-dependent chro-
matin remodeling, and small and other noncoding RNAs and DNA methylation 
(Tost  2008a ). These diverse molecular mechanisms are all closely intertwined and 
stabilize each other to ensure the faithful propagation of an epigenetic state over 
time and especially through cell division. Epigenetics and the analysis of epigenetic 
modifi cations have come to a central stage for many developmental and biomedical 
questions, and the advent of second-/next-generation sequencing (NGS) has revolu-
tionized the way of interrogating the epigenome. 

 In this chapter, I will provide a comprehensive overview of the technologies 
applied for the genome-wide and locus-specifi c analysis of DNA methylation, the 
best-studied epigenetic modifi cation. As the description of all methods used for the 
different applications of DNA methylation analysis is beyond the scope of this chap-
ter, I will concentrate on the most widely used methods, powerful emerging con-
cepts, as well as approaches that are or have the potential to be used in the clinics. 

1.1     DNA Methylation 

 In mammals, DNA methylation is the most prevalent DNA modifi cation and is almost 
entirely found on the C5 position of the pyrimidine ring of cytosines in the context of 
CpG dinucleotides (Bird  2002 ). 5-Methylcytosine accounts for ~1 % of all bases, 
whereby the majority (75 %) of CpG dinucleotides throughout mammalian genomes 
is methylated. Methylation of cytosines in the context of CpHpG or CpHpH sequences 
(where H is A, C, or T) has been detected in embryonic stem cells, the brain, and 
plants but is rarely found in other somatic mammalian/human tissues. DNA methyla-
tion can have profound effects on gene expression, is crucial for proper development, 
and is implicated in disease processes, particularly tumorigenesis (Baylin and Jones 
 2011 ), but more recently it also got connected to other complex diseases, including 
autoimmune and infl ammatory diseases and neurodegenerative, psychiatric, and met-
abolic disorders (Absher et al.  2013 ; Miceli-Richard et al.  2016 ; Karatzas et al.  2014 ; 
Chandra et al.  2015 ; Ronn and Ling  2015 ; Voelter- Mahlknecht  2016 ; Yu et al.  2015a ). 
DNA methylation might act as a memory of both internal and external environmental 
infl uences to which the cells of an organism have been exposed. The variety of epi-
genetic modifi cations in mammalian DNA has recently further increased with the 
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discovery of 5-hydroxymethylcytosine (5hmC) and its oxidative derivatives, 5-for-
myl (5fC) and 5-carboxylcytosine (5caC) in mammalian neurons and embryonic 
stem cells, which are formed from 5-methylcytosines by a catalytic oxidation medi-
ated by the TET proteins (Kriaucionis and Heintz  2009 ; Tahiliani et al.  2009 ). The 
5hmC modifi cation has been found in nearly all mouse embryonic tissues, but with 
the exception of brain tissue and bone marrow only very low levels (0.2–0.05 % of all 
cytosines) are detectable in adult tissue (Ruzov et al.  2011 b; Globisch et al.  2010 ). 

 As a covalent DNA-based modifi cation, which is technically relatively easy to 
investigate, DNA methylation has been intensively studied since the 1980s and is 
the best-studied epigenetic mark. For the analysis of DNA methylation patterns, 
sensitive and quantitative methods are required to detect even subtle changes in the 
degree of methylation, as biological samples often represent a heterogeneous mix-
ture of different cells, for example, tumor and non-tumor cells from tissue biopsies 
or DNA extracted from peripheral blood mononuclear cells (PBMCs). Realizing the 
importance of epigenetic changes in development and disease, a large number of 
technologies for the study of DNA methylation have been developed in the last 
years. However, no single method has emerged as the “gold” standard technique 
unifying cost-effi ciency, throughput, quantitative accuracy and sensitivity, possibil-
ity for whole-genome analysis, and precise investigation of individual CpG posi-
tions. Therefore, the choice of the method mainly depends on the required answer 
to a fundamental or biomedical research problem. A major advantage of DNA 
methylation analysis is that it can be carried out on DNA isolated from nearly all 
biological tissues or body fl uids, as DNA methylation marks seem to be stable even 
under prolonged storage conditions. It has, for example, been shown that DNA from 
the blood spots of Guthrie cards can be reliably extracted for up to 20 years with a 
quality suitable for genome-wide DNA methylation analyses (Ghantous et al.  2014 ). 
Archived specimens fi xed in a variety of fi xatives are also suitable for DNA meth-
ylation analysis, but to a different degree. Despite suffering from large damage and 
modifi cation of the nucleic acids (Srinivasan et al.  2002 ), DNA from  f ormalin -f ixed 
 p araffi n -e mbedded (FFPE) samples can be used for locus-specifi c analyses of DNA 
methylation patterns using, for example, pyrosequencing (Leong et al.  2013 ), or 
after a ligation and amplifi cation-based repair step for genome-wide analysis using 
the Infi nium BeadChips (Thirlwell et al.  2010 ). However, alternative fi xatives such 
as PAXgene-based preservation proved superior in terms of accuracy and reproduc-
ibility compared to FFPE specimens (Andersen et al.  2014 ). 

 Although DNA methylation is technically easier to handle and the requirements 
for pre-analytical sample processing are less stringent compared to the analysis of 
RNA and protein modifi cations, several challenges are nonetheless associated with 
the analysis of DNA methylation patterns in tissue. Biological specimens are com-
posed of a large number of cell types, each associated with its own DNA methy-
lome, and appropriate control of the cellular composition needs to be carried out 
using either careful pathological examination, complementary molecular methods, 
e.g., for assessing the tumor percentage (Van Loo et al.  2010 ), or statistical methods, 
e.g., for blood cell composition (Houseman et al.  2012 ). These points are of course 
also valid for the analysis of RNA- or protein-based biomarkers. Heterogeneity at 
the level of DNA methylation, which is transformed into polymorphisms of the 
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target sequence, might also be problematic for some of the technologies used for the 
assessment of DNA methylation levels in a candidate region, when primers fail to 
amplify, e.g., partially methylated molecules (Mikeska et al.  2010 ; Alnaes et al. 
 2015 ). Another yet unanswered question is under which conditions and to which 
extent an accessible tissue such as blood, urine, or saliva can be used as a surrogate 
for the target organ, if the primary disease organ is not available for analysis.   

2     Principles of DNA Methylation Detection 

 Several generations of genome-wide methods for DNA methylation analysis have 
been developed adapting to different analytical supports with increasing levels of 
resolution and coverage. Except for the highly popular epigenotyping arrays, NGS- 
based technologies have largely replaced microarrays as the readout platform for 
DNA methylation analysis, and the latter are therefore not covered in this review. 
Historical methods for DNA methylation analysis have been reviewed in Tost 
( 2008b  and Harrison and Parle-McDermott ( 2011 ). 

 Despite the advancement of readout platforms, the main approaches for the dis-
crimination of methylation have so far little evolved, although new methods allow-
ing potentially a direct readout of DNA methylation patterns have been devised 
(Song et al.  2012 ; Flusberg et al.  2010 ; Clarke et al.  2009 ). Current assays are based 
on four main principles:

    1.    The use of methylation-specifi c restriction endonucleases, i.e., enzymes that are 
blocked by methylated cytosines in their recognition sequence (Bird and 
Southern  1978 ), which are widely used for the analysis of methylation patterns 
in combination with their methylation-insensitive isoschizomers. Although 
methods based on methylation-specifi c restriction enzymes are simple and cost- 
effective and might be able to distinguish between methylcytosine and its oxida-
tive derivatives, they are hampered by the limitation to specifi c restriction sites, 
as only CpG sites found within the recognition sequences of restriction enzymes 
can be analyzed (Fazzari and Greally  2004 ). Information complementary to that 
obtained by methylation-specifi c restriction digests can be obtained by methyla-
tion-dependent restriction enzymes such as McrBC, which cleaves between two 
non-palindromic G/A me C sites 40–3000 bp apart from each other with an optimal 
distance of 55–103 bp (Stewart et al.  2000 ).   

   2.    The methylated fraction of a genome can be enriched by precipitation with a 
bead-immobilized antibody specifi c for 5-methylcytosine following a protocol 
similar to chromatin immunoprecipitation (ChIP) and analyzed on microarrays 
(Weber et al.  2005 ) or by sequencing (Down et al.  2008 ; Feber et al.  2011 ).   

   3.    Similar results can be obtained by affi nity purifi cation of methylated DNA with 
methyl-binding domain (MBD) proteins such as MeCP2 (Brinkman et al.  2010 ) 
or MBD2 in combination with MBD3L1 (Rauch and Pfeifer  2005 ).   

   4.    The most widely used approach consists of the chemical modifi cation of genomic 
DNA with sodium bisulfi te. This chemical reaction induces hydrolytic deamina-
tion of unmethylated cytosines to uracils, while methylated cytosines are  resistant 

Current and Emerging Technologies for DNA Methylation Analysis



348

to the conversion under the chosen reaction conditions (Frommer et al.  1992 ; 
Shapiro et al.  1974 ). This method translates the methylation signal into a 
sequence difference. After performing PCR, the methylation status at a given 
position is manifested in the ratio of C (former methylated cytosine) to T (former 
unmethylated cytosine) and can be analyzed as a virtual C/T polymorphism 
spanning the entire allele frequency spectrum from 0 to 100 % in the bisulfi te- 
treated DNA. A number of commercial kits have been developed, which allow 
the user-friendly conversion of genomic DNA from various sources. Nonetheless, 
the chemical treatment degrades a signifi cant amount of the input DNA leading 
to the loss of a substantial amount of the starting material that could become 
problematic if only a very limited amount is available (Holmes et al.  2014 ). 
Specifi c quality control assays have been developed, which allow for the accu-
rate quantifi cation of total, amplifi able converted and unconverted DNA after 
bisulfi te treatment (Campan et al.  2009 ). Furthermore, the difference in GC con-
tent for different molecules induced by the bisulfi te conversion and their former 
DNA methylation status might infl uence their amplifi cation effi ciency and opti-
mal annealing temperature. Therefore, the preferable amplifi cation of unmethyl-
ated or methylated DNA is a common complication for methods including PCR 
amplifi cation of bisulfi te-treated DNA (Warnecke et al.  1997 ; Grunau et al. 
 2001 ). Several methods have been devised for the potential correction of the 
amplifi cation bias, including single-molecule PCR (Chhibber and Schroeder 
 2008 ), addition of betaine to the PCR (Voss et al.  1998 ), inclusion of CpGs in the 
sequence of the amplifi cation primers (Wojdacz and Hansen  2006 ), and/or varia-
tion of the annealing temperature (Shen et al.  2007 ). Nonetheless, all these meth-
ods cannot be generally applied but have to be carefully tested using standards 
with a known degree of DNA methylation at the specifi c locus of interest. 
Another important problem might arise from clonal amplifi cation during the 
PCR following bisulfi te conversion, leading to an ostensible faultless readout, 
which is however not representing the true distribution of DNA methylation in 
the original sample (Zhang and Jeltsch  2010 ). Technical replicates of the bisul-
fi te conversion or at least of the PCR amplifi cation or the addition of molecule- 
specifi c barcodes during the fi rst-strand synthesis might help to detect such 
problems (Miner et al.  2004 ; Zhang and Jeltsch  2010 ). It should also be noted 
that standard bisulfi te conversion protocols cannot discriminate between 
5-hydoxymethylcytosine and 5-methylcytosine, which are converted with a sim-
ilar effi ciency. Specialized protocols such as oxidative bisulfi te sequencing 
(Booth et al.  2012 ) or TAB-seq (Yu et al.  2012 ) are required to avoid any poten-
tial infl uence of concomitant hydroxymethylation on accurate quantifi cation of 
DNA methylation. Methods for the specifi c analysis of 5-hydroxymethylation 
are detailed in Sect.  15.10  of this chapter.    

  Depending on the requirement for resolution, coverage, quantifi cation, and 
throughput, these four main assay principles have been combined with PCR-, micro-
array-, or sequencing-based readout technologies. Nowadays, NGS methods have 
largely replaced microarray-based readouts, because they allow a truly genome-
wide discovery of differentially methylated CpGs and/or regions, they require in 
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most cases lower starting amounts of DNA, and they limit DNA  amplifi cation 
 during the analysis, thereby reducing potential amplifi cation biases.  

3     Principles of Next-Generation Sequencing 

 Illumina’s sequencing-by-synthesis (SBS) chemistry is currently the most widely 
adopted chemistry in the fi eld. The sequencing library is prepared by random frag-
mentation of the DNA or cDNA sample, followed by 5′ and 3′ adapter ligation. 
Multiple samples can be analyzed in parallel using barcodes, which are short six to 
eight base pair sequences specifi c for a given sample that can be incorporated into one 
or both (dual indexing) adapters. Alternatively, the tagmentation method combines 
the fragmentation and ligation reactions into a single step. For cluster generation, the 
library is loaded into a fl ow cell where fragments are captured on surface-bound oli-
gos complementary to the library adapters. Each fragment is then amplifi ed into a 
distinct, clonal cluster through bridge amplifi cation. Sequencing utilizes four revers-
ible terminator-bound dNTPs, which are present during each sequencing cycle that - 
like in Sanger sequencing – detect single bases as they are incorporated into DNA 
template strands. Sequencing can be carried out in single or paired-end modus, the 
latter giving more precise location about the sequence fragment analyzed. A variety of 
sequencing machines with different throughput capacities are available from Illumina, 
ranging from the Mini-seq system (output 2–7 Gb) to the HiSeq X Ten platform (out-
put 16–18 Tb), allowing to sequence between 50 and 600 base pairs per fragment. 
Recent improvements include the use of ordered fl ow cells optimizing the number of 
detectable clusters and improved detection systems reducing the run time threefold. 
Further, the HiSeq X Five and X Ten allow for the fi rst time a cost-effi cient whole-
genome bisulfi te sequencing of mammalian genomes (see below), while the MiSeq 
system has received regulatory approval for diagnostic applications, allowing poten-
tially to transfer the targeted analysis of DNA methylation to a diagnostic platform. 

 For sequencing on the SOLiD™ System (ThermoFisher), (c)DNA is fragmented 
and clonal bead populations are prepared in microreactors containing template, 
PCR reaction components, beads, and primers. After PCR, beads with extended 
templates are enriched, and the template on the selected beads undergoes a 3′ modi-
fi cation to allow covalent attachment to the fl ow cell. In contrast to the Illumina 
protocol, a set of four fl uorescently labeled di-base probes compete for ligation to 
the sequencing primer. Specifi city of the di-base probe is achieved by interrogating 
every fi rst and second base in each ligation reaction. Multiple cycles of ligation, 
detection, and cleavage are performed with the number of cycles determining the 
eventual read length. Following a series of ligation cycles, the extension product is 
removed, and the template is reset with a primer complementary to the n-1 position 
for a second round of ligation cycles. As most bases are interrogated in two inde-
pendent ligation reactions by two different primers, the accuracy of the sequencing 
is very high. However, the output is much lower than on Illumina sequencers and the 
price per sequenced base substantially higher, which has limited its use. In the fi eld 
of DNA methylation analysis, SOLiD systems have mainly been used for the 
sequencing of affi nity-enriched libraries. 
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 The Ion Torrent sequencing platform (ThermoFisher) is a semiconductor-based 
sequencing exploiting the release of hydrogen ions upon nucleotide incorporation 
during the sequencing-by-synthesis reaction (Rothberg et al.  2011 ). This approach 
has some similarities to the pyrosequencing reaction monitoring the release of pyro-
phosphate, which was used in the Roche/454 sequencing systems, which are cur-
rently phased out. While the Ion Torrent and GS Junior benchtop sequencers require 
less upfront investment and have shorter run times compared to some earlier 
Illumina sequencers, they do not allow for the same throughput and their error rate 
might be slightly higher. 

 If not explicitly otherwise stated, all sequencing approaches described in this 
chapter have been performed on the different Illumina platforms (GAIIx, MiSeq, 
HiSeq), and while the general principles of each method are transferrable to any 
sequencing platform, protocols might need to be adapted to satisfy platform- specifi c 
requirements.  

4     Global Methylation Content of a Sample 

 Methods for the analysis of global DNA methylation levels in a sample determine 
the overall 5-methylcytosine content or its changes affecting the entire epigenome, 
respectively. They do, however, not give any information about the location or 
repartition of DNA methylation on the genome. 5-Methylcytosine can be differenti-
ated from its unmethylated counterpart by the different mass or polarity of the two 
bases (cytosine and 5-methylcytosine), which can be used for chromatographic or 
mass spectrometric separation (Wiebers  1976 ; Eick et al.  1983 ; Fraga et al.  2002 ). 
The 5-methylcytosine content is measured after hydrolysis to mononucleosides, and 
comparison to an internal standard enables quantifi cation. Particularly, since the 
discovery of the oxidative derivatives of 5-methylcytosine, the mass spectrometry 
detection has become very popular, which is also due to its exquisite sensitivity and 
the low amounts of required starting material (Globisch et al.  2010 ; Le et al.  2011 ). 
Less accurate quantifi cation of the global methylation content can also be made 
with a variety of ELISA-based commercial kits, but these kits are normally much 
less sensitive than mass spectrometric or chromatographic methods enabling only 
the detection of very large changes in the DNA methylation content. 

 Bacterial methyltransferases, e.g., M.SssI, transfer a methyl group from the 
universal methyl donor  S -adenosyl-L-methionine to unmethylated CpG positions. 
The methyl acceptor assay makes use of these enzymes and analyzes the amount 
of incorporated radiolabeled methyl groups into a sample (Bestor and Ingram 
 1983 ). The measured amount of radioactive label correlates thus inversely with 
the degree of its methylation prior to labeling. Similarly, the cytosine extension 
assay combines methylation-specifi c restriction digestion and single-nucleotide 
extension with radio- or fl uorescently labeled dCTP complementary to the guanine 
5′ overhang created by the digestion (Pogribny et al.  1999 ; Bönsch et al.  2004 ). 
The pyrosequencing-based Luminometric Methylation Assay (LUMA) is based on 
the differential digestion of a sample with a methylation-specifi c endonuclease or 

J. Tost



351

its methylation-insensitive isoschizomer and the successive dispensation of four 
 nucleotides complementary to the overhang created by the endonucleases (Karimi 
et al.  2006 ). The pyrosequencing-based analysis of repetitive elements such as Alu 
or LINE1 has also been widely used as surrogate for the global DNA methylation 
level (Yang et al.  2004 ). Methods analyzing the total amount of 5-methylcytosine in 
a sample are used to analyze and follow global DNA methylation changes induced 
by demethylating pharmaceutical agents in patients with hematological malignan-
cies at various time points of treatment (Mund et al.  2005 ; Liu et al.  2007 ; Kantarjian 
et al.  2006 ), to investigate the effi cacy of novel demethylating agents (Balch et al. 
 2005 ), to detect and predict the outcome of various human cancers (Hur et al.  2014 ; 
Inamura et al.  2014 ), as well as to detect and quantify the effect of environmental 
exposure on the DNA methylome (Bollati et al.  2007 ; Marques-Rocha et al.  2016 ). 

 In situ hybridization methods with antibodies directed against 5-methylcytosine 
or its oxidative derivatives allow the measurement of the methylation content and its 
potentially cell-type-specifi c distribution. They can be used to visualize the modi-
fi ed bases in the cell nuclear context (Miller et al.  1974 ; Rougier et al.  1998 ; Salvaing 
et al.  2015 ). As only clustered methylated CpGs (e.g., in repeat elements) can be 
recognized at the chromosomal level, methylation patterns at relatively small loci, 
such as CpG islands, contribute little to the overall staining profi le. Therefore, tech-
nologies using an ultra-sensitive and rapid fl uorescence scanning system with a 
sub-micrometer resolution have been devised to achieve the detection of methyl 
groups at specifi c promoters isolated from genomic DNA by restriction digestion 
and hybridization to capture oligonucleotides immobilized on a glass slide (Pröll 
et al.  2006 ).  

5     Whole Methylome Analyses 

 Although potentially confounded by the presence of 5-hydroxymethylcytosine, 
whole-genome bisulfi te sequencing or MethylC-seq can be considered as the cur-
rent gold standard for the genome-wide identifi cation of differentially methylated 
regions at single-nucleotide resolution. This technology is currently used in a num-
ber of international large-scale projects to map the methylome of various human 
tissues and cell types (Adams et al.  2012 ; Roadmap Epigenomics et al.  2015 ; Schultz 
et al.  2015 ). It overcomes the limitations of cloning and Sanger sequencing, a low-
throughput method limited to a small number of loci of interest, in which the quan-
titative resolution was limited by the number of clones analyzed (in most studies 
<20). Furthermore, whole-genome bisulfi te sequencing avoids problems with the 
primer design that often introduces multiple biases in locus-specifi c studies (Grunau 
et al.  2001 ; Warnecke et al.  2002 ). However, the unprecedented quantitative and 
spatial resolution that is currently transforming DNA methylation analysis comes at 
a high cost, as it requires substantial sequencing to obtain a proper and even cover-
age and necessitates bioinformatic expertise and resources. Although low-coverage 
bisulfi te sequencing can yield some information about global DNA methylation 
alterations, it does not yield reliable locus-specifi c information (Popp et al.  2010 ). 
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The most widely used protocol (Fig.  1 ) consists of the fragmentation of genomic 
DNA, adapter ligation, bisulfi te conversion, and limited amplifi cation using adapter-
specifi c PCR primers. While initially several micrograms of DNA were required to 
perform whole-genome bisulfi te sequencing, the replacement of electrophoresis and 
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  Fig. 1    Schematic outline of the three most commonly used approaches for whole-genome bisul-
fi te sequencing (from  left to right ): MethylC-seq, PBAT, and tagmentation-based WGBS. Details 
of the procedures are described in the text       
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gel extraction steps by magnetic beads has enabled generation of libraries suitable 
for sequencing from ~ 100 ng of input material (Urich et al.  2015 ). Libraries have 
been reported to be constructed from even less input material but require in most 
cases a high number of PCR cycles (up to 25 cycles (Kobayashi et al.  2012 )), induc-
ing potentially a large bias for the estimation of the DNA methylation levels, and 
require a much more substantial sequencing effort to obtain a homogeneous and 
suffi cient coverage. To assess the bisulfi te conversion effi ciency, DNA of the bacte-
riophage λ, only containing unmethylated cytosines, is spiked in the reaction. 
Mapping the reads against the bisulfi te-converted genome of the phage and counting 
any remaining cytosines allow then to identify problems of bisulfi te conversion and 
estimate the conversion rates. A large number of programs have been developed to 
perform the quality control, preprocessing steps (such as adaptor, barcode, and qual-
ity score trimming), mapping the reads to a bisulfi te-converted reference genome, 
scoring of DNA methylation levels (count statistics), and identifi cation of differen-
tially methylated CpG positions (DMCs) and regions (DMRs) (Adusumalli et al. 
 2015 ). The protocol has been widely used for the methylome analysis of a large 
number of organisms and plants, as well as human tissues, and ~90–95 % of the 
cytosines present in the genome are routinely covered (Lister et al.  2008 ,  2009 , 
 2011 ; Li et al.  2010b ; Chalhoub et al.  2014 ; Lyko et al.  2010 ; Guo et al.  2014 ).

   While most commonly performed on the Illumina sequencing platform, which 
allows for a much higher coverage, protocols and analytical pipelines have also 
been devised for the SOLiD platform (Kreck et al.  2012 ; Bormann Chung et al. 
 2010 ), and they have been applied in some studies (Kreck et al.  2013 ; Hansen 
et al.  2011 ). 

 As the Watson and Crick strands of the DNA are no longer complementary after 
bisulfi te conversion, after PCR amplifi cation and synthesis of the DNA complemen-
tary to either the Watson or the Crick strand, a bisulfi te-converted genome contains 
four strands. While methylation is mostly symmetrical in the input DNA, the 
MethylC-seq protocol will analyze only one of the two strands. A variation of the 
MethylC-seq protocol, which allows capturing all four strands of a bisulfi te-treated 
genomic DNA using an alternative sequencing adaptor strategy, has been devised 
(BS-seq; Cokus et al.  2008 ). While allowing a more comprehensive mapping of 
cytosines, this strategy requires a large amount of input DNA and comes at the cost 
of a more complex bioinformatic analysis. Therefore, this approach has been rarely 
used (Popp et al.  2010 ). Similarly, whole-genome pre-amplifi cation of bisulfi te- 
treated DNA has been proposed as an alternative to obtain suffi cient material for 
sequencing (Kobayashi et al.  2012 ); however, the accuracy and reproducibility of 
the whole-genome amplifi cation are still under debate, as it is prone to bias, espe-
cially if low amounts of input DNA are used (Bundo et al.  2012 ). 

 Tagmentation is based on a hyperactive variant of the prokaryotic Tn5 trans-
posase that randomly fragments DNA and tags ends with the sequencing adaptors 
that can be subsequently used for amplifi cation. While initially used for low-input 
genome sequencing (Adey et al.  2010 ), this approach has been adapted to the analy-
sis of genome-wide DNA methylation analysis (Tn5mC-seq or T-WGBS (Adey and 
Shendure  2012 ; Wang et al.  2013b )) (Fig.  1 ) and single-cell RNA sequencing 
(Brouilette et al.  2012 ) and more recently also for the analysis of chromatin 
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accessibility (ATAC-seq; Buenrostro et al.  2013 ), transcription factor binding sites, 
and histone modifi cations (Schmidl et al.  2015 ). As the tagmentation requires 
double- stranded DNA as a target for the transposition reaction, it is performed prior 
to the bisulfi te conversion. Transposase complexes are loaded with methylated oli-
gonucleotide (except for the 19 bp transposase recognition sequence) to retain 
sequence identify after the bisulfi te treatment and enable the use of the standard 
amplifi cation primers. A second complementary methylated adaptor is added 
replacing the transposase recognition sequence and ligated using gap repair. Double-
stranded DNA fragments are bisulfi te converted and subsequently PCR amplifi ed to 
append the outer fl ow cell compatible primers. The protocol can be carried out with 
very little input (down to 10 ng), as the tagmentation step removes the need for the 
multiple steps of the conventional protocol for library preparation (DNA shearing, 
3′end repair, adenylation, and adapter ligation). Furthermore, the presence of 
unmethylated nucleotides during the gap repair step serves as an internal control for 
bisulfi te conversion effi ciency and abolishes the need for DNA spike-ins. The tag-
mentation reaction has been shown to be little affected by the GC content (Adey and 
Shendure  2012 ). Up to 96 % of CpGs can be covered with this approach, and ~70 % 
of reads align to the genome, a number slightly lower compared to the standard 
MethylC-seq protocol. However, the coverage has been shown to be slightly more 
uniform compared to the standard MethylC-seq (Adey and Shendure  2012 ). Overall, 
MethylC- seq and T-WGBS do yield highly similar results in terms of methylation 
levels and coverage of the genome, and there seems to be no sequence bias for the 
insertion of the transposase (Wang et al.  2013b ). Of note, T-WGBS has been found 
unsuitable for the analysis of DNA extracted from FFPE tissue (Wang et al.  2013b ). 

 A potential drawback of both the MethylC-seq and the tagmentation-based pro-
tocols is that the adaptors are ligated to the DNA fragments prior to the bisulfi te 
conversion. The treatment of DNA with sodium bisulfi te leads to a substantial deg-
radation of DNA and reduces signifi cantly the amount of amplifi able DNA through 
the induction of double-stranded breaks between the adaptors. Therefore, protocols 
performing the adaptor tagging after bisulfi te treatment (PBAT: post-bisulfi te adap-
tor tagging) have been devised and shown to enable effi cient library construction 
from as little as 125 pg of DNA (Miura et al.  2012 ) and even single cells (Smallwood 
et al.  2014 ). This approach has therefore been used to sequence the methylomes of 
rare cell populations, such as primordial germ cells or zygotes (Peat et al.  2014 ; 
Kobayashi et al.  2013 ; Kobayashi et al.  2012 ; Shirane et al.  2013 ). Adaptor tagging 
is performed with two rounds of random primer extension using oligonucleotides 
with a random tetramer sequences at the 3′-end of the amplifi cation primers con-
taining the Illumina adaptor sequences. Primers are biotinylated to allow capture of 
the biotinylated fragments after the fi rst-strand synthesis on magnetic beads. When 
starting from ~100 ng of DNA, this method allows for the routine PCR-free con-
struction of libraries for methylome-wide sequencing (Miura et al.  2012 ), thereby 
avoiding the problem of high PCR duplicate rates that is frequently occurring in 
PBAT protocols due to the preferential binding of the random amplifi cation prim-
ers when the library has insuffi cient complexity and diversity. Furthermore, ran-
dom primers tend to preferentially amplify sequences with an elevated GC content. 
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While the classic MethylC-seq tends to cover GC-poor regions better than GC-rich 
regions, this phenomenon seems to be reversed in the PBAT protocol, suggesting 
that – if PCR amplifi cation is required – the combination of the two approaches will 
probably yield the most even coverage of the methylome.  

6     Genome-Wide Methylation Analyses Using NGS 

 Whole methylome analyses covering each CpG in the genome at single-base resolu-
tion remain complex and resource intensive when aiming for a reasonable coverage 
of at least 20–30 × on a given CpG site and are, therefore, not yet feasible in large 
cohorts. Furthermore, it has been shown that more than half of all reads do not con-
tain even a single CpG dinucleotide and are thus without any information for DNA 
methylation analysis, making suboptimal use of the sequencing capacities of cur-
rent sequencers (Ziller et al.  2013 ). Furthermore, many CpGs will not show variable 
DNA methylation under any condition. Therefore, several approaches have been 
developed to concentrate on the “potentially informative” fraction of the genome 
(Table  1 ). These approaches make use of either sequence features such as the CpG 
density or use antibody, protein, or chemical labeling-based methods to enrich the 
methylated or unmethylated fraction of the genome. However, it should be kept in 
mind that all of them will only analyze part of the CpGs present in a genome and 
none does provide a comprehensive analysis of the methylome.

6.1       Bisulfite-Based Methods 

  R educed  r epresentation  b isulfi te  s equencing (RRBS; Meissner et al.  2005 ,  2008 ; 
Gu et al.  2011 ) is currently the most popular alternative to WGBS, as it requires 
signifi cantly less sequencing, and CpG-rich regions that are enriched by restric-
tion enzyme digestion are relatively well covered (Meissner et al.  2008 ; Bock et al. 
 2010 ; Harris et al.  2010 ). RRBS makes use of a methylation-insensitive restric-
tion endonuclease with a CG-rich recognition sequence, such as MspI, which cuts 
between the two Cs in the target sequence CCGG, which is frequently found in 
CpG islands and promoter regions. After a size selection step, the generated DNA 
fragments are subsequently used for a standard library construction using methyl-
ated adaptors followed by bisulfi te conversion. RRBS interrogates approximately 
80 % of CpG islands and 60 % of promoters; this corresponds to only ~12 % of the 
28 million (M) CpGs in a human genome, mainly in regions of high CpG density, 
such as CpG islands, and cannot be designed to target specifi c genomic regions. On 
the other hand, RRBS can be performed from minute amounts of DNA, and espe-
cially for nonhuman samples, for which no Infi nium Methylation BeadChips exist, 
RRBS is probably the most cost-effi cient method to obtain comprehensive high-
resolution and quantitative methylome data, with as little as 20 M sequencing reads 
approaching saturation (Bock et al.  2010 ). However, nonuniform coverage of CpGs 
across samples might be an issue, and many CpG poor regions might be missed. 
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Furthermore, the possibility to investigate regions of particular interest will depend 
on the presence of nearby restriction sites. Increased coverage of the genome can be 
obtained using multiple restriction enzymes for the initial complexity reduction step 
(Wang et al.  2013a ; Martinez-Arguelles et al.  2014 ). 

 Similar to the originally devised technology for locus-specifi c DNA methylation 
analysis (Xiong and Laird  1997 ),  c ombined  b isulfi te  r estriction  a nalysis (COBRA)-
seq uses restriction enzymes to digest a bisulfi te-converted sequence (Varinli et al. 
 2015 ). Therefore, in the COBRA assay, in contrast to the below-described methods 
using methylation-specifi c restriction enzymes, digestion does not directly depend 
on the presence of a methyl group but rather on the sequence obtained after bisulfi te 
treatment, which is of course dependent on the original methylation state. After 
adaptor ligation and bisulfi te treatment, fragments are amplifi ed by limited PCR or 
linear amplifi cation to avoid the presence of uracil in the sequence fragments, which 
could impede the subsequent restriction digestion. Fragments are digested with a 
restriction enzyme having a CpG dinucleotide in its recognition sequence. Adaptors 
are ligated, which have the complementary sequence at their 3′end corresponding to 
the recognition sequence. Biotinylation of the 5′ adaptor allows for the enrichment 
of cut molecules. After amplifi cation by PCR or linear amplifi cation using a T7 
promoter included in the 5′ adaptor, samples are sequenced in multiplex on a HiSeq 
instrument (Varinli et al.  2015 ). Compared to the below-described methods (Sect. 
  6.2    ) using enrichment of the methylated fraction for the genome by protein affi nity 
or antibody-based approaches, COBRA-seq might be less strongly infl uenced by 
methylation density, and the use of appropriate restriction enzymes allows also for 
the analysis of non-CpG methylation. This method, however, has a lower coverage 
due to its dependence on restriction enzyme recognition sites and, as all bisulfi te 
methods, will not be able to distinguish 5mC from 5hmC. Furthermore, COBRA- 
seq will not yield absolute DNA methylation levels, but is better suited to identify 
differential DNA methylation between groups of samples. 

 Another method to enrich for methylated cytosines in bisulfi te-converted DNA is 
 s treptavidin  b isulfi te  li gand  m ethylation  e nrichment (SuBLiME), for which, after 
complexity reduction using a restriction enzyme and bisulfi te conversion, biotinyl-
ated dC is incorporated in a PCR reaction, which allows for the subsequent enrich-
ment of the adaptor-ligated fragments, which originally contained methylated 
cytosines and correspond to the methylated fraction of the genome (Ross et al. 
 2013 ). 

 An alternative approach for a large-scale methylome sequencing uses long 
probes to capture bisulfi te-treated DNA in regions of interest. This capture can be 
performed using either oligonucleotide microarrays (Hodges et al.  2009 ) or solu-
tion-based hybridization (Lee et al.  2011 ), and the capture can be performed on the 
bisulfi te-converted fragments (Hodges et al.  2009 ) or prior to bisulfi te conversion 
(Lee et al.  2011 ). If the capture is performed prior to conversion, this method 
requires a large amount of input DNA, while little DNA is recovered after hybrid-
ization, necessitating a high number of PCR cycles after bisulfi te treatment. 
Furthermore, the harsh conditions of the bisulfi te treatment can further reduce the 
complexity of the captured fragments. If capture is performed after bisulfi te 

Current and Emerging Technologies for DNA Methylation Analysis

http://dx.doi.org/10.1007/978-3-319-43624-1_6


364

conversion, this requires the design of probes complementary to all possible alleles 
generated by the bisulfi te conversion to avoid preferential capture of molecules with 
a distinct DNA methylation pattern. While capturing pre-amplifi ed bisulfi te- 
converted DNA on a microarray (Hodges et al.  2009 ) can partially circumvent the 
problem of the required starting material, this approach leads nonetheless to a 
reduced percentage of the “on-target” sequences compared to the capture after con-
version-based methods (~10 vs. 80 %). Solution-based hybridization methods pres-
ent clear advantages in terms of fl exibility and specifi city. They make use of 
biotinylated RNA baits to capture regions of interest (Lee et al.  2011 ), similarly as 
in standard exome sequencing for the detection of genetic variations (Gnirke et al. 
 2009 ). Capture can be performed using products designed for genetic analysis, such 
as the SureSelect Human All Exon kit, prior to bisulfi te conversion and DNA meth-
ylation analysis by sequencing (Wang et al.  2011b ); however, for most scientifi c 
questions, these products contain only a small number of loci that might show vari-
ability in DNA methylation patterns. 

 Predesigned products enabling the capture of promoters and CpG islands are 
nowadays commercially available, such as Agilent’s SureSelect TM  Human Methyl- 
Seq covering ~3 % of the genome (84 Mb), corresponding to ~1/7 of all sequencing 
accessible CpG sites (3.7 M CpG sites (Borno et al.  2012 )). The technology also 
allows customized capture panels targeting regions of interest (Ivanov et al.  2013 ). 
Although the required amount of starting material has been signifi cantly reduced 
from 20 to 30 μg (Lee et al.  2011 ) to 2–3 μg (Walker et al.  2015 ) since the method 
was originally devised, this point remains one of the major drawbacks of these meth-
ods. This requirement is mainly due to the fact that the capture is carried out after 
adapter ligation and prior to the bisulfi te conversion proscribing an amplifi cation 
step. Furthermore, the high number of PCR cycles that need to be performed follow-
ing the release of the captured fragments potentially distorts the DNA methylation 
values. To reduce the number of PCR amplifi cation cycles after bisulfi te treatment of 
the released DNA fragments, DNA from several hybridizations can be pooled prior 
to bisulfi te conversion (Lee et al.  2011 ). However, recent advances show the feasi-
bility of a post-bisulfi te adaptor tagging (PBAT) protocol, reducing signifi cantly the 
amount of required material (Miura and Ito  2015 ). Design of custom capture arrays 
targeting a high number of specifi c regions of interest makes this approach competi-
tive to RRBS, which costs substantially less, but might also be less suited if specifi c 
regions that are mandatory for the analysis are not easily accessible by a (combina-
tion of) restriction digests. The SeqCap Epi CpGiant from Roche/NimbleGen allows 
for a reduced input of DNA (500 ng–1 μg) compared to the SureSelect Methyl-Seq 
system and is performed on a whole-genome bisulfi te sequencing (WGBS) library 
by using capture probes complementary to methylated, unmethylated, and partially 
methylated targets after bisulfi te conversion (Walker et al.  2015 ; Allum et al.  2015 ; 
Li et al.  2015c ). Up to 5.5 M CpGs in ~80 Mb of the human genome can be inter-
rogated simultaneously at a single-nucleotide resolution. A sophisticated design in 
combination with the use of long probes allows for a very effi cient capture and 
focuses on only regions of interest at much increased coverage compared to WGBS 
(Allum et al.  2015 ). The probe design does allow pre- amplifying the sequencing 
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library prior to capture, and thereby starting from smaller amounts of input  material 
compared to other capture approaches is possible. Up to four samples can be 
sequenced on a single lane of a fl ow cell of an Illumina HiSeq 2000 requiring 30 % 
less sequencing depth compared to the Methyl-Seq capture (70–80 M reads com-
pared to 100–150 M reads). Read numbers as low as 40–50 M have been reported to 
be suffi cient for a coverage allowing accurate quantitative assessment. 

 Several technologies have been developed that allow the rapid generation of a 
large number of amplifi cation products simultaneously. Several thousand target 
regions can be amplifi ed using the RainDance technology in microdroplets to ana-
lyze 10,000′s of CpGs (Paul et al.  2014 ; Komori et al.  2011 ). Up to 4000 target loci 
can be amplifi ed from bisulfi te-converted DNA simultaneously. DNA and PCR 
reagents, including a PCR primer pair for a specifi c region, are fused into picoliter- 
sized microdroplets, performing effectively a single-plex emulsion PCR in each 
droplet, thereby avoiding potential problems of multiplex PCRs. This approach has 
shown to provide excellent coverage of the targeted regions of up to 99 % (Komori 
et al.  2011 ), and the data was highly correlated with data obtained on Infi nium 
Methylation 450 K BeadChips (Paul et al.  2014 ). Microdroplet PCR is also suitable 
for the analysis of FFPE samples, albeit at the price of reduced accuracy and 
increased dropout rates (call rate ~50 %) (Paul et al.  2014 ). An alternative approach 
uses padlock probes, horseshoe-shaped oligonucleotides with their both ends com-
plementary to a bisulfi te-converted sequence surrounding a CpG of interest (Deng 
et al.  2009 ; Ball et al.  2009 ). The region complementary to the target is fi lled in by 
a polymerase, and the padlock probe is circularized, which protects it against the 
exonuclease digestion used to remove linear DNA. The target regions are PCR 
amplifi ed using primers with molecular barcodes and sequencing platform-specifi c 
adaptors annealing to the common backbone of the padlocks and subsequently 
sequenced. Similarly to the microdroplet PCR, this approach allows analyzing tens 
to hundreds of thousands of CpGs (Deng et al.  2009 ; Ball et al.  2009 ; Diep et al. 
 2012 ). As the primer design and setup of both padlock probes and microdroplet 
PCR requires signifi cant upfront investment, as well as expertise in the design and 
some optimization, these technologies are most suited for the analysis of DNA 
methylation patterns of a large number of loci in either large cohorts or in a routine 
setting with a fi xed panel of target regions.  

6.2     Affinity- and Antibody-Based Enrichment Methods 

 In contrast to the above-described sequencing assays, several methods have been 
developed, which yield enrichment values for the methylation states over genomic 
regions but do not provide quantitative values of DNA methylation levels at indi-
vidual CpGs. Genome-wide DNA methylation profi les with such a region-specifi c 
resolution can be obtained using methylated DNA immunoprecipitation (MeDIP) 
(Weber et al.  2005 ) or enrichment with methylated CpG binding proteins (Serre 
et al.  2010 ; Brinkman et al.  2010 ), which will yield alterations at the level of 
regions but not at single nucleotides. Several proteins are commonly used for MBD 
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sequencing approaches, including MBD2 and MECP2, and the inherent principle 
of affi nity purifi cation of methylated DNA is known under several names: MBD-
isolated genomic sequencing (Serre et al.  2010 ), MCip (Gebhard et al.  2006 ), MBD-
seq (Li et al.  2010a ), MethylCap-seq (Brinkman et al.  2010 ), or MIRA-seq (Jung 
et al.  2015 ) (Table  1 ). Although MBDs might display a certain target specifi city and 
MBD columns enrich methylated DNA signifi cantly, they do not fully purify meth-
ylated sequences (Selker et al.  2003 ). These technologies provide a compromise 
for DNA methylation studies in large cohorts at a reasonable cost, which the meth-
ods covering all CpGs at single-nucleotide resolution are not yet able to deliver. 
Furthermore, these approaches are specifi c for the analysis of 5-methylcytosine and 
therefore allow distinguishing 5-methylcytosine from 5-hydroxymethylcytosine 
(Williams et al.  2011 ; Wu et al.  2011 ). The latter can be analyzed using specifi c 
antibodies against 5-hydroxymethylcytosine, as described in the section on methods 
for the analysis of 5-hydroxymethylcytosine (Sect.  15.10 ). The shift to NGS as a 
readout platform has signifi cantly increased the accuracy, as the microarray-based 
protocols required a whole-genome amplifi cation step, which led to a substantial 
bias in CpG-rich regions (Robinson et al.  2010 ). Nonetheless, it should not be for-
gotten that standard amplifi cations using, e.g., the Illumina adaptors are tailored to 
a specifi c GC content and regions with very high or low GC content might still be 
subject to amplifi cation bias. 

 One of the major advantages of MeDIP-seq is the simple protocol and its resem-
blance with widely used ChIP-seq protocols, as well as the possibility for automa-
tion (Taiwo et al.  2012 ). Briefl y, genomic DNA is fragmented using ultrasound or 
acoustic shearing, and (unmethylated) sequencing platform-specifi c adaptors are 
ligated to the fragmented DNA. This step has to be performed prior to the immuno-
precipitation as the immunoprecipitation yields single-stranded DNA, which is 
incompatible with standard library preparation protocols (Taiwo et al.  2012 ). 
Methylated DNA is immunoprecipitated with high affi nity and specifi city with an 
antibody against 5-methylcytosine, and most commercial suppliers provide a mono-
clonal antibody from the same cell line. Immunoprecipitated fragments are released 
from the beads, PCR amplifi ed, and sequenced. Earlier protocols also included size 
selection steps prior to the sequencing; however, the loss of material induced by this 
step needs to be compensated by additional PCR cycles potentially increasing the 
percentage of duplicate reads, and with appropriate bioinformatic analysis, a size 
selection step can be omitted. Improved and automated protocols allow for the stan-
dardized high-throughput analysis of samples with little starting material (Taiwo 
et al.  2012 ). The number of sequencing reads in MeDIP-seq depends on both the 
DNA methylation level and the CpG content of the sequence. Computational algo-
rithms are therefore required to account for this bias in amplifi cation and to convert 
signal intensities into a methylation percentage (Down et al.  2008 ; Pelizzola et al. 
 2008 ; Huang et al.  2012 ; Xiao et al.  2015 ). MeDIP-seq is one of the most widely 
used genome-wide approaches for DNA methylation analysis (Yuan et al.  2014 ; 
Feber et al.  2011 ; Taiwo et al.  2013 ). 

 In combination with the complementary  m ethylation-specifi c  r estriction  e nzyme 
sequencing (MRE-seq) approach, which makes use of methylation-specifi c 
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restriction enzymes to map unmethylated cytosines within restriction recognition 
sites at single-nucleotide resolution (see also Sect.   6.3    ), a comprehensive coverage 
of ~80 % of the CpGs in the human genome can be obtained (Li et al.  2015a ). 

 MeDIP-seq does not provide data with single-nucleotide resolution, which needs 
to be obtained by locus-specifi c analyses such as (pyro)sequencing or mass spectro-
metric analysis of the regions of interest and thus requires extensive follow-up stud-
ies. Partial data on the DNA methylation patterns at single-nucleotide resolution can 
be obtained by bisulfi te conversion of the immunoprecipitated methylated DNA 
fragments. However, as the fragments are enriched for completely methylated mol-
ecules (Sengenes et al.  2010 ), information of variable DNA methylation patterns 
will be lost, and the observed profi les might not be representative of the methylation 
states of the original sample. While mostly performed on Illumina sequencers, pro-
tocols have also been devised for the Ion Torrent platform (Corley et al.  2015 ). 

 In the second capture-based approach, the methylated fraction of a genome is 
isolated by affi nity purifi cation of methylated DNA with MBD proteins. Of the dif-
ferent MBD proteins, MBD2b has the highest affi nity for methylated DNA (Fraga 
et al.  2003 ). For the affi nity-based enrichment with MBD proteins, genomic DNA 
is sonicated prior to capture with the respective MBD protein coupled to a solid 
support, such as streptavidin beads. Following the capture reaction, the bound meth-
ylated DNA can be eluted as a single fraction or in several fractions using increasing 
concentrations of salt in the elution buffer, which enables to target fractions with a 
specifi c CpG density, because fragments with a high density of CpGs are eluting 
last. As double-stranded DNA is recovered from the elution, the library preparation 
can be performed after affi nity purifi cation. MBD-seq methods can also be applied 
to fragmented DNA, such as DNA extracted from FFPE tissues. It is amenable to 
very high throughput through automation, and the analysis of very large cohorts 
including 1500 samples (750 schizophrenia patients and 750 controls) has been 
reported (Aberg et al.  2012 ). Information at single-nucleotide resolution can be 
obtained by bisulfi te conversion of the captured DNA and subsequent massively 
parallel sequencing (Brinkman et al.  2012 ). 

 In the  m ethylated-CpG  i sland  r ecovery  a ssay (MIRA), a glutathione S-transferase 
(GST)-tagged full-length MBD2b is used to bind sonicated methylated DNA frag-
ments, and the affi nity to methylated CpG dinucleotides is further enhanced in a 
dose-dependent manner by the addition of the MBD3-like-1 protein (Rauch and 
Pfeifer  2005 ). The combined effect signifi cantly improves the sensitivity of the 
assay, and a single methylated CpG dinucleotide allows for capture of the corre-
sponding DNA molecule. Ligation of oligonucleotide linkers to enzymatically 
digested DNA prior to affi nity chromatography permits effi cient amplifi cation of 
eluted fractions and subsequent analysis of input DNA- and MIRA-enriched ampli-
fi cation products by NGS (Jung et al.  2015 ; Choi et al.  2010 ). Of note, as the cap-
ture is performed on double-stranded DNA, library preparation can be performed 
before or after the enrichment step. There are currently a number of commercial kits 
for MBD sequencing on the market that have recently been compared to each other, 
highlighting some differences in performance between the different kits (De Meyer 
et al.  2013 ; Aberg et al.  2015 ). As for MeDIP-seq, CpG density and GC content of 
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the fragmented DNA are major biases affecting the effi ciency of the affi nity 
 purifi cation, as well as the subsequent sequencing (Robinson et al.  2010 ). Therefore, 
computational approaches have been developed for background estimation, to cor-
rect for CpG coverage and CpG density in reads (Lan et al.  2011 ; Riebler et al. 
 2014 ). 

 Instead of using antibody or protein affi nity purifi cation, methylated cytosines 
can also be chemically modifi ed after oxidation with TET enzymes, followed by the 
attachment of a biotin group (TAmC-seq) (Zhang et al.  2013 ). After protection of 
5hmC with a glucose moiety (as described in Sect.  15.10  on the analysis of 
5-hydroxymethylation) (Song et al.  2011 ), methylated cytosines are oxidized to 
hydroxymethylated cytosines using a catalytically active fragment of the TET 
enzyme, modifi ed with a glucose molecule with an azide group, which by “click” 
chemistry can be used for the labeling with biotin or other chemical tags. This label 
can subsequently be used to enrich selectively for sequences with methylated cyto-
sines. Although this method has been demonstrated to have less density bias and 
allow a more even coverage, it has been little used probably due to its multi-step 
protocol and the fact that some of the reagents might not be readily available in all 
laboratories. 

 Both MBD-seq and MeDIP-seq are well suited for the identifi cation of differen-
tially methylated regions, and when correctly accounted for CpG density, they can 
distinguish between methylated and unmethylated regions with a precision similar 
to RRBS (Bock et al.  2010 ; Harris et al.  2010 ), Infi nium BeadChips (Harris et al. 
 2010 ; Clark et al.  2012 ), or the mass spectrometry-based EpiTYPER assay (Nair 
et al.  2011 ). The quantitative accuracy is nonetheless reduced for regions with inter-
mediate DNA methylation levels (Harris et al.  2010 ), and despite the advantage of 
having a higher coverage of the genome compared to RRBS, substantially more 
sequencing is required (40–60 M reads for MBD/MeDIP vs. 20 M reads for RRBS) 
(Bock et al.  2010 ). Both technologies suffer from false-positive signals in repetitive 
CpG-rich regions, in which minor methylation differences are amplifi ed through 
the enrichment, while copy number variations do generally not seem to infl uence 
the DNA methylation profi le (Bock et al.  2010 ; Robinson et al.  2010 ). There are 
also some differences in the target distribution between MeDIP and MBD (Nair 
et al.  2011 ). While MBD-seq enriches preferentially CpG islands and regions with 
high CpG density, MeDIP does also enrich for methylated CpGs in regions with 
low CpG density, and in general the signal over baseline ratio is lower for MeDIP 
(Bock et al.  2010 ; Nair et al.  2011 ; Robinson et al.  2010 ). In practice this means that 
MeDIP will require a signifi cantly higher number of reads to capture all methylated 
cytosines compared to MBD-seq and might identify less DMRs at the same read 
depth. Nonetheless, MeDIP was found to display the best coverage for the whole 
genome and especially for gene body regions (Walker et al.  2015 ). Furthermore, 
while MeDIP can detect methylated cytosines in any sequence context, the MBD- 
based approaches will only detect CpG methylation. If the target organism might 
contain methylated cytosines in other sequence contexts, such as in plants, MeDIP 
will allow for a more comprehensive DNA methylation profi ling. Of note, the CpG 
density of the DNA fragments eluted for sequencing using the MBD-seq approaches 
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can be modulated by using different salt concentrations for elution (Serre et al.  2010 ). 
The absence of methylation is diffi cult to assess using these enrichment methods as 
a lack of reads in a given region can be due to the absence of methylation but could 
also be due to technical problems, such as lack of amplifi cation or just chance. 

 Complementary information on unmethylated cytosines and regions of the 
genome can be obtained using an enrichment technology that has been termed 
mTAG-seq (Kriukiene et al.  2013 ). In this method, unmodifi ed cytosines are chemi-
cally modifi ed using an engineered M.SssI methyltransferase and synthetic AdoMet 
analogs, followed by tagging of the AdoMet analog with a covalent biotin molecule, 
which is subsequently used for enrichment and sequencing.  

6.3     Sequencing Approaches Using Methylation-specific/
Methylation-Dependent Restriction Enzymes 

 Methylation-specifi c restriction endonucleases, i.e., enzymes that are blocked by 
methylated cytosines in their recognition sequence (Bird and Southern  1978 ), have 
been widely used in the past for the analysis of methylation patterns in combination 
with their methylation-insensitive isoschizomers. There are about 50 methylation-
specifi c restriction enzymes known, but few of them are available in combination 
with a methylation-insensitive isoschizomer. One of the most commonly used pairs 
of enzymes is HpaII/MspI; both recognize and cleave the four-base palindrome 
C^CGG in double-stranded DNA, but while MspI cleaves the DNA independent of 
the methylation status of the central CpG site, HpaII is unable to cleave when the 
second cytosine is methylated (C^ me CGG). Although methods based on methyla-
tion-specifi c restriction enzymes are simple and relatively cost-effective as they do 
not require any special instrumentation, they are hampered by the limitation to spe-
cifi c restriction sites, as only CpG sites found within these sequences can be ana-
lyzed. For example, only ~4 % of the CpG sites in non-repetitive sequences are 
located in HpaII recognition sites, and only 0.03 % can be cleaved by NotI (Fazzari 
and Greally  2004 ). The fraction of the genome interrogated is often arbitrary and 
not associated with a specifi c functionality. In addition, methods using these 
enzymes might be prone to false-positive results due to incomplete cleavage, and 
some sequences are intrinsically resistant to digestion if not appropriately con-
trolled. For example, non-CpG methylation on cytosines or DNA adducts in the 
vicinity of the cleavage site might infl uence the restriction capacity of an enzyme. 
Digestions are therefore diffi cult to perform on material extracted from formalde-
hyde-fi xed paraffi n- embedded (FFPE) samples. Although in many cases restriction 
enzyme-based approaches have been replaced by more quantitative sequencing 
methods allowing a more rapid identifi cation of altered DNA methylation levels at 
higher spatial resolution, a few protocols are still under use and have been success-
fully transferred to NGS instruments, which permit a more quantitative analysis of 
the isolated (methylated or unmethylated) fraction of the genome (Table  1 ). 

  M ethylation-specifi c  r estriction  e nzyme sequencing (MRE-seq) identifi es 
unmethylated CpG sites at single CpG site resolution by sequencing size-selected 
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fragments from parallel DNA digestions with a number of methylation-specifi c 
 restriction enzymes (e.g., HpaII, Hin6I, and AciI) and covers ~ 1.7 M of the 28 M 
CpG sites in the human genome (Maunakea et al.  2010 ). After restriction digest and 
size selection, Illumina adaptors are ligated to the DNA fragments, PCR amplifi ed, 
and sequenced using short read (50 bp) single-end sequencing, thereby identifying 
unmethylated CpG sites within the restriction sites with single-base resolution. 
Interrogation of the methylated fraction of the same sample by MeDIP-seq, 
described in more detail in the previous section, yields complementary information, 
and the combined use of MRE-seq and MeDIP-seq allows for genome-wide DNA 
methylation analysis at high coverage and resolution while limiting the biases of 
each technology (Li et al.  2015a ). The combined approach analyzes up to 22 M of 
the 28 M CpGs of a human genome, and the quantitative accuracy of the methyla-
tion levels obtained by MeDIP in regions with low or intermediate DNA methyla-
tion is improved (Harris et al.  2010 ). Similarly, the methylated fraction of the 
genome can also be interrogated using methylation-dependent restriction enzymes 
of the mrr-like family (FspEI, MspJI, LpnPI, AspBHI, etc.) used in the MethylRAD 
assay, which creates small fragments of 32 nucleotides around a methylated cyto-
sine that are subsequently sequenced (Wang et al.  2015b ). A very similar protocol 
to MRE-seq, termed Methyl-MAPS, isolates both the methylated and unmethylated 
fraction of the genome by using the methylation-dependent restriction endonucle-
ase McrBC and a combination of several restriction enzymes, respectively, prior to 
library preparation and paired-end sequencing (Edwards et al.  2010 ). 

 (Modifi ed)  m ethylation- s pecifi c  d igital karyotyping ((M)MSDK) and 
 m ethylation-  s pecifi c  c ut  c ounting (MSCC) are similar to MRE-seq in that a methyl- 
sensitive restriction enzyme is employed but includes additional steps that reduce 
the amount of sequencing required (Li et al.  2009 ; Ball et al.  2009 ). Rather than 
sequencing the unmethylated and methylated fractions of the genome, specifi c 
regions of the genome can be identifi ed from short sequence tags in a strategy simi-
lar to the serial analysis of gene expression (SAGE) approach used for RNA expres-
sion analysis. After an initial digestion with HpaII, adaptors with a type II restriction 
enzyme (cutting outside its own recognition site) recognition site, such as MmeI, 
are ligated, which allows generating small sequence fragments (20–30 nucleotides), 
which are subsequently sequenced and mapped back to the genome. This strategy 
signifi cantly reduces the amount of sequencing and in turn reduces the costs of this 
approach. Increased coverage can be obtained by using a cocktail of different meth-
ylation-specifi c restriction enzymes for the initial digest (Colaneri et al.  2011 ). 
Analysis of the methylated fraction of the genome with a similar strategy is possible 
using methylation-dependent type IIS restriction enzymes generating 32 nucleotide 
sequences for downstream analysis (Cohen-Karni et al.  2011 ). 

 In the initial protocol of  d ifferential  m ethylation  h ybridization (DMH) (Huang 
et al.  1999 ), two differentially treated fractions of the same sample were compara-
tively hybridized to an array-based probe library, and relative (fl uorescent) intensi-
ties were measured. Genomic DNA was fragmented by digestion with a frequently 
cutting restriction enzyme that preferentially cuts outside of the CpG islands. Linkers 
for PCR amplifi cation were subsequently ligated to the digestion products. The sam-
ple was then split into two parts and one half digested with a methylation-specifi c 
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restriction enzyme. In this sample, only methylated fragments that are resistant to 
the digestion are amplifi ed in the subsequent PCR, while in the reference sample all 
fragments are amplifi ed. Fractions are labeled with two different fl uorescent dyes 
and hybridized to microarrays with an immobilized CpG island library. The HELP 
( H paII tiny fragment  e nrichment by  l igation-mediated  P CR; Khulan et al.  2006 ) 
assay or the very similar Methyl-Seq protocol (Brunner et al.  2009 ) use a digestion 
of the same sample with MspI, the methylation-insensitive isoschizomer of HpaII as 
a reference, thereby allowing to normalize the signal for the HpaII digest by that of 
the MspI digest. This assay format has been successfully transferred to sequencing 
platforms and has been used in a number of studies (see, e.g., Yuan et al.  2016 , Hu 
et al.  2014 ). The HELP assay allows analyzing quantitatively ~10 % of the CpGs, 
thereby covering a similar percentage of CpGs compared to RRBS (Khulan et al. 
 2006 ; Suzuki et al.  2010 ). Of note, a variation of the protocol does also permit a 
separate detection of 5-hydroxymethylcytosine (Bhattacharyya et al.  2013 ). 

  D igital  r estriction  e nzyme  a nalysis of  m ethylation (DREAM) is based on 
sequential cuts of the genomic DNA with a pair of restriction enzymes (SmaI and 
XmaI) at CCCGGG target sites (Jelinek et al.  2012 ). Unmethylated sites are fi rst 
digested with SmaI, which cuts unmethylated CCCGGG sites in the middle (at 
CCC^GGG), leaving behind blunt-ended fragments. In the next step, the remaining 
methylated sites are digested with XmaI, which is not blocked by CpG methylation. 
It cuts the recognition site sideways at C^CCGGG, forming 5′-CCGG overhangs. 
The sequential cuts thus create distinct methylation-specifi c signatures at the ends 
of restriction fragments: 5′-GGG for unmethylated CpG sites and 5′-CCGGG for 
methylated sites. The DNA fragments resulting from the digestions are ligated to 
barcoded NGS adapters; libraries with distinct barcodes are pooled and sequenced 
using a paired-end protocol. The sequencing reads are aligned to the genome and 
mapped to unique CCCGGG target sites. Methylation at individual CpG sites is 
calculated as the digital counting of sequencing reads with the methylated signature 
to the total number of reads mapping to the site. Quantitative accuracy can be 
improved using spike-ins with defi ned levels of DNA methylation at the enzyme 
recognition sites. Sequencing of 25 million reads per sample typically yields accu-
rate determination of DNA methylation levels at 50,000 unique CpG sites with high 
coverage (Jelinek et al.  2012 ). 

 For the analysis of gene-specifi c methylation patterns or individual CpG posi-
tions, methods using methylation-specifi c endonucleases have largely been replaced 
by PCR-based methods following treatment of genomic DNA with sodium bisulfi te, 
although as mentioned briefl y in Sect.  15.7  they are still used and do provide some 
advantages when combined with high-throughput qPCR and multiplex amplifi ca-
tion systems.  

6.4     Epigenotyping Arrays 

 With whole-genome bisulfi te sequencing being not yet affordable at a large scale 
and the low resolution of antibody and methyl-binding protein enrichment of meth-
ylated DNA, epigenotyping technologies have emerged as an alternative tool for 
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the identifi cation of differentially methylated regions and DNA  methylation-based 
biomarkers. Epigenotyping technologies, such as the Infi nium Human Methylation 
450 K or EPIC BeadChip (Illumina Inc., CA, USA), generate a methylation 
state- specifi c “pseudo-SNP” through bisulfi te conversion, thereby translating dif-
ferences in DNA methylation patterns into sequence differences that can be ana-
lyzed using quantitative genotyping methods (Bibikova et al.  2009 ,  2011 ). The 
450 K BeadChip has dramatically expanded the genome coverage compared to 
previous generations of the BeadChip, analyzing more than 480,000 CpG sites 
covering 99 % of all RefSeq genes with an average of 17 probes per gene. This 
array is not only focused on CpG islands, but probes are distributed over vari-
ous functional elements that are more prone to alter their DNA methylation status 
in response to environmental conditions or in cancer, such as CpG island shores 
and shelves (Irizarry et al.  2009 ). These arrays have been widely used for large-
scale high-throughput studies as they employ highly standardized protocols that 
can be implemented with a large degree of automation into existing genotyping 
pipelines. The analysis of the results is relatively straightforward when compared 
to the required correction for CpG density or the cost- and time-intensive bioinfor-
matic calculations needed in sequencing-based DNA methylation analysis, but it 
requires specifi c normalization protocols due to the combination of two different 
assay chemistries on the 450 K BeadChip that display a different dynamic behav-
ior (Touleimat and Tost  2012 ; Aryee et al.  2014 ; Morris et al.  2014 ): The Infi nium 
I probes (InfI), which represent ~1/3 of the array, convey information about the 
methylation state in the type of the bead (InfI). Two different bead codes are used 
to interrogate allele-specifi cally the base following an unmethylated or methyl-
ated cytosine (T or C after bisulfi te conversion) at the same genomic location. If 
the 3′end of the probe hybridizes correctly, the probe is extended with the bases 
following the potential methylation variable position. The extended base is thus 
the same for methylated or unmethylated alleles, which means that the fl uorescent 
signal does not carry any information on the methylation status. The Infi nium II 
(InfII) probes are attached to a single type of beads, and the methylation infor-
mation is obtained through dual channel single-nucleotide primer extension with 
labeled dideoxynucleotides on the methylation variable position of a CpG. The use 
of the two chemistries is a compromise to ensure the coverage of a large number 
of CpGs throughout the entire genome and also in CpG island- associated promoter 
regions. Because the InfII probes require a single probe to interrogate CpG posi-
tions, the number of CpGs potentially analyzed on the BeadArray is increased. 
However, they can only tolerate up to three CpG positions in the 50-mer probe, 
which are covered using degenerate bases, e.g., R (A/G), complementary to the 
potentially methylated position after bisulfi te treatment. The InfI probes tolerate 
more variable position, but it should be noted that their design assumes an identical 
methylation pattern (methylated or unmethylated) of CpGs underlying the 50-mer 
probe sequence. Therefore, InfI probes are more adequate to analyze CpG posi-
tions in regions of high CpG density such as CpG islands. InfI/InfII is therefore 
not equally distributed among functional or CpG island-based categories present 
on the array. 
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 Although data from the BeadChips is relatively easy to generate, a number of 
technical issues, such as batch effects, or underlying SNPs might confound the anal-
ysis if not appropriately controlled for. Furthermore, the low sequence complexity 
of the bisulfi te-converted DNA could induce cross-hybridization events, and a num-
ber of potentially problematic probes have been reported (Chen et al.  2013 ). 
However, when properly handled, these epigenotyping arrays are accurate and dis-
play high correlation to RRBS (Bock et al.  2010 ) as well as locus-specifi c quantita-
tive assays such as pyrosequencing (Roessler et al.  2012 ) or MethyLight (Campan 
et al.  2011 ). 

 The BeadChips can be applied to a variety of biological specimens including 
fresh frozen samples, as well as formalin-fi xed paraffi n-embedded (FFPE) samples 
or PAXgene-conserved samples. While DNA extracted from fresh frozen and 
FACS- or MACS-sorted cells can be directly used on the array, FFPE samples, 
which are the most common form of tissue preservation in pathological archives, 
are not suitable for the direct use in the procedure due to the extensive cross-linking, 
fragmentation, and generation of apurinic/apyrimidinic sites, which all impede 
enzymatic processing steps such as whole-genome amplifi cation, which is an essen-
tial step in the 450 K protocol. A restoration method for FFPE DNA uses a ligation- 
based approach to obtain DNA fragments of suffi cient size (Thirlwell et al.  2010 ). 
However, there is still a controversy about the concordance between differentially 
methylated loci detected in fresh frozen tissue and DNA restored from FFPE tissue 
(Jasmine et al.  2012 ). This approach has been found in two recent publications to 
yield relatively good results, leading to similar biological fi ndings to those obtained 
from fresh frozen samples (Moran et al.  2014 ; Dumenil et al.  2014 ). However, it 
was also pointed out that there are substantial differences, which prohibit a com-
bined analysis of fresh frozen and FFPE in the same study. PAXgene-preserved 
samples provide a new source for the analysis of a wide range of biomolecules and 
have shown to provide superior results compared to restored FFPE samples 
(Andersen et al.  2014 ). 

 Nonetheless, these arrays do analyze only a small number of the 28 million CpG 
sites of the human genome, and no commercial arrays for the analysis of nonhuman 
samples are currently available. As all bisulfi te-based analysis techniques, they are 
not able to differentiate between cytosine methylation and hydroxymethylation. 
Specialized protocols based on oxidative bisulfi te conversion or TET-assisted bisul-
fi te analysis allow for the assessment of hydroxymethylation also on the 450 K 
BeadChip platform (Stewart et al.  2015 ; Nazor et al.  2014 ). 

 The 450 K array provides currently a good compromise between coverage, 
throughput, cost, resolution, and accuracy, permitting genome-wide epigenome 
analysis by epigenotyping, and has been rapidly adapted by the community for 
epigenome-wide association studies for the analysis of a large variety of diseases 
and phenotypes (see, e.g., Miceli-Richard et al.  2016 ; Grundberg et al.  2013 ; Dick 
et al.  2014 ; Glossop et al.  2014 ; Martino et al.  2014 ; Stefansson et al.  2015 ). 

 Very recently the Illumina MethylationEPIC BeadChip was presented and evalu-
ated, which adds ~ 400,000 CpGs to the content of the Illumina HM450 array, focus-
ing essentially on enhancer regions identifi ed in the ENCODE and FANTOM5 
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projects, thereby extending signifi cantly the information content of the BeadChip 
(Moran et al.  2016 ). The addition of the intergenic, gene regulatory regions, which 
do often display intermediate and variable DNA methylation levels, makes this 
array perhaps also more suited for the analysis of hydroxymethylcytosine.   

7      Locus-Specific DNA Methylation Analysis 

 While all the above-described technologies are well suited for the identifi cation of 
differentially methylated genes, they are still too costly and/or do not provide the 
required analytical sensitivity and specifi city for detailed locus-specifi c analyses. 
Large DNA methylation data sets from clinical samples are now available and can 
be mined for clinical associations in public databases or through the TCGA/ICGC 
project portals. However, identifi ed DNA methylation-based biomarkers need to be 
validated and replicated using locus-specifi c methods for DNA methylation anal-
ysis. Furthermore, technologies for the potential use in a clinical setting have to 
be cost-effective, sensitive, and specifi c. It would be a non-negligible advantage 
if the method can also be applied to DNA extracted from formalin-fi xed paraffi n- 
embedded (FFPE) clinical specimens. Furthermore, it would be preferable if the 
analysis can be performed at a high-throughput scale and in a relatively short time 
span. In general, closed-tube assay formats should be preferred to avoid cross con-
tamination and thereby false-positive results. Following the interest in DNA meth-
ylation for the various clinical applications, many technologies have been developed 
for the quantitative analysis of DNA methylation patterns or levels at specifi c loci, 
mostly relying on the conversion of genomic DNA with sodium bisulfi te (Table  2 ) 
(Tost  2008b ; Laird  2003 ). While a large number of methods have been devised, 
relatively few methods are currently in use and are amenable to the throughput 
that is nowadays required. In this chapter, only the most commonly used methods 
including amplicon bisulfi te sequencing, pyrosequencing, mass spectrometry, and 
real- time methylation-specifi c PCRs are described in detail. When single-nucleo-
tide resolution is not required, other methods such as  m ethylation- s pecifi c  h igh- r es-
olution  m elting analysis (MS-HRM) (Wojdacz et al.  2008b ) or  m ethylation-  s pecifi c 
 m ultiplexed  l igation  p robe  a mplifi cation (MS-MLPA) (Nygren et al.  2005 ) might be 
useful, for example, in case of screening for differentially methylated regions or if a 
method not relying on bisulfi te treatment is required for validation (for MS-MLPA). 
MS-HRM makes use of the melting profi les of PCR products for a target locus 
originating from methylated and unmethylated variants of the same template, which 
differ after bisulfi te treatment in their GC content. Therefore, the methylation sta-
tus of an unknown sample can be determined by comparing the melting profi le of 
the sample to calibration standards. A gradual increase of the temperature leads 
to a stepwise dissociation of the double strand in domains of the PCR product in 
function of their GC content differing between methylated and unmethylated mol-
ecules after bisulfi te treatment. The application of this simple and cost-effi cient 
technology, devised a long time ago (Worm et al.  2001 ), was previously limited 
by the toxicity of the intercalating agent  SYBR Green I  for DNA polymerases, 
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which prohibited working at the required saturating concentrations. Advances in 
 fl uorescence detection technology, new algorithms for data calculation, and the use 
of novel dyes permitted the development of this high-resolution melting analysis 
(HRM) (Wojdacz and Dobrovic  2007 ), allowing for the rapid scanning of a large 
number of genes for the presence of differential DNA methylation. Careful primer 
design (e.g., including or not including cytosine residues) allows to fi ne-tune the 
discriminative window to a specifi c range of DNA methylation levels, facilitating 
discrimination of samples with small differences (Wojdacz et al.  2009 ). MS-HRM 
can also be used on FFPE samples without a major loss of accuracy in the DNA 
methylation assessment (Daugaard et al.  2015 ). MS-HRM has been applied to the 
detection of aberrant methylation profi les in imprinting disorders (White et al.  2007 ; 
Alders et al.  2009 ; Wojdacz et al.  2008a ), in cancer (Balic et al.  2009 ; Gupta et al. 
 2014 ), and in epidemiological studies analyzing environmental exposure (Li et al. 
 2015b ,  2016 ). Of note, this technology does not provide DNA methylation profi les 
at single-nucleotide resolution, which will complicate its potential implementation 
in clinical diagnosis. However, optimized protocols have been devised for the sub-
sequent pyrosequencing of the amplifi cation products, which can then yield detailed 
information on the methylation status of the CpGs included in the amplifi cation 
product (Candiloro et al.  2011 ).

   MS-MLPA has been widely used for the diagnosis of imprinting disorders. While 
initially devised for the analysis of copy number alterations, this technique has been 
useful for the parallel analysis of up to 40 loci permitting a comprehensive analysis 
for all possible variations of DNA methylation aberrations in imprinting disorders 
(Dikow et al.  2007 ; Priolo et al.  2008 ; Henkhaus et al.  2012 ), the combined analysis 
of genetic and epigenetic alterations in imprinting disorders (Scott et al.  2008 ), as 
well as the tumor analysis (Serizawa et al.  2010 ; Homig-Holzel and Savola  2012 ). 
Two oligonucleotides with universal primer binding sites are annealed to a target 
region and are ligated in case of complete target complementarity. A methylation-
specifi c enzyme is added to the ligation reaction digesting unmethylated templates 
and reducing the amount of ligated product. A semiquantitative readout is then per-
formed using capillary electrophoresis allowing the detection of methylation differ-
ences of 10 % or more compared to the standards. While this technology does not 
rely on bisulfi te conversion, it might yield false-positive results if the digestion is 
not complete and limits the applicability of the method to targets with restriction 
enzyme recognition sites. 

 PCR amplifi cation following methylation-specifi c restriction digestion is an 
alternative strategy that requires substantially less DNA and no prior bisulfi te con-
version treatment and is well suited as a rapid screening tool for differential meth-
ylation (Singer-Sam et al.  1990 ). Multiple targets can be simultaneously analyzed 
by locus-specifi c multiplex PCR following methylation-specifi c restriction digest of 
genomic DNA (Melnikov et al.  2005 ). Additional information on the methylation 
status of a target region can be achieved by digesting the DNA with either methyla-
tion-specifi c restriction enzymes or methylation-dependent enzymes such as 
McrBC, thus allowing to distinguish complete methylation, partial methylation, or 
absence of methylation in the sequence (Yamada et al.  2004 ). Quantifi cation can be 
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improved by monitoring the increase in fl uorescence by quantitative real-time PCR 
with the intercalating dyes (Bastian et al.  2005 ; Oakes et al.  2006 ). Combined with 
microfl uidic preparation of the PCR products, this method allows the analysis of a 
large number of target sequences from a very limited amount of starting DNA 
(Wielscher et al.  2015 ). To minimize false-positive results due to incomplete diges-
tion, DNA is overdigested using a combination of several restriction enzymes, and 
two or better three restriction sites have to be present within the target sequence. 

7.1     Amplicon Bisulfite Sequencing 

 Established methods, such as pyrosequencing (Tost and Gut  2007 ) or mass 
spectrometry- based DNA methylation analysis (Ehrich et al.  2005 ), which are 
described in more detail below, allow for the quantitative analysis of DNA methyla-
tion in a region of interest and are well suited for the analysis of a limited number 
of regions in a large number of samples, but they are diffi cult to upscale if a large 
number of potential candidate regions identifi ed in genome-wide analyses have to 
be verifi ed. The same is true for bisulfi te Sanger sequencing that, coupled with PCR 
amplicon cloning, had been the “gold standard” technology for DNA methylation 
analysis in the past. In this method, the quantitative resolution depends on the num-
ber of clones that were analyzed, and this number was in most cases limited making 
results prone to artifacts (Grunau et al.  2001 ). Recently devised quantitative 
sequencing approaches make use of benchtop sequencers (e.g., Illumina’s MiSeq; 
454/Roche’s Junior or Ion Torrent’s PGM) and allow generating high levels of cov-
erage (e.g., 100’s–1000’s ×) that yield precise measurements of the quantitative 
levels of cytosine methylation. Amplicon bisulfi te sequencing using these instru-
ments has become a widely used approach for the validation of genomic regions 
following methylome analyses and for answering hypothesis-driven research ques-
tions. In addition, due to the sequencing of clonal clusters generated in the sequenc-
ing machine, these methods provide co-methylation patterns on individual molecules 
within the limits of the length of the reads (up to 600 base pairs in paired-end modus 
on the MiSeq). With a current output of ~50 M reads for the MiSeq, yielding 
between 3.8 and 15 GB of sequence depending on the used sequencing kit, several 
tens to hundreds of target regions can be analyzed simultaneously depending on the 
desired coverage and number of samples analyzed in parallel. Their short run time, 
relatively low running costs, and wide availability make them a valuable alternative 
for targeted DNA methylation analysis. While initial approaches have been devised 
for the analysis on the pyrosequencing-based 454 platform (Taylor et al.  2007 ; Gries 
et al.  2013 ), which has been shown to yield accurate and quantitative results, and 
despite its nearly unrivaled sequencing length, this sequencing platform has not 
been able to cope with the improvements of other platforms and is supposed to be 
phased out in the near future. 

 In general, PCR amplifi cation products are prepared from bisulfi te-treated DNA 
using a two-round amplifi cation protocol with a fi rst pair of target region-specifi c 
primers that contain tag sequences to label the created amplicons with sequences 
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compatible for subsequent PCR amplifi cation with the full-length Illumina p5 and 
p7 adaptor sequences. Molecular barcodes and full-length adaptor sequences are 
added in a second round of amplifi cation after pooling all amplicons from a sample. 
If sample quantity is limited, the fi rst amplifi cation can also be performed as multi-
plex PCR, but this requires some more optimization for the multiplex setup (Korbie 
et al.  2015 ). Another strategy consists of using conventional amplifi cation primer, 
and the molecular barcode and adaptors complementary to the sequences immobi-
lized on the fl ow cell are subsequently added in a standard library preparation pro-
tocol after pooling of the PCR products from the fi rst round of amplifi cation (Jenkins 
et al.  2014 ). 

 An alternative protocol, termed bisulfi te amplicon sequencing (BSAS), makes 
use of the hyperactive Tn5 transposase (Nextera/Illumina) for random insertion of 
the sequencing primers in the amplifi cation product after a PCR-based targeted 
amplifi cation using conventional primers (Masser et al.  2013 ). Amplifi cation of 
multiple products in parallel can also be performed using microfl uidic tools such as 
the Fluidigm access array, amplifying simultaneously 48 target regions in 48 sam-
ples starting from as little as 50 ng of DNA (Paliwal et al.  2013 ). The access array 
uses a two-step amplifi cation procedure where universal forward and reverse adap-
tor sequences are added to the 5′-ends of the gene-specifi c amplifi cation primers. 
Sample barcodes and platform-specifi c sequencing primers are added in a second 
round of amplifi cation. However, this approach is unsuitable for DNA extracted 
from FFPE samples (Korbie et al.  2015 ). Bisulfi te patch PCR is another approach 
enabling multiplex amplifi cation by using a restriction enzyme digest to anneal 
exonuclease-resistant patch oligonucleotides and universal primers complementary 
to the created overhang, while unselected fragments are eliminated by an exonucle-
ase digestion (Varley and Mitra  2010 ). Following bisulfi te conversion, fragments 
are amplifi ed using sequencing platform-specifi c universal primers. Bisulfi te patch 
PCR has been shown to analyze up to 94 simultaneously amplifi ed sequences with 
little off-target sequences; however, the requirement for a specifi c restriction site 
imposes serious limitations on the targets that can be analyzed in parallel. 
Nonetheless, multiple restriction enzymes can be used to select different sets of 
target sequences (Varley and Mitra  2010 ). 

 As for the genome-wide approaches for DNA methylation analysis, post- bisulfi te 
adaptor tagging (PBAT) can also be applied to amplicon bisulfi te sequencing 
approaches, allowing to start from ~100× less input DNA compared to the standard 
library preparation protocol and to reduce the number of amplifi cation cycles (Miura 
and Ito  2015 ). In general, bisulfi te sequencing using next-generation sequencers 
with their digital readout enables a more accurate quantifi cation of DNA methyla-
tion levels, as they show a reduced error of quantitation and lower standard devia-
tions compared to the conventional (analog) sequencing approaches (5 vs. 5–20 %) 
(Masser et al.  2013 ). Sequencing depth of ~1000 × is suffi cient for a precise mea-
surement of the DNA methylation levels, and increasing sequencing depth does not 
improve the accuracy further (Masser et al.  2013 ). However, accuracy is already 
very high (>99 %) if only regions with a reasonable amount of coverage (i.e., > 50 
×) are used for base calling and quantitative determination. Up to 96 samples with 
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different regions of interest can be currently analyzed in parallel using conventional 
multiplexing strategies such as (dual) indexing. The recent shift from several ven-
dors from six base indexes to eight base indexes will further increase multiplexing 
capabilities. Of note, the MiSeq does already exist in a version certifi ed for diagnos-
tics, which potentially allows the analysis of DNA methylation-based biomarkers in 
a clinical setting. Specialized bioinformatic pipelines coming with the instruments 
or freely available pipelines, such as Bismark (Krueger and Andrews  2011 ) or BiQ 
Analyzer (Lutsik et al.  2011 ), enable convenient and standardized analysis of the 
sequencing results including the demultiplexation of individual samples, alignment 
to target regions, and estimation of the DNA methylation degree, allowing the anal-
ysis of DNA methylation in target regions without great bioinformatic expertise. 

 Ion Torrent’s PGM sequencer has also been used for locus-specifi c DNA meth-
ylation analysis (Nones et al.  2014 ), and more recently this technology has been 
used to sequence the methylation patterns of candidate genes in circulating cell-free 
DNA (Vaca-Paniagua et al.  2015 ).  

7.2     Pyrosequencing 

 Pyrosequencing® (Ronaghi et al.  1998 ; Harrington et al.  2013 ) is a quantitative 
real-time sequencing method that is frequently used for genotyping (Langaee and 
Ronaghi  2005 ) as well as for the analysis of DNA methylation patterns and allows 
for the accurate measurement of methylation levels in a sequence of up to 100 bp 
(Tost and Gut  2007 ; Tost et al.  2003a ; Dupont et al.  2004 ). Pyrosequencing is based 
on the presence or absence of the incorporation of a nucleotide during primer exten-
sion (Ronaghi et al.  1998 ; Ronaghi  2001 ). In contrast to Sanger sequencing, which 
relies on the random incorporation of fl uorescent ddNTPs during primer extension 
steps, only one specifi c nucleotide is present at any time in the pyrosequencing reac-
tion. The pyrophosphate (PPi) released following nucleotide incorporation is used 
as a substrate in combination with adenosine 5′ phosphosulfate (APS) by an ATP 
sulfurylase to produce ATP (Ahmadian et al.  2006 ). The latter is in turn used by 
luciferase to oxidize luciferin into oxyluciferin resulting in a light emission that is 
stoichiometrically proportional to the amount of incorporated nucleotide (Ahmadian 
et al.  2006 ). 

 For DNA methylation analysis, a region of interest is amplifi ed after bisulfi te 
conversion with a standard PCR with one of the two primers being biotinylated. The 
biotinylated strand is captured on streptavidin-covered beads, the complementary 
strand is denatured and washed away, and a sequencing primer is annealed to the 
now single-stranded template before starting the pyrosequencing reaction. The 
methylation level is determined as the ratio of the signal corresponding to the incor-
poration of the nucleotides at a cytosine in a CpG dinucleotide corresponding to the 
methylated and unmethylated bases (i.e., C and T or G and A when using a reverse 
primer). Pyrosequencing signals report thus the average of all the molecules present 
in the reaction after amplifi cation of the bisulfi te-treated DNA. The limit of detec-
tion of pyrosequencing has been evaluated around 5 % for the minor allele, which is 
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far more sensitive than Sanger sequencing (Ogino et al.  2005 ). Additional  advantages 
include the possibility to use cytosines outside CpG dinucleotides as internal con-
trol for bisulfi te conversion effi ciency, short time to results, and data analysis not 
requiring sophisticated bioinformatic expertise and resources. While the read length 
of the pyrosequencing run is restricted to 100–120 base pairs, longer amplifi cation 
products can be analyzed by serial pyrosequencing, stripping of the DNA strand 
synthesized during the pyrosequencing reaction, and annealing of a new sequencing 
primer (Tost et al.  2006 ). However, the low temperature (28 °C) at which pyrose-
quencing is performed due to the thermal instability of some enzymatic components 
limits the length of the sequence that can be analyzed to ~ 300 base pairs, as longer 
amplifi cation products with the low sequence complexity of bisulfi te-treated DNA 
tend to form secondary structures that increase background signals or impede bind-
ing of the sequencing primer. The minimal amount of input DNA required for 
pyrosequencing- based DNA methylation analysis allowing highly accurate quanti-
fi cation is ~10 ng (Dupont et al.  2004 ). Lower amounts might still yield useful 
information, but reproducibility should be verifi ed using replicate measurements 
when possible. Furthermore, for absolute quantifi cation, the use of calibration 
curves mixing methylated and unmethylated DNA methylation standards is required. 
Pyrosequencing is also frequently used for the analysis of DNA from FFPE tissues 
(Newton et al.  2014 ); however, amplifi cation products should be kept as short as 
possible due to the extensive degradation of the DNA during fi xation and bisulfi te 
conversion. Due to its quantitative accuracy, simplicity, and short time to results, 
pyrosequencing has become one of the most widely used technologies for locus- 
specifi c DNA methylation and can be considered as the current “gold” standard if 
loci of interest are known. Following an oxidative bisulfi te conversion, pyrose-
quencing can also be used to determine accurately the level of hydroxymethylation 
in specifi c regions of interest (Stewart et al.  2015 ).  

7.3     MALDI Mass Spectrometry 

 Mass spectrometry (MS) provides an attractive solution for nucleic acid analysis 
in general and DNA methylation analysis in particular, as it enables direct, rapid, 
and quantitative detection of DNA products measuring the molecular weight, an 
intrinsic physical property of each molecule, rather than relying on an indirect read-
out, such as a fl uorescent tag. Liquid chromatography MS/MS is one of the most 
accurate methods to precisely quantify the global level of CpG methylation and its 
oxidative derivatives in samples of clinical interest (Godderis et al.  2015 ; Berdasco 
et al.  2009 ), while  m atrix- a ssisted  l aser  d esorption/ i onization  t ime- o f- f light  m ass 
 s pectrometry (MALDI-(TOF)-MS; Karas and Hillenkamp  1988 ) has been the most 
widely used instrumental platform for the analysis of DNA methylation patterns in 
specifi c regions of interest. In this technology, the matrix, usually a low molecular 
weight organic acid with a strong absorption at the laser excitation wavelength, 
containing the analyte molecules is desorbed with a short laser pulse. The ionized 
nucleic acid molecules are extracted with an electric fi eld and separated by their 
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masses over charge ratio in the time-of-fl ight to a detector. The resolution of the 
current  generation of MALDI mass spectrometers allows an easy distinction of 
nucleobase substitutions in the mass range of 1000–7000 Da, which corresponds to 
DNA sizes of 3–25 nucleobases. The methylation status is deduced from the propor-
tional surface area of the peaks differing by 16 Da, corresponding to the difference 
between formerly methylated and unmethylated cytosine nucleotides after bisul-
fi te treatment. The dynamic range of detection of MALDI-MS is between two and 
three orders of magnitude, yielding highly linear responses in titration experiments 
and low deviations (2–3 %) from the expected values (Ross et al.  2000 ). Although 
amenable to very high-throughput through a large degree of automation and highly 
parallel analyses, MALDI-MS does not permit genome-wide analyses. However, 
due to their multiplexing capabilities, the quantitative readout of the relative abun-
dance of products, and their simple and reliable procedure, the MALDI mass spec-
trometry-based assays are valuable tools for the identifi cation and validation of 
methylation variable positions in a gene-targeted approach (Ragoussis et al.  2006 ). 
Therefore, MALDI-MS-based methods with their single-base resolution position 
themselves at the crucial follow-up stages for biomarker validation and large cohort 
analysis rather than biomarker discovery, as well as for large-scale investigations of 
candidate genes. Similar throughput for the analysis of specifi c CpG positions is not 
feasible with other available technologies for the analysis of single CpG positions. 

 The quantitative high-resolution scanning used in fragmentation-based 
approaches such as the EpiTYPER assay (Agena Biosciences, formerly Sequenom 
Biosciences) provides a quantitative readout for individual CpG sites in a target 
region of up to 600 base pairs with high accuracy (Ehrich et al.  2005 ). It allows to 
defi ne the boundaries in which differential DNA methylation patterns can be 
detected and to identify specifi c CpGs that have the greatest diagnostic potential. 
Starting from ~ 1 μg of bisulfi te-treated DNA per sample, the region of interest is 
amplifi ed using a reverse primer with an added T7-promotor sequence, which is 
subsequently used for in vitro transcription to generate single-stranded RNA, which 
is signifi cantly more stable than DNA in MALDI analysis. The RNA transcript is 
then digested with an uracil-specifi c enzyme to create short DNA fragments of a 
few nucleobases to adapt the analyte size to the optimal detection window of the 
instrument. Then, the fragments are purifi ed to remove counterions interfering with 
the MS analysis. The RNA fragments are loaded on a SpectroCHIP Array, a holder 
with hydrophilic anchors preloaded with a solution of the matrix, using a piezo-
pipetting device, and the matrix-embedded RNA fragments are subject to analysis 
on the MassARRAY Analyzer. Compared to other techniques that are able to 
achieve quantitative DNA methylation data of consecutive CpGs in a region of 
interest, its quantitative resolution of ~5 % and a similar limit of detection for the 
minor methylated allele fraction are only rivaled by pyrosequencing (Tost and Gut 
 2007 ) and targeted bisulfi te sequencing approaches using NGS. In comparative 
studies, results obtained with the EpiTYPER do correlate well with those obtained 
by other quantitative methods such as pyrosequencing and bisulfi te sequencing, but 
differ substantially from methylation-specifi c PCR (MSP)-based approaches 
(Alnaes et al.  2015 ; Claus et al.  2012 ). Systematic evaluation of each step in the 
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workfl ow showed that most of the variability of the experiment was induced by 
either the bisulfi te  treatment or the subsequent PCR amplifi cation, while the cleav-
age and the mass spectrometric analyses contributed much less to the variability in 
the observed quantitative measurements (Ehrich et al.  2007 ; Coolen et al.  2007 ). In 
more than 90 % of the tested samples, a methylation difference of 10 % was success-
fully detected with the mass spectrometric assay (Coolen et al.  2007 ). The proce-
dure is amenable to the analysis of DNA extracted from fresh frozen but also from 
FFPE tissues (Radpour et al.  2009 ). The EpiTYPER is one of the most widely used 
methods for the analysis of gene-specifi c DNA methylation patterns, and it has been 
applied to the large- scale analysis of DNA methylation patterns in cancer (Radpour 
et al.  2009 ). Due to its high-throughput capacities measuring 96–384 PCR products 
in parallel, it is also one of the most widely used methods for the validation of DNA 
methylation variation with specifi c phenotypes identifi ed in epigenome-wide asso-
ciation studies (Zeilinger et al.  2013 ; Tobi et al.  2014 ; Zhang et al.  2014 ). 

 Once the methylation pattern has been characterized in detail, primer extension 
methods such as the commercial iPLEX assay (Ragoussis et al.  2006 ) or the GOOD 
assay (Tost et al.  2003b ) can be employed to specifi cally target only those CpG sites 
with functional relevance or diagnostic potential in a specifi c biological context. 
The iPLEX offers routinely a degree of multiplexing in the low two-digit range, but 
27-plexes have been reported (Ragoussis et al.  2006 ). The key to this assay lies in 
the combination of the primer design for the upstream PCR and primer extension 
assay combined with the selection of terminating dideoxynucleotides. This epig-
enotyping method enables the multiplexed analysis of multiple CpG sites from dif-
ferent promoter regions making full use of the strength of the mass spectrometer in 
automation and throughput. Variation of primer extension assays using competitive 
primer extension with oligonucleotide standards has also been used for the absolute 
quantifi cation of fetal DNA in maternal plasma with high analytical sensitivity and 
specifi city amplifying specifi cally hypermethylated fetal DNA resistant to a prior 
methylation-specifi c restriction digest (Nygren et al.  2010 ).  

7.4     Methylation-Specific PCR and Its Quantitative Variations 

 Methylation-specifi c PCR (MSP) and its quantitative real-time variations allow 
detecting methylated molecules in the presence of an excess of normal (and usually 
unmethylated) DNA (Herman et al.  1996 ). MSP allows the amplifi cation of virtu-
ally any CpG site after bisulfi te treatment with three pairs of primers for amplifi ca-
tion which are complementary to the former methylated, the former unmethylated 
sequences, or to genomic, unconverted DNA, respectively (Herman et al.  1996 ). 
The latter serves as a control for complete bisulfi te conversion, but is in practice 
rarely included in the experimental design. Primers need to hybridize to sequences 
with at least two methylation variable positions (CpGs) to obtain the necessary 
specifi city for selective amplifi cation. The presence or absence of an amplifi cation 
product analyzed on a conventional agarose gel reveals the methylation status of the 
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CpGs underlying the amplifi cation primers (Fig.  2 ). MSP has been the most widely 
used technology for DNA methylation analysis, as it does not require any expensive 
instrumentation and a large number of samples can be rapidly assessed. The main 
advantage of MSP is the high sensitivity, which enables the detection of one allele 
in the presence of a 1000-fold excess of the other (Herman et al.  1996 ). However, 
MSP does not provide resolution at the individual nucleotide level, and heteroge-
neous methylation patterns at the primer binding sites can induce failure of amplifi -
cation (Alnaes et al.  2015 ; Vinarskaja et al.  2012 ). Furthermore, the biased 
amplifi cation leads to a more qualitative than quantitative result, making it diffi cult 
to distinguish different degrees of methylation at the target sites. It has been shown 
in comparative studies that MSP overestimates DNA methylation levels, and due to 
a signifi cant number of false-positive (and negative) results, as well as the dichoto-
mized result of MSP, associations between aberrant DNA methylation and clinical 
parameters are less easily identifi ed in MSP data compared to quantitative DNA 
methylation technologies (Claus et al.  2012 ).

  Fig. 2    Methylation-specifi c PCR methods for the sensitive detection of DNA methylation. For 
simplifi cation only amplifi cation with a primer complementary to a completely methylated allele 
is shown.  PMR  percentage of methylated allele, a completely methylated DNA standard that is 
used for the calculation of the percentage of methylation contained within a sample. All methods 
use sodium bisulfi te treatment prior to PCR amplifi cation. CpGs are depicted as lollipops, former 
unmethylated CpGs are shown as empty lollipops, while fi lled ones correspond to former methyl-
ated CpGs. Although methylation is retained as a sequence difference after bisulfi te treatment, 
lollipops are shown for easier differentiation of the alleles. Details of the different techniques are 
described in the text       
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   Quantifi cation can be improved and false-positive results reduced by analyzing 
the MSP product after amplifi cation in a real-time thermocycler by high-resolution 
melting analysis, an approach which has been termed SMART-MSP (Kristensen 
et al.  2008 ,  2009 ) for  s ensitive  m elting  a nalysis after  r eal-time methylation-specifi c 
PCR (Fig.  2 ). This approach makes use of a high-resolution melting analysis, which 
has been described in detail above and might be an alternative to the below-described 
real-time approaches, if no probe can be designed or if the DNA methylation pat-
terns of the amplifi cation product are expected to be heterogeneous, complicating 
the prediction of the annealing behavior of the probe. Furthermore, SMART-MSP 
might enable detection of DNA methylation patterns in samples diffi cult to amplify 
or detect low levels of methylation. 

 Real-time PCR-based methods for DNA methylation analysis, such as 
MethyLight (Fig.  2 ), use the same principle as the TaqMan® assay (Holland et al. 
 1991 ). In addition to the two amplifi cation primers, a probe, which is dually labeled 
with a fl uorescent reporter and a quencher dye, hybridizes to a target sequence in the 
amplifi ed region and improves sensitivity, as well as specifi city compared to con-
ventional MSP. The simple one-step procedure makes real-time methylation- 
specifi c PCRs rapid high-throughput assays for quantitative DNA methylation 
analysis that are robust and quite resistant to carryover contamination. These 
approaches do not only provide information whether molecules with a certain meth-
ylation pattern are present in the sample – like conventional MSP – but also report 
on the fraction of them. Discrimination between methylated and unmethylated 
alleles can be achieved at different levels of the primers and/or the hybridization 
probe (Eads et al.  2000 ). Although in principle primers and probes could be designed 
for different combinations of methylated and unmethylated alleles, the most widely 
used approaches such as MethyLight use primers and probes that are specifi c for the 
same methylation patterns, mostly completely methylated molecules. Heterogeneous 
methylation patterns that display large variations between consecutive CpGs com-
plementary to the primers or the probe will, however, also lead to a failure of the 
assay or biased quantitative results (Alnaes et al.  2015 ; Mikeska et al.  2010 ). 

 MethyLight can detect a single hypermethylated allele against a background of 
10,000 unmethylated alleles (Eads et al.  2000 ; Lo et al.  1999 ). Absolute quantifi ca-
tion of the number of molecules corresponding to the investigated pattern of meth-
ylation is achieved by measuring the ratio between the gene of interest and a 
reference gene, for example, the  β-actin  ( ACTB ) gene. MethyLight yields highly 
precise and reproducible results with an average variation of ~0.8 %, with slightly 
larger variations induced by different bisulfi te treatments (Ogino et al.  2006 ). About 
20-fold increased sensitivity (limit of detection and limit of quantifi cation) can be 
obtained if MethyLight is not performed by conventional real-time but by digital 
droplet PCR (ddPCR) (Wiencke et al.  2014 ; Yu et al.  2015b ). Furthermore, with 
ddPCR the quantitative accuracy is increased about sevenfold for some assays 
(Wiencke et al.  2014 ). The concept of using MethyLight on single molecules was 
devised some time ago using limiting dilution to perform the individual MethyLight 
reactions (Weisenberger et al.  2008 ). The use of commercially available ddPCR 
machines has signifi cantly streamlined and simplifi ed the assay procedure and the 
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readout. Furthermore, absolute quantifi cation of methylated alleles can be achieved 
by simply counting the positive droplets in ddPCR and the use of Poisson statistics 
without the need for a standard curve. Hence, amplifi cation effi ciency is less of a 
concern compared to the conventional MethyLight. This method might therefore be 
better suited if very few methylated alleles are expected to be present in a clinical 
sample. As ddPCR enters clinical laboratories for various applications including 
mutation detection and quantifi cation, these instruments will probably be widely 
available. Additionally, its simplifi ed technical use and the described advantages 
make the technology one of the promising approaches for DNA methylation analy-
sis entering the fi eld of personalized medicine. Nonetheless, these assays are signifi -
cantly more expensive than normal MethyLight assays, and the throughput with 
current ddPCR machines will be much reduced. The addition of a second probe 
marked with a different fl uorescent dye to the qPCR-based MethyLight assay allows 
for the simultaneous detection of unconverted sequences that might co-amplify with 
the bisulfi te-converted molecules avoiding potential false-positive results (ConLight) 
(Rand et al.  2002 ). Quantitative analysis of methylated alleles (QAMA) uses a 
TaqMan probe conjugated to a minor groove binder for discrimination at single- 
base level by forming hyperstabilized duplexes with complementary DNAs 
(Zeschnigk et al.  2004 ). Methylated and unmethylated alleles are simultaneously 
quantifi ed using two probes modifi ed with two different fl uorophores. Thus, ampli-
fi cation of the bisulfi te-treated DNA can be carried out with primers amplifying 
both the formerly methylated and the unmethylated alleles, and differentiation of 
the methylation status of alleles is achieved only at the probe level. 

  M ethylation -s pecifi c  fl  uorescent  a mplicon  g eneration (MS-FLAG) is a real- time 
methylation-specifi c PCR. Instead of relying on a probe, the fl uorescent label and 
quencher are incorporated in the 5′ tag of the methylation-dependent amplifi cation 
primers (Bonanno et al.  2007 ). The synthesis of the complementary strand leads to 
a double-stranded DNA and the creation of a recognition site for the thermostable 
restriction enzyme PspGI, which cleaves part of the tag off and separates the 
quencher from the fl uorophore, thus leading to a measurable increase in fl uores-
cence. While this method is perhaps more cost-effi cient, as no probe is required, it 
will have lower sensitivity compared to MethyLight and has rarely been reported for 
DNA methylation analysis. 

 HeavyMethyl further increases sensitivity and specifi city of real-time PCR- based 
assays for the analysis of DNA methylation using methylation-dependent block-
ing oligonucleotides (Cottrell et al.  2004 ). In contrast to MethyLight, amplifi cation 
primers are not specifi c for a certain methylation pattern but positioned in sequence 
stretches containing no CpG positions (Fig.  2 ). Only the fl uorescent probe is spe-
cifi c usually to a consistently hypermethylated sequences. The increased specifi city 
and sensitivity are achieved through a second pair of non-extendable (3′ phosphory-
lated) oligonucleotides that hybridize specifi cally to a methylation pattern opposite 
to the investigated one, usually the unmethylated sequence. The annealing sites of 
these oligonucleotides overlap with the target sequences for PCR amplifi cation and 
thereby effi ciently block any amplifi cation of the bisulfi te sequence corresponding 
to the undesired methylation pattern. HeavyMethyl was able to specifi cally detect 
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25 pg of in vitro methylated DNA in the background of 400 ng of unmethylated 
DNA (relative sensitivity up to 1:8000). Similarly to MethyLight, a reference stan-
dard is used to identify samples with negligible amounts of methylation. The use 
of four to fi ve different oligonucleotides contributes signifi cantly to the cost of the 
assay, and the design might be more complex compared to the conventional MSP or 
MethyLight. However, HeavyMethyl shows the necessary sensitivity and specifi city 
required for clinical applications, and it is the underlying principle of the commer-
cial DNA methylation-based diagnostic tests for the (early) detection of colorec-
tal cancer (Epi proColon, Epigenomics AG) (Church et al.  2014 ), targeting DNA 
methylation in the second intron of the  Septin9  gene, or lung cancer (Epi proLung, 
Epigenomics AG) (Ilse et al.  2014 ), targeting  SHOX2 . 

 An alternative approach uses amplifi cation primers that carry a 5′-tail sequence 
complementary to a sequence that is present in the amplicon corresponding to a 
specifi c methylation pattern (Headloop PCR) (Rand et al.  2005 ). After incorpora-
tion of the primer in the synthesized PCR product, the tail folds back onto the tem-
plate creating a secondary structure refractory to amplifi cation (Fig.  2 ). For example, 
if the tail is complementary to an unmethylated sequence, only methylated mole-
cules are amplifi ed. The amplifi cation is monitored in real time with  SYBR Green  or 
TaqMan probes. The sensitivity of the approach is similar to the others described 
above detecting a methylated allele in the presence of a 4000-fold excess of unmeth-
ylated ones. 

 Instead of using primers complementary to a specifi c methylation pattern, the 
 co amplifi cation at  l ower  d enaturation temperature (COLD)-PCR-based approach 
makes use of the different GC content of the unmethylated and methylated mole-
cules after bisulfi te conversion. By lowering the denaturation temperature of the 
PCR, only the unmethylated molecules, which have a lower GC content, will be 
effi ciently amplifi ed, leading to an enrichment of the unmethylated sequences in a 
context of mainly methylated molecules (Castellanos-Rizaldos et al.  2014 ). 

 As the amplicons of the different MSP variants are small (~100 bp), these meth-
ods usually work well with DNA of lower quality, such as DNA extracted from FFPE 
samples (Herman et al.  1996 ). No special equipment is required for the conven-
tional methylation-specifi c PCR, and real-time PCR machines are available at most 
research institutions for the quantitative analysis of gene expression. The similarity 
of the approaches described below to the real-time expression analysis also facili-
tates implementation of the technology, execution of the experiments, and inter-
pretation of the results in laboratories not yet very familiar with DNA methylation 
analysis. The design of assays and optimization of amplifi cation are probably the 
most important steps to ensure specifi c amplifi cation of the desired locus. Sensitivity 
and specifi city vary largely between assays depending on the primers (and probes in 
case of techniques like MethyLight) and conditions. Quantitative MSP assays allow 
high-throughput screening of a large number of clinical specimens in a single PCR 
step without complicated downstream analysis. Multiplexing with methylation-
independent controls normalizes for DNA input, and parallel processing of calibra-
tion standards will allow assessment of run-to-run variability. However, these assays 
do not provide information on the DNA methylation level of individual CpGs, and 
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heterogeneous DNA methylation patterns can lead to a high rate of false-positive 
results (Mikeska et al.  2010 ; Claus et al.  2012 ; Alnaes et al.  2015 ).   

8     DNA Methylation Analysis of Cell-Free Circulating DNA 

 DNA methylation has received a lot of attention in recent years, because of its 
potential as a stable and amplifi able biomarker for early diagnosis, prognosis, or 
response to treatment in various cancers and potentially other complex diseases 
(How Kit et al.  2012 ). Biomarkers capable of distinguishing a disease state from 
healthy individuals must be specifi c, sensitive, and detectable in specimens obtained 
through minimally invasive procedures to be clinically applicable. Disease-specifi c 
DNA molecules can be found in various body fl uids, such as urine or sputum, or as 
circulating cell-free (ccf) DNA molecules that can be isolated from the serum/
plasma of cancer patients (Schwarzenbach et al.  2011 ; Heitzer et al.  2015 ; Diaz and 
Bardelli  2014 ), individuals with autoimmune diseases (Chan et al.  2014 ), as well as 
individuals with many other complex diseases and physiological conditions under 
which cells undergo apoptosis and shed DNA molecules into the bloodstream 
(Lehmann-Werman et al.  2016 ). 

 Few of the so far described methods have the potential to be used for the detec-
tion of DNA methylation in body fl uids as the target DNA molecules are present at 
only very low concentrations among an excess of DNA from healthy cells. 
Furthermore, only part of the molecules will carry the DNA methylation patterns of 
interest. Therefore, high analytical sensitivity of the method is crucial to detect the 
low levels of tumor-derived aberrantly methylated DNA molecules that are present 
in these specimens. The analytical specifi city, i.e., the frequency of false positives 
obtained with the method, is also primordial for the use of a method in the clinics. 
It is therefore important to verify that the target regions are not methylated even at 
low levels in leukocyte DNA. Methylation-specifi c PCR (Hoon et al.  2004 ) and 
particularly methylation-specifi c real-time PCR-based methods such as MethyLight 
(Campan et al.  2011 ; Begum et al.  2011 ), HeavyMethyl (Church et al.  2014 ), as 
well as methylation-specifi c high-resolution melting analysis (MS-HRM) (Yang 
et al.  2015 ) and MRE-qPCR (Wielscher et al.  2015 ) have proven suited for the 
detection of very low levels of aberrant methylation in circulating DNA (see also 
Table  2 ). The commercial Epi  pro Colon test, which has been approved by the 
Chinese FDA in July 2015 and the US FDA in April 2016, analyzes methylation in 
the  SEPT9  gene in cell-free circulating DNA for the population-wide screening for 
colorectal cancer (Warren et al.  2011 ; Church et al.  2014 ), using the HeavyMethyl 
technology. Gene-specifi c assays analyzing DNA methylation changes in cell-free 
circulating DNA have recently been reviewed in detail (Warton and Samimi  2015 ). 

 Next-generation sequencing approaches are becoming more and more used to 
identify and monitor the presence of mutations in the cell-free DNA isolated from 
plasma (Newman et al.  2014 ; Crowley et al.  2013 ; Heitzer et al.  2015 ). Sequencing 
approaches of bisulfi te-treated DNA isolated from plasma or serum are complicated 
by the fact that the bisulfi te treatment will further degrade the DNA fragments 
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reducing the amount of amplifi able DNA, but a number of successful examples have 
now been documented (Lun et al.  2013 ; Chan et al.  2014 ). Most of the approaches 
for the whole-genome bisulfi te sequencing described in this chapter are compatible 
with the DNA amount that can be obtained from a few mL of plasma, and the only 
adaptation that is required is the omission of the fragmentation step, as the cell-free 
DNA is already in a convenient size range. Methylated DNA can also be enriched 
using a methyl-binding protein as in the MBD-seq approaches prior to NGS, but this 
requires relatively large volumes of plasma to obtain the required starting amount of 
50 ng of cell-free DNA (Warton et al.  2014 ). DNA methylation is an attractive 
marker for the analysis of cell-free DNA as DNA methylation changes are wide-
spread in many diseases, particularly in cancer. It is, therefore, more likely that 
sequencing of the plasma DNA will detect these changes when compared with the 
detection of more specifi c focal changes such as specifi c copy number alteration or 
a single-nucleotide mutation. Hypomethylation of cell-free DNA isolated from 
plasma, as assessed by sequencing of bisulfi te-treated DNA, yielded a diagnostic 
sensitivity of 74 % and a specifi city of 94 % for nonmetastatic hepatocellular cancer 
cases (Chan et al.  2013a ), being superior to the analysis of repetitive elements such 
as LINE1 retrotransposons in cell-free DNA (Tangkijvanich et al.  2007 ). Differences 
were assessed by binning of the methylation densities (reads) in 1 MB intervals and 
comparing methylation levels between patients and controls. As little as 10 M 
sequencing reads per sample were suffi cient to obtain a similar sensitivity and spec-
ifi city. Copy number alterations can be accurately deduced from low-coverage 
sequencing of cell-free circulating DNA (Chan et al.  2013b ; Heitzer et al.  2013 ). As 
these copy number changes are retained in the bisulfi te-treated DNA, bisulfi te 
sequencing will inform on both the methylation status and the copy number status 
without additional cost for the copy number analysis (Chan et al.  2013a ). 

 While most of the work has so far been performed in cancer, recent data show the 
potential of bisulfi te sequencing for other complex diseases as well. Examples 
include autoimmune diseases, where the genome-wide hypomethylation observed 
normally in blood cell population was also detected in the sequenced cell-free DNA 
(Chan et al.  2014 ) or a number of other complex diseases where DNA methylation 
patterns specifi c to the diseased organ could be detected in cell-free circulating 
DNA. Examples of methylation changes detected in ccf DNA in recent works are 
(1) methylation changes at the insulin or amylin promoter specifi c for pancreatic 
β-cells in type 1 diabetes patients, (2) changes at  MBP3  and  WM1  specifi c for oli-
godendrocytes in relapsing multiple sclerosis patients, (3) changes in methylation 
of the brain-specifi c CpG CG09787504 locus in brain cells of patients after trau-
matic or ischemic brain damage, (4) changes in methylation at PPARγ that refl ect 
the extent of liver fi brosis in patients with nonalcoholic fatty liver disease, and (5) 
changes at  CUX2  and  REG1A  in exocrine pancreas cells of patients with pancreatic 
cancer or pancreatitis (Lehmann-Werman et al.  2016 ; Olsen et al.  2016 ; Hardy et al. 
 2016 ). 

 A more specialized area for the analysis of DNA methylation patterns in cell-free 
circulating DNA is prenatal diagnosis. Analysis of differences in the DNA methyla-
tion patterns between the maternal and fetal circulating DNA molecules has been 
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proposed as an alternative strategy to the analysis of DNA sequence-based varia-
tions (Chu et al.  2009 ; Papageorgiou et al.  2009 ; Nygren et al.  2010 ). Circulating 
cell-free fetal DNA is shed through apoptosis from the placenta and can be isolated 
from maternal plasma or serum from 5 weeks gestation. A major analytical prob-
lem for the analysis of the circulating cell-free fetal DNA is the high risk of false- 
negative results due to failure to extract or detect suffi cient material and/or due to 
large individual variability in the total amount of cell-free DNA and the contribution 
of the fetal component to this total amount. Several studies have identifi ed a number 
of genomic regions that are differentially methylated between the fetal DNA derived 
from the placental tissue and the maternal peripheral blood mononuclear cells 
(Chim et al.  2008 ; Papageorgiou et al.  2009 ). This epigenetic information can be 
used for diagnostic purposes by isolating the fetal DNA using methylation-specifi c 
restriction enzymes (Chim et al.  2005 ). Thus, if the sequence is only methylated in 
the fetal DNA, only the fetal DNA will be amplifi able after the digestion addressing 
two major challenges associated with the analysis of circulating cell-free fetal DNA. 

 MALDI mass spectrometry has been used to analyze placenta-specifi c DNA 
methylation profi les of genes located on different chromosomes to accurately deter-
mine the fetal portion of the circulating cell-free DNA isolated from maternal 
plasma and presented the fi rst universal biomarker for the fetal DNA quantifi cation 
(Nygren et al.  2010 ). Target regions are co-amplifi ed in the presence of known 
quantities of synthetic templates differing by a single nucleotide from the target 
regions, enabling the accurate quantifi cation of the total number of fetal copies as 
well as the fraction of the fetal DNA in the maternal plasma with high specifi city 
and sensitivity of 100 % and 99 %, respectively (Huang et al.  2006 ; Tsui et al.  2005 ). 

 Bisulfi te sequencing of the fetal methylome has also been demonstrated using 
genetic differences to separate maternal- and fetal-derived molecules after sequenc-
ing. It allowed the analysis of ~ 100,000 loci and covered ~ 200,000 CpGs showing 
a strong resemblance of the fetal and placental methylomes (Lun et al.  2013 ). An 
alternative approach made use of the specifi c placental differentially methylated 
regions (Papageorgiou et al.  2009 ; Chim et al.  2008 ), which had an opposite meth-
ylation patterns in blood cells (Lun et al.  2013 ). In addition to the above- described 
approaches using Illumina sequencers, promoter regions of selected candidate 
genes have also been sequenced on the Ion Torrent PGM sequencer starting from 
cell-free circulating DNA (Vaca-Paniagua et al.  2015 ).  

9      Single-Cell DNA Methylation Analysis 

 Due to the large divergence of DNA methylomes between cell types and the cellular 
heterogeneity of tissues, the recent advances in single-cell transcriptomics (Saliba 
et al.  2014 ; Jaitin et al.  2014 ; Klein et al.  2015 ) and the insights gained from these 
studies have raised a lot of interest for single-cell DNA methylation analysis. 

 The fi rst prerequisite for working with single cells is to capture them. This is 
effi ciently achieved with the state-of-the-art cell isolation techniques. Sample prep-
aration techniques for DNA methylation have been combined with multiplex assays 
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using the SCRAM assay, which applies methylation-specifi c restriction enzymes 
after single-cell isolation and lysis, and locus-specifi c qPCR on a Fluidigm Biomark 
system, which allows the interrogation of 24 genomic positions in 48 single cells in 
one experiment (Lorthongpanich et al.  2013 ; Cheow et al.  2015 ). By using methyl-
ation-specifi c restriction enzymes, this approach avoids the degradation of the DNA 
by the bisulfi te conversion, which can impede subsequent amplifi cation if only little 
material is available, as in the case of single cells. A single-cell DNA methylation 
analysis method that combines bisulfi te conversion with Sanger sequencing and 
Agena’s EpiTYPER also allows cost-effective analysis of a larger number of single 
cells (Gravina et al.  2015 ). 

 Recently, techniques combining single-cell analysis with the second-generation 
sequencing have become a major fi eld of development. Apart from the technical 
challenges, the main issue with single-cell analysis is the number of cells that needs 
to be analyzed to obtain a representative picture of the biology and the amount of 
sequencing that can be afforded per cell. A balance needs to be struck between these 
two parameters. Single-cell whole-genome bisulfi te sequencing has been shown 
using the PBAT approach and a whole-genome pre-amplifi cation step (Smallwood 
et al.  2014 ). However, this approach has limited genomic coverage per cell, as it 
only recovers 48.4 % of all CpG positions for each cell analyzed. This means that 
many more cells need to be included to capture subpopulations, and large oversam-
pling is necessary. On the other hand, it allows capturing non-CpG methylation. The 
pre-amplifi cation step can be omitted, as shown in μWGBS approach, but yields 
libraries with lower complexity and therefore lower coverage (Farlik et al.  2015 ). 
An alternative to preparing libraries for sequencing from individual cells is to gener-
ate pools of a small, defi ned number of cells, sequence each pool, and then use 
computational methods to deconvolute cell states due to the distortion in methyla-
tion detected between pools (Farlik et al.  2015 ). RRBS has been applied to single 
cells and is a good compromise in terms of genomic coverage, suitability with low 
input, and reduction of the target size allowing to assess the cell-to-cell heterogene-
ity of DNA methylation patterns, if no comprehensive coverage of the genome is 
required (Guo et al.  2013 ,  2015 ). It also allows for the quantitative analysis of dif-
ferential DNA methylation (Wang et al.  2015a ). 

 Complementary to the above-described single-cell technologies, DNA methyla-
tion has also been detected in nanofl uidic channels at the single-molecule level 
using fl uorescent labeling of methylated DNA with MBD1 (Cipriany et al.  2010 , 
 2012 ). This method combined with fl uorescence-activated cell sorting, termed 
SCAN for  si ngle  c hromatin molecule  a nalysis at the  n anoscale, allows also select-
ing molecules with distinct epigenetic patterns for further analysis using higher- 
resolution technologies, such as qPCR and potentially NGS (Cipriany et al.  2012 ). 
It also offers the possibility of the simultaneous analysis of DNA methylation and 
chromatin modifi cations, as the labeling of the DNA and size of the nanochannels 
allow to isolate DNA together with its native chromatin, as described in more detail 
in Sect.  15.12 . 

 Although all the methods do provide a picture of the DNA methylation state at a 
given time point, they do not allow monitoring the dynamics of the DNA 
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methylation at the single-cell level. This can be achieved with a GFP-coupled 
reporter construct for locus-specifi c DNA methylation changes with single-cell 
resolution that can be inserted at specifi c loci using the CRISPR/Cas9 technology 
(Stelzer et al.  2015 ). The methylation state of the surrounding sequence will infl u-
ence the methylation state of the reporter construct, thereby allowing tracing the 
methylation level of the endogenous sequences and its dynamic changes during 
development and disease.  

10        Analysis of Hydroxymethylation 

 Although 5-hydoxymethylation has been known since several decades, it has 
recently attracted much more attention, as it constitutes an intermediate in the active 
DNA demethylation process and is thought to play an active role in the regulation 
of gene expression. Furthermore, altered patterns of hydroxymethylation have been 
found in different diseases, notably cancer and neurodegenerative diseases (Delatte 
et al.  2014 ; Wang et al.  2014 ). In general, the total levels of 5-hydroxymethylcyto-
sine observed across genomes are approximately tenfold lower compared to 5-meth-
ylcytosine, although large variations between tissues exist (Ruzov et al.  2011 a). 
With the surge in interest to determine the exact location and relative abundance of 
hydroxymethylation, several technologies have been developed permitting its 
genome-wide or locus-specifi c analysis (Table  3 ; Fig.  3 ). However, although the 
potential confounding of DNA hydroxymethylation and methylation by bisulfi te-
based methods has been recognized early on (Nestor et al.  2010 ; Jin et al.  2010 ), 
most studies still tend to ignore this problem for both reasons of cost, but also 
because of the lower prevalence of 5hmC.

    A major difference between 5-methylcytosine and 5-hydroxymethylcytosine is 
the possibility of the latter to be modifi ed by glycosylation (Fig.  3 ). 5hmC is a natu-
rally occurring base in some bacteriophages and is in these organisms often further 
modifi ed by glycosylation by glycosyltransferases as a defense mechanism against 
digestion by restriction endonucleases present in the host (Vrielink et al.  1994 ). 
However, a number of restriction enzymes have recently been reported that specifi -
cally recognize and cleave 5hmC-containing sequences after glycosylation, with 
PvuRts1I being the fi rst enzyme identifi ed (Borgaro and Zhu  2013 ; Wang et al. 
 2011a ) (Fig.  3 ). These enzymes cleave at a defi ned distance, normally 11–13 nucle-
otides 3′ from the modifi ed cytosine. Aba-seq uses the enzymatic properties of 
AbaSI (AbaSDFI), a member of the PvuRts1I restriction enzyme family shown to 
exhibit high and improved specifi city for 5hmC over 5mC and C compared to 
PvuRts1I (Wang et al.  2011a ). Starting with 2 μg of DNA, 5hmCs are glycosylated 
and subsequently cleaved, prior to the ligation of biotinylated adaptors, which allow 
the subsequent capture of sequences containing hydroxymethylated fragments. 
While initially only locus-specifi c analyses have been performed using this approach 
(Wang et al.  2011a ), recent studies also demonstrated its applicability to genome- 
wide analyses using NGS starting from as little as 100 ng of input DNA (Sun et al. 
 2013 ; Gross et al.  2015 ). This method allows to cover ~ 58 % of all potentially 
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hydroxymethylated cytosines in the genome (Wang et al.  2011a ). In contrast to the 
affi nity-based enrichment methods, where the read numbers correlate with the 
 density of hydroxymethylation, Aba-seq might be better suited for the identifi cation 
of regions containing few hydroxymethylation marks, despite its limitation in cov-
erage (Sun et al.  2013 ). 

 In addition, conventional restriction enzymes such as MspI can be used to differen-
tiate between the two nucleosides after glycosylation of 5- hydroxymethylcytosines 
as the endonuclease activity of MspI is blocked by the glucosylation, but not meth-
ylation at the CpG cytosine (Kinney et al.  2011 ).  R educed  r epresentation 5- h ydroxy-
methylcytosine  p rofi ling (RRHP) makes use of the same principle (Petterson et al. 
 2014 ). Genomic DNA is digested twice with MspI; digestion of the DNA is sep-
arated by a 5hmC glucosylation step prior to the size selection and sequencing. 
RRHP exploits the β-glucosyltransferase to inhibit the enzymatic cleavage of the 
adapters ligated to a genomic library, allowing only fragments with glucosylated 
5hmC residues at adapter junctions to be amplifi ed and sequenced, thus provid-
ing a positive display of hydroxymethylation (Fig.  3 ). While this protocol is quite 
robust and yields high-quality data with relatively few reads (20–30 M), allowing 
a large number of samples to be simultaneously analyzed on a HiSeq instrument, 
the dependence on MspI restriction sites allows to analyze only ~ 15 % of CpG sites 
in the human genome. Using alternative restriction enzymes allows the analysis of 
cytosines in other sequence contexts including non-CpG methylation (Sun et al. 
 2016 ). The analysis of 5hmC using the HELP assay (Khulan et al.  2006 ) makes 
use of the same principle: a part of the sample is glycosylated prior to the standard 
MspI digestion included in the protocol and allows in comparison with the standard 

PvuRts1l
(Aba-seq) TAB-seq

OxBS-seq

Bisulfite conversion and
Anti-CMS antibody

5hmC-MeDIP

+

T4 Glycosyltransferase

GLIB
hMeSEAL

Biotin
Biotin

RRHP
HELP-GT

Mspl

  Fig. 3    Overview (simplifi ed) of the different commonly used assays for the analysis of 
5-hmC. Details are given in the text and in Table  3 . CpGs are depicted as lollipops, unmethylated 
CpGs are shown as empty lollipops, while fi lled ones correspond to methylated CpGs; lollipops 
fi lled in red denote 5-hydroxymethylcytosines, while those in green depict hydroxymethylated and 
glycosylated cytosines       
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MspI digest (without prior glycosylation) to determine hydroxymethylated cyto-
sines (Bhattacharyya et al.  2013 ). 

 In contrast to the bisulfi te-based methods, affi nity-based enrichments such as 
MeDIP, MIRA, and several of the MBDs including MBD1, MBD2, and MBD4 and 
MeCP2 do not recognize hydroxymethylated cytosines (Jin et al.  2010 ). A variety 
of new affi nity-based methods have been devised to profi le specifi cally 
5- hydroxymethylation genome-wide using either (1) antibodies against 5hmC or an 
intermediate product of its bisulfi te conversion (5-methylenesulphonate), (2) gluco-
sylation of 5hmC followed by biotinylation, and (3) specifi c pull-down of glycosyl-
ated methylated DNA with a JBP1 protein (Fig.  3 ). 

 Similar to the above-described MeDIP-seq protocols for the enrichment of meth-
ylated cytosines, antibodies raised against hydroxymethylated cytosines have been 
used to profi le 5-hydroxymethylation genome-wide (Williams et al.  2011 ; Ficz 
et al.  2011 ; Wu et al.  2011 ). However, the antibodies were subsequently found to 
enrich preferentially regions with a high density of hydroxymethylated cytosines 
and to display large interlaboratory variations. In addition, there might be an enrich-
ment of some sequence contexts such as tandem repeat sequences (Pastor et al. 
 2011 ; Matarese et al.  2011 ; Thomson et al.  2013 ). The treatment of 5hmC with 
sodium bisulfi te yields 5-cytosinemethylenesulfonate (CMS) as an intermediate 
product, which can be used to isolate sodium bisulfi te-converted 5hmC using anti- 
5- methylenesulfonate antibodies (Pastor et al.  2011 ). As an alternative strategy, the 
GLIB approach involves the glucosylation of 5-hydroxymethylcytosines, oxidation 
with periodate, and biotinylation of 5mhC (Pastor et al.  2011 ). A glucose moiety is 
added to 5hmC by a glucosyltransferase, and the vicinal hydroxyl groups are subse-
quently oxidized to aldehydes by treatment with sodium periodate. Afterward, bio-
tin molecules are added to the newly formed aldehyde groups (Pastor et al.  2011 ). 
The GLIB approach allowed for the effective pull-down of >90 % of fragments 
containing a single 5hmC, while the anti-CMS-based enrichment was more depen-
dent on the density of 5hmC, but still achieved lower background levels compared 
to the conventional 5hmC-MeDIP (Pastor et al.  2011 ). 

 In a similar approach to GLIB, a glucose moiety containing an azide group can 
subsequently be used in a click chemistry step to attach biotin molecules to 5hmC 
positions and enrich and sequence 5hmC-containing sequences (Song et al.  2011 ). 
This approach requires fewer steps and induces less DNA damage when compared 
to GLIB (Song et al.  2011 ). In direct comparisons, approaches based on chemical 
labeling proved to be more specifi c than antibody-based methods (Thomson et al. 
 2013 ). For the quantifi cation of the global level of 5hmC, a similar approach trans-
ferring a radioactively labeled glucose moiety can be used (Szwagierczak et al. 
 2010 ). The selective chemical labeling (SLC) exonuclease protocol combines the 
glycosylation and azide-based biotinylation with an exonuclease digestion, where 
the exonuclease is blocked at the fi rst modifi ed 5hmC (Serandour et al.  2016 ). While 
this protocol allows the determination of hydroxymethylation in all sequence con-
texts at single CpG resolution, several replicates of this multi-step procedure are 
required to obtain a reliable and comprehensive coverage. 

 A last approach uses the trypanosome J binding protein 1 (JBP-1) to enrich for 
glycosylated hydroxymethylated cytosines (Robertson et al.  2011 ,  2012 ). However, 
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the protocol is more time-consuming and complicated, and the enrichment is much 
less effi cient compared to hMeDIP or chemical labeling, leading to a high back-
ground noise and a number of false-positive enrichment peaks (Thomson et al. 
 2013 ). Recent improvements using an in vivo biotinylated JBP1 protein show 
increased specifi city compared to the original approach and allow starting from as 
little as 50 ng of DNA (Cui et al.  2014 ). While this protocol has been commercial-
ized, no independent evaluation with other technologies has so far been performed. 

 However, most of the above-described methods do not provide single-nucleotide 
resolution and due to the enrichment step do not allow for precise quantifi cation of 
the hydroxymethylation level. The relative low abundance of 5hmC requires sensi-
tive and preferably single-nucleotide resolution methods for its detection. Currently, 
two approaches are commonly used: TAB-seq and oxidative bisulfi te sequencing. 

 The TET-assisted bisulfi te sequencing (TAB-seq) protocol again uses the differ-
ential potential of hydroxymethylated and methylated cytosines to undergo glyco-
sylation. Hydroxymethylated cytosines can be glycosylated and are thus protected 
from oxidation with recombinant TET enzyme, which converts methylated cyto-
sines to carboxymethyl-cytosines, which are subsequently deaminated to uracils 
using a conventional bisulfi te treatment (Yu et al.  2012 ). Thus, TAB-seq allows a 
positive readout of hydroxymethylation at single-nucleotide resolution, as all 
remaining cytosines in the bisulfi te-converted sequences should correspond to 
hydroxymethylated cytosines (Fig.  3 ). Of note, TAB-seq has also been combined 
with Roche’s SeqCap Epi CpGiant capture probes to sequence regions of interest to 
a much higher depth (Li et al.  2015c ). 

 Oxidative bisulfi te (OxBS-seq) sequencing is based on the selective and effi cient 
oxidation of 5-hydroxymethylated cytosines to 5-formylcytosines, while 
5- methylcytosines are resistant to the oxidation reaction (Booth et al.  2012 ,  2013 ). 
In a subsequent bisulfi te conversion, 5-formylcytosines are deaminated to uracils, 
like unmodifi ed cytosines, and only methylated cytosines appear as cytosines in the 
sequence readout. Levels of hydroxymethylation can therefore be deduced by sub-
tracting methylation levels of the OxBS-seq reaction from a standard bisulfi te 
sequence (Fig.  3 ). This approach has created considerable interest, as it allows 
adapting current workfl ows for whole-genome bisulfi te sequencing for the detection 
of 5-hydroxymethylcytosine. However, it should be underlined that OxBS-seq 
necessitates a standard bisulfi te-treated reference sequence, which requires that two 
whole-genome bisulfi te sequencing analyses have to be performed. Furthermore, 
due to the low abundance of 5-hydroxymethylation in most tissues, an increased 
coverage might be required to reliably identify changes in hydroxymethylation, 
which needs to be achieved in both reactions. 

 As described above in the paragraph on technologies for the genome-wide analy-
sis of DNA methylation patterns, the 450 K Illumina Infi nium BeadChips are cur-
rently a very popular technology for the analysis of DNA methylation patterns in 
humans, especially for studies analyzing large cohorts, and two different approaches 
have been devised to use this platform also for the analysis of hydroxymethylation. 
The 450 K BeadChip also allows for a genome-wide analysis of hydroxymethyl-
ation at a fraction of the cost of the whole-genome sequencing, and bioinformatic 
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analysis is simplifi ed. In the TAB-array approach, the TAB-seq principle (Yu et al. 
 2012 ) is transferred to the 450 K BeadChip (Nazor et al.  2014 ; Chopra et al.  2014 ). 
The fragmented DNA after glucosylation and bisulfi te conversion is analyzed on 
the methylation BeadChips using the standard experimental procedure. As TAB-
array yields a positive readout of hydroxymethylation, but hydroxymethylation is 
a relatively rare DNA modifi cation, the distribution of the observed beta values 
is profoundly different from the one obtained by the conventional bisulfi te-based 
analysis with a nearly complete unimodal distribution close to a beta value of zero. 
Therefore, separate normalizations for beta values obtained by bisulfi te and TAB-
array need to be performed. The 450 K BeadChips have also been combined with 
oxidative bisulfi te sequencing using the bisulfi te-converted and OxBS-converted 
DNA as input into the standard Illumina workfl ow (Stewart et al.  2015 ; Field et al. 
 2015 ). The overall levels of hydroxymethylation correlated well with the hydroxy-
methylation levels measured by liquid chromatography coupled with mass spec-
trometry and the results obtained by qPCR in conjunction with glycosylation and 
restriction enzyme digestion (Stewart et al.  2015 ; Field et al.  2015 ). Furthermore, 
the hydroxymethylation patterns differed by less than 10 % when compared to 
OxBS pyrosequencing (Stewart et al.  2015 ). As at individual CpG positions the 
level of hydroxymethylation might be much lower than the level of cytosine meth-
ylation and the BeadChip measurement do have some inherent technical variabil-
ity, experiments were performed in quadruplicates to ensure the reliable detection 
of hydroxymethylation. The number of detectable hydroxymethylated CpG sites 
decreased by half when only duplicates were performed (Field et al.  2015 ). While 
too few samples have been analyzed on the 450 K BeadChip in any of the so far 
published studies to draw defi nite conclusions, the degree of correlation with other 
methods seemed to be slightly higher for the studies using the OxBS approach com-
pared to the TAB-array. The increased content of intergenic and enhancer sequences 
on the newly devised Illumina EPIC array makes this novel version of the BeadChip 
even more interesting for the analysis of 5-hydroxymethylation (Moran et al.  2016 ). 
Due to the highly quantitative nature of its readout (Tost and Gut  2007 ), the pyrose-
quencing technology is also ideally suited for the analysis of gene-specifi c patterns 
of hydroxymethylation following oxidation and bisulfi te treatment (Stewart et al. 
 2015 ; Qui et al.  2015 ). 

 Single-molecule real-time sequencing on the Pacifi c Biosciences sequencer 
shows slight variations in the kinetics of the incorporation of nucleotides depending 
on DNA base modifi cations, and the SMRT technology has been used to directly 
differentiate 5hmc from 5mC and unmodifi ed cytosines (see also Sect.  15.11 ) 
(Flusberg et al.  2010 ). As genome-wide analyses of methylation and hydroxymeth-
ylation by SMRT sequencing are not yet feasible (the current output of a SMRT cell 
is ~ 500 MB), SMRT sequencing has been combined with the above-described 
glycosylation- mediated enrichment to determine the localization of 5hmC in about 
150 MB of sequence (Song et al.  2012 ). 

 Hydroxymethylation can be further oxidized to 5-formylcytosine and subse-
quently to 5-carboxylcytosine by the TET enzymes. Recently, reduced bisulfi te 
sequencing (redBS-seq) was devised, enabling the genome-wide identifi cation of 
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5-formylcytosine at single-base resolution using the chemical reduction of 
5- formylcytosine to 5-hydroxymethylcytosine (Booth et al.  2014 ). Similar to the 
above-described OxBS approach, the level of 5fC is obtained by subtraction of the 
methylation level at cytosines detected in standard BS-seq, which includes of course 
both 5mC and 5hmC marks from the methylation levels obtained by redBS-seq. 
Combination of OxBS-seq, standard WGBS, and redBS-seq allows thus the identi-
fi cation of 5mC, 5hmC, and 5fC in the same sample but requires a signifi cant 
amount of sequencing. The same chemistry has also been combined with an enzy-
matic approach using the above-described PvuRts1I restriction enzyme, thus avoid-
ing bisulfi te conversion (Sun et al.  2015 ) and selective chemical labeling, whereby 
5hmC is modifi ed prior to the reduction of 5fC and the newly created 5hmC is then 
glycosylated, biotinylated, and sequenced as described above (Song et al.  2013 ).  

11      Direct Readout of DNA Methylation 

 The direct readout of CpG methylation has been demonstrated as a proof of prin-
ciple for two amplifi cation-free single-molecule sequencing technologies. These 
technologies bear the promise of sequencing longer DNA molecules at a single- 
molecule level, at lower cost and higher speed than existing methods. They can 
provide information on DNA methylation, hydroxymethylation, and other DNA 
modifi cations in the same experiment, at the same time abolishing some of the 
biases that are inherent to the second-generation sequencing approaches, such as the 
GC content bias. The single-molecule real-time sequencer from Pacifi c Biosciences 
performs sequencing with an immobilized polymerase at the bottom of zero-mode 
waveguide wells in zeptoliter volumes, monitoring the incorporation of phospho-
linked nucleotides through the detection of fl uorescent pulses (Flusberg et al.  2010 ; 
Song et al.  2012 ). Single-molecule real-time sequencing on the Pacifi c Biosciences 
sequencer does show characteristic variations in the kinetics of the incorporation of 
nucleotides depending on the DNA base modifi cations, and the SMRT technology 
has been used to directly differentiate 5hmc from 5mC and unmodifi ed cytosines. 
As the kinetics, i.e., the interval between the end of a sequencing pulse and the 
beginning of the subsequent sequencing pulse, does also depend on the sequence 
context, an unmethylated template generated through whole-genome amplifi cation 
is required to defi ne a baseline. While this fi rst report has raised a great interest, 
very few other reports of direct detection of methylation or hydroxymethylation in 
mammalian genomes have been made since the original publication 5 years ago. 
Due to the particularly low signal-to-noise ratio for 5-methylcytosine compared to 
other DNA modifi cations like 6-methyladenine, the deconvolution of the kinetic 
profi le has proven to be much more challenging than initially anticipated, especially 
for regions with high CG content, which are of course of particular interest for 
DNA methylation. Nonetheless, SMRT sequencing has been used for the detection 
of epigenetic modifi cations in bacteria and prokaryotes, where 5-methylcytosine 
occurs along with 6-methyladenosine and 4-methylcytosine (Blow et al.  2016 ). Due 
to their small genome size, exhaustive coverage of >100 × increases the confi dence 
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in the kinetic data and allows the accurate assessment of the methylation status. In a 
recent example, SMRT sequencing-based DNA methylation analysis was combined 
with restriction enzyme-based enrichment of a CGG-repeat region of the human 
 FMR1  gene causing fragile X syndrome (Pham et al.  2016 ). The accurate meth-
ylation analysis of these repeats which are expanded in disease was hitherto not 
possible due to lack of technologies providing suffi ciently long reads. However, 
the protocol requires large amounts of starting material, and it is based on a compli-
cated multi-step enrichment procedure for the selection of locus of interest due to 
the necessity to avoid amplifi cation prior to sequencing. Furthermore, only relative 
and semiquantitative DNA methylation levels could be obtained, and only one of 
the sequenced strands gave interpretable results, demonstrating that the method has 
not yet reached maturity for the analysis of human and other mammalian genomes. 

 Nanopores are an alternative approach and make use of ionic current spectros-
copy. The current passing through such pores while DNA is bound to them is very 
sensitive to subtle structural changes in the interrogated DNA – such as DNA meth-
ylation. Nanopore sequencing has the potential to change profoundly the way DNA 
methylation is analyzed, as besides the absence of potentially artifact-prone steps, 
such as bisulfi te conversion and PCR amplifi cation, it should allow for the direct 
detection of DNA methylation and its oxidative derivatives and provide longer 
sequencing reads at lower cost and higher speed. Both solid-state and mutated 
MspA nanopores have been used for the detection of methylcytosine and its differ-
entiation from hydroxymethylcytosine (Wanunu et al.  2011 ; Shim et al.  2013 ; 
Laszlo et al.  2013 ; Manrao et al.  2011 ). Due to their different polarity, DNA fl exibil-
ity, and duplex stability, solid-state nanopores are capable of differentiating between 
cytosine, methylated cytosines, and its oxidative derivatives in synthetic templates 
(Wanunu et al.  2011 ). However, depending on the nanopore employed, repeated 
reads might be required to accurately differentiate between 5mC and 5hmC (Laszlo 
et al.  2013 ). Depending on the sequence context surrounding the CpG dinucleotides 
of interest, error rates between 2 and 12 % were observed, suggesting that accurate 
methylation estimates could be achieved with read numbers of less than 20 mole-
cules of the same locus (Schreiber et al.  2013 ). In addition, exonuclease-assisted 
nanopore sequencing of single molecules, for which a processive exonuclease pro-
duces nucleoside monophosphates subsequently presented to an alpha-hemolysin 
protein nanopore with a cyclodextrin adapter, has been shown to detect cytosine 
modifi cations in synthetic templates (Clarke et al.  2009 ; Wallace et al.  2010 ). 
However, these technologies have not yielded suffi ciently accurate results beyond 
synthetic templates. 

 An alternative strategy to increase the ionic blockage induced by the methylation 
group is the selective labeling of methylcytosine with MBD1 or Kaiso zinc fi nger 
proteins, which form a small non-covalent complex with methylated cytosines (Shim 
et al.  2013 ,  2015 ). The binding of the proteins leads to a threefold increase in blockage 
of the current compared to unmethylated DNA, allowing both the detection of meth-
ylated or unmethylated DNA and a rough quantifi cation of the methylation degree of 
the analyzed DNA fragment by counting the molecules of bound proteins. Similarly, 
mercury ions can form a reversible bridge between two mismatched DNA bases 
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containing a thymine-thymine or thymine-uracil mismatch between the analytical 
target and a synthetic probe (Kang et al.  2013 ). When passing through a solid-state 
(graphene) nanopore, changes in the ion current due to the passage of the mercury 
ion can be recorded. (Methyl)cytosines are however not able to form this reversible 
interstrand MercuLock, thereby allowing to distinguish methylated cytosines from 
cytosines after bisulfi te conversion (Kang et al.  2013 ). As the method requires spe-
cifi c probes to be designed for each target, it is more suited for locus-specifi c analy-
ses rather than potentially genome-wide analysis, and the use of bisulfi te conversion 
does prohibit the differentiation of methylcytosine and hydroxymethylcytosine. 

 In summary, all so far reported studies on the analysis of DNA methylation with 
nanopores have used a single (synthetic) template for their proof-of-principle experi-
ments, being still far from the complexity of a human genome. While fi rst results and 
proof-of-principle experiments are promising, all these technologies require further 
optimization before being amenable to a routine use in a research laboratory setting.  

12     Combined Analysis of DNA Methylation and Other 
Epigenetic Modifications 

12.1     Histone Modifications 

 The different layers of epigenetic modifi cations, posttranscriptional histone modifi -
cations, histone variants, and DNA methylation, are closely intertwined and stabi-
lize each other to ensure the faithful propagation of an epigenetic state over time and 
especially through cell division. Studies analyzing several layers of epigenetic mod-
ifi cations are still scarce and due to the requirement of a large amount of biological 
material often restricted to cell lines and cellular models. Furthermore, the combi-
nation of the data is performed rather at the analysis level by overlaying the profi les 
obtained in distinct experiments and developing probabilistic models on the occur-
rence of the epigenetic marks rather than by a direct molecular readout. While many 
technologies have been developed for the comprehensive analysis of a single type 
of epigenetic modifi cation, few can address the co-occurrence and interaction of 
different modifi cations. 

 Nucleosomes consist of ~147-bp-long DNA stretches wrapped around an octamer 
of histone proteins that are connected through “linker DNA.” The N-terminal tails 
of the histone proteins are the targets of many posttranslational modifi cations. The 
combinations of the different modifi cations and their multivalency determine the 
regulatory landscape of a genomic region and its effect on gene expression, giving 
rise to the concept of the “histone code” (Ernst and Kellis  2012 ; Hoffman et al. 
 2013 ; Rothbart and Strahl  2014 ). Chromatin immunoprecipitation (ChIP) (Gilmour 
and Lis  1984 ) is a well-established method in cellular biology to study the specifi c 
interaction between a protein of interest and genomic DNA and has been exten-
sively used to identify transcription factor binding sites (Gerstein et al.  2012 ). 

 Briefl y, proteins are cross-linked to the DNA by chemicals (normally formalde-
hyde) in order to conserve the in vivo chromatin architecture. Chromatin is extracted 
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and randomly fragmented by sonication into 200–600 base pair fragments. Then, 
DNA-protein complexes are immunoprecipitated using a specifi c antibody and pro-
tein A/G agarose resin. Finally, covalent cross-links are reversed by heating, and 
DNA is purifi ed after RNase A and proteinase K treatment. At this point, a small 
amount of purifi ed DNA is available that can be subsequently analyzed by qPCR for 
the detection and quantifi cation of the analyzed modifi cation at a locus of interest 
using specifi c primers, microarrays (ChIP-on-chip), or NGS (ChIP-seq,) for a 
genome-wide picture of the DNA-protein binding events (i.e., identifi cation of all 
binding sites of a transcription factor, mapping of a histone modifi cation on the 
entire genome at very high resolution) (Barski et al.  2007 ; Mikkelsen et al.  2007 ; 
Gerstein et al.  2012 ). ChIP-seq has since been performed at production scale in the 
ENCODe, modENCODE, and Roadmap epigenomics mapping projects and has 
become the workhorse for the genome-wide mapping of the occupancy of DNA by 
transcription factors and posttranslationally modifi ed histones. 

 The combination of ChIP with the locus-specifi c sequencing technologies enables 
to determine if a protein is (on average) bound to methylated DNA or unmethyl-
ated DNA at a given genomic locus. This approach permits studying a putative 
methyl-binding protein or the association of a specifi c histone modifi cation with 
methylated or unmethylated DNA by analyzing the methylation levels of immu-
noprecipitated DNA at single-nucleotide resolution using bisulfi te conversion and 
analysis of the ChIPed DNA by pyrosequencing (Moison et al.  2013 ,  2014 ; Kagey 
et al.  2010 ; Thomson et al.  2010 ). For a more qualitative analysis, methylated DNA 
can also be specifi cally detected combining ChIP with methylation- specifi c PCR 
(Zinn et al.  2007 ). Other studies have combined ChIP with genome-wide sequencing 
methods to obtain a more comprehensive overview of the DNA methylation status 
with specifi c histone modifi cations (ChIP-BS-seq or BisChIP- seq) (Statham et al. 
 2012 ; Brinkman et al.  2012 ). For this approach, a relatively large amount of cells is 
used for immunoprecipitation to obtain suffi cient material for the bisulfi te conver-
sion reaction, as well as the ChIP-seq reaction, or several ChIP reactions are pooled 
prior to library generation. After library preparation with methylated adaptors, part 
of the library is bisulfi te converted and PCR amplifi ed, and the DNA methylation 
patterns of the immunoprecipitated fragments are analyzed using second-generation 
sequencing. This analysis permits the simultaneous analysis of DNA methylation 
associated with histones marked with a set of specifi c posttranslational modifi cations 
on the same pools of cells, but not on the same nucleosome. The above-described 
SCAN approach (Cipriany et al.  2010 ,  2012 ) allows isolating single methylated or 
unmethylated DNA molecules and enables characterization of epigenetic states, 
analyzing the coincidence or absence of DNA methylation and histone modifi ca-
tion using fl uorescently labeled antibodies against the targeted histone modifi ca-
tions in combination with MBD1 for the detection of DNA methylation (Murphy 
et al.  2013 ). H3K9me3 was detected together with DNA methylation on the very 
same nucleosome, while DNA methylation and H3K27me3 were mutually exclusive 
under normal physiological conditions but became deregulated in cancer or upon 
cell transformation (Murphy et al.  2013 ). The use of quantum dots instead of fl uores-
cent dye and a potential parallelization of the nanofl uidic devices will allow a higher 
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throughput of single-molecule analysis with increased multiplexing  capabilities. 
Furthermore, with the advances in low-input/single-cell sequencing described in 
Sect.  15.9 , sequencing of the molecules with a given combinatorial pattern of epi-
genetic modifi cations for their identifi cation will probably become feasible.  

12.2     Nucleosome Positioning 

 Positioning of nucleosomes and remodeling of chromatin play key roles for the 
coordination of the correct gene expression program. Positioning of nucleosomes 
depends on (among others) the underlying DNA sequence, ATP-dependent nucleo-
some remodelers, DNA-binding proteins, the RNA polymerase II transcription 
machinery, and their interactions. As a result, the core enhancer, promoter, and ter-
minator regions of genes are typically depleted of nucleosomes, whereas most of 
the genomic DNA is occupied (Struhl and Segal  2013 ). Consequently, the analysis 
of chromatin accessibility and nucleosome positioning is essential for the under-
standing of transcriptional regulation, and it can be used for the analysis and identi-
fi cation of gene regulatory elements and their changes in disease. In most cases, 
information on nucleosome positioning is obtained by enzymatic digestion (MNAse- 
seq), chemical cleavage (CC-seq), or immunoprecipitation of chromatin, followed 
by next-generation sequencing of the resulting DNA fragments or derived from 
chromatin accessibility profi les obtained with DNAseI-seq or ATAC-seq. While 
well suited for their purpose, these methods do not yield any information on DNA 
methylation patterns. The DNA  m ethyltransferase  a ccessibility  p rotocol for  i ndi-
vidual  t emplates (MAPit) or  n ucleosome  o ccupancy and  me thylome sequencing 
(NOMe-seq) makes use of DNA methyltransferase footprinting to determine the 
nucleosome positioning while at the same time retaining the original DNA methyla-
tion patterns, thereby enabling the correlated analysis of these two epigenetic hall-
marks and the corresponding chromatin confi gurations (Kelly et al.  2012 ; Pardo 
et al.  2011 ). These approaches use the GpC methyltransferase (M.CviPI) (Xu et al. 
 1998 ) in the presence of the universal methylation donor S-adenosyl-L-methionine 
that methylates accessible GC dinucleotides, i.e., sequences that are not protected 
by nucleosomes or other tight binding proteins. Methylation at CpG dinucleotides 
yields information about the DNA methylation patterns, while methylation at GpC 
dinucleotides informs on the chromatin accessibility at the same locus (Jessen et al. 
 2004 ). Locus-specifi c analyses can subsequently be performed by cloning and 
sequencing after GC methyltransferase treatment (You et al.  2011 ; Taberlay et al. 
 2011 ; Pardo et al.  2011 ). Genome-wide analyses can also be performed by ligating 
adaptors to the fragmented and methylated DNA followed by bisulfi te conversion 
and sequencing (Kelly et al.  2012 ). 

   Conclusions 

 Sequencing-based approaches have revolutionized the analysis of the epigenome 
allowing the analysis of multiple gene regulatory levels including DNA methyla-
tion, coding and noncoding RNA expression and its nascent production, loca-
tion of RNA polymerases, transcription factors and other DNA-binding proteins, 
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histone modifi cations, chromatin accessibility, as well as the spatial organization 
of the genome. With the large distribution of second-generation sequencers and 
availability of many commercial kits for library preparation, the challenge has 
shifted from the data generation to the data analysis. Integration of molecular data 
with other publically available genomic and epigenomic large-scale data sets to 
analyze the functional consequences of alterations at one molecular level as well 
as appropriate statistical analysis to decipher higher-order regulatory circuits and 
the spatial and temporal organization of the genome is currently the major chal-
lenge. While still expensive, the deployment of the new Illumina sequencing 
platforms (X5 and X10) with the possibility to perform whole-genome bisul-
fi te sequencing will further decrease the cost and turnaround time. In addition, 
the expected continued improvement in sequencing technology and reduction in 
sequencing costs will enable the routine analysis of methylomes in combination 
with genomic data. Furthermore, the possibility to determine the methylome of 
cell-free circulating DNA might be a powerful tool for the early detection of 
cancers and determination of their origin but might also be useful for the predic-
tion of treatment response in many complex diseases of several organs without 
disease-causing mutations, such as autoimmune and infl ammatory diseases. 

 Direct readout technologies of epigenetic modifi cations have been devised 
and are actively investigated in many laboratories. While their time to technical 
maturity is diffi cult to estimate, they promise further decrease in cost and dif-
ferentiation of methylcytosine from its oxidative derivatives. 

 While the implementation of the fi rst DNA methylation-based biomarkers has 
been signifi cantly slowed down due to the use of methods with varying sensitiv-
ity and readouts with arbitrary cutoffs and results that were diffi cult to be inte-
grated and combined between studies, the recent concentration on a few powerful 
methods with quantitative and often single-nucleotide resolution will enable a 
much fast progress for the use of locus-specifi c DNA methylation technologies 
for clinical diagnosis and prognosis.       
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    Abstract 
   As described in previous chapters of this book, DNA methylation is involved in 
numerous biological processes, and modulation of the activity of DNA methyl-
transferases (DNMTs) is a powerful strategy to modulate, restore, or reduce 
DNA methylation. In this chapter, we will present examples of inhibitors of 
DNMTs (DNMTi) and review the fi elds of applications of DNMTi mainly as 
therapeutic molecules, for example, in cancers, cardiovascular or neurological 
diseases, but also as bioengineering tools. Finally, the limits of currently avail-
able inhibitors will be discussed and the perspectives to discover improved 
DNMTi will be presented.  

  Abbreviations 

   5aza    5-azacytidine   
  5azadC    5-aza-2′-deoxycytidine   
  AD    Alzheimer’s disease   
  ALI    Acute lung injury   
  ALL    Acute lymphoblastic leukemia   
  ALS    Amyotrophic lateral sclerosis   
  AML    Acute myeloid leukemia   
  Ara-C    Cytarabine   
  ASMA    Alpha-smooth muscle actin   
  ATRA    All- trans  retinoic acid   
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  BBB    Blood–brain barrier   
  BDNF    Brain-derived neurotrophic factor   
  BM    Bone marrow   
  CMML    Chronic myelomonocytic leukemia   
  CNS    Central nervous system   
  COMT    Catechol- O -methyltransferase   
  CpG    Cytosine–guanine dinucleotide   
  CVD    Cardiovascular disease   
  DNMT    DNA methyltransferase   
  DNMTi    DNMT inhibitor   
  EC    Endothelial cells   
  EGCG    (-)-epigallocatechin-3-gallate   
  EMA    European Medicines Agency   
  ER    Estrogen receptor   
  ESC    Embryonic stem cells   
  FDA    US Food and Drug Administration   
  GABA    γ-aminobutyric acid   
  GAD    Glutamic acid decarboxylase   
  HCV    Hepatitis C virus   
  HDAC    Histone deacetylase   
  HDACi    HDAC inhibitor   
  HIV    Human immunodefi ciency virus   
  HPV    Human papilloma virus   
  HTS    High-throughput screening   
  INFγ    Interferon-γ   
  IVF    In vitro fertilization   
  LPS    Lipopolysaccharide   
  LTP    Long-term potentiation   
  MDS    Myelodysplastic syndrome   
  MeCP2    Methyl-CpG-binding protein 2   
  mPFC    Medial prefrontal cortex   
  MSC    Mesenchymal stromal cells   
  NHL    Non-Hodgkin’s lymphomas   
  NMS    Neonatal maternal separation   
  NSC    Neuronal stem cell   
  PARP    Poly(ADP-ribose) polymerase   
  PARPi    PARP inhibitor   
  PD    Parkinson’s disease   
  PTSD    Post-traumatic stress disorder   
  SAH     S- adenosyl-L-homocysteine   
  SAHA    Suberoylanilide hydroxamic acid, vorinostat (Zolinza®)   
  SAM     S- adenosyl-L-methionine   
  SAR    Seasonal allergic rhinitis   
  SFRP4    Secreted frizzled-related protein   
  SHS    Secondhand smoke   
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  Th    T-helper   
  TSA    Trichostatin A   
  TSG    Tumor suppressor gene   
  VPA    Valproic acid   
  XRCC1    X-ray repair cross-complementing protein   

1           How to Inhibit DNA Methyltransferases 

 To design inhibitors of DNMTs (DNMTi), it is important to analyze the mechanism 
of DNA methylation. Three actors are involved: the DNA, the enzyme and its cofac-
tor, and the  S -adenosyl-L-methionine (AdoMet). The DNMTs scan DNA and rec-
ognize CpG sites at which they fl ip out the deoxycytidine into the catalytic pocket. 
A cysteine (C1226 in human DNMT1, C711 in human DNMT3A, and C652 in 
human DNMT3B) binds then to position 6 of the cytosine (Fig.  1  top), followed by 
the transfer of the methyl group to position 5 of the cytosine (Fig.  2 , gray arrow). 
Finally, by β-elimination the cysteine is released, and the enzyme is ready to start a 
new catalytic cycle (Fig.  1  top).

   Accordingly, the catalytic pocket is composed of a cytidine and a cofactor bind-
ing site (Fig.  2 ). Mainly, DNMTs can be inhibited by targeting different parts of the 
catalytic pocket (the DNA, the AdoMet, or both) or by targeting an allosteric site.

   When the DNA pocket is the target, for example, by DNA binders, it is important 
to design compounds specifi c for the DNMTs that do not inhibit other enzymes act-
ing on DNA. A possibility is to use, for example, DNA binders specifi c for CpGs. 
An interesting alternative are compounds that recognize the cytidine binding site 
and, in addition, bear a chemical moiety able to react with the catalytic cysteine 
(cytidine analogs are the best example and are described in Sect.  2 ). Another 
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  Fig. 1    Schematic representation of the catalytic cycles of DNMTs and mechanism of inhibition 
by 5azadC       
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strategy is to target the cofactor binding pocket by AdoMet analogs, for example. 
Since AdoMet is the most widely used enzyme cofactor after ATP (Schubert et al. 
 2003 ; Struck et al.  2012 ), a challenge consists in the design of compounds specifi c 
of the DNMT AdoMet-binding site and not binding to other methyltransferases. The 
design of AdoMet analogs that also bind to the deoxycytidine binding site could 
confer this specifi city, and in addition it could potentially give higher affi nity com-
pounds and more potent inhibitors. Below we listed the principal inhibitors repre-
senting the different possible mechanisms of inhibition of DNMTs, at the exclusion 
of allosteric inhibitors since none have been described up to date.

2            Chemistry and Structure of DNMT Inhibitors 

 DNMTi are grouped in two families: the nucleoside inhibitors and the non- 
nucleoside ones (Fig.  3 ). To date, two compounds,  5-azacytidine  ( 5aza , Vidaza ® ) 
and  5-aza-2′-deoxycytidine  ( 5azadC , decitabine, Dacogen™), are approved by the 
FDA for the treatment of hematological cancers. 5Aza and 5azadC were the fi rst 
DNMTi, and their story began with their synthesis in 1964 (Sorm et al.  1964 ). They 
were initially tested as antimetabolite agents against acute myelogenous leukemia 
(AML) (Sorm et al.  1964 ; Cihak  1974 ), with anticancer properties (Evans and 
Hanka  1968 ). However, it was in the late 1970s–early 1980s that a big turn was 
taken in the use of these compounds when Jones and Taylor showed that nontoxic 
doses 5aza and 5azadC induced cell differentiation by DNMT inhibition (Taylor 
and Jones  1979 ; Jones and Taylor  1980 ) (Fig.  4 ).

   A new paradigm was found, as these compounds were shown to be able to repro-
gram cells, i.e . , re-induce the expression of silenced genes and thus restore the nor-
mal functions of cells. Their mechanism of action was then understood identifying 

  Fig. 2    Scheme of the transition state of DNA methylation (designed from the crystallographic 
structure of Dnmt1 available on PDB: 4DA4). In  red  is schematized the DNA duplex helix, and the 
catalytic cysteine of DNMT is shown in  green  and the SH group in  yellow . The fl ipped-out deoxy-
cytidine is shown in stick representation as the SAM. The methyl group that will be transferred 
( gray arrow ) is represented in  pink        
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the aza-nucleosides as suicide substrates of DNMTs blocking the cytosine in the 
catalytic pocket of the enzyme (Fig.  2 ). More precisely, 5aza and 5azadC are tri-
phosphorylated by kinases in cells (Momparler and Derse  1979 ) (Fig.  3 ), and then 
they are incorporated into DNA by the DNA polymerases (5aza is fi rst modifi ed to 
the deoxyribose) (Li et al.  1970 ). In DNA, at the CpG sites, 5azadC is recognized as 
deoxycytidine by the DNMTs and fl ipped out from the double helix into the cata-
lytic pocket, and the catalytic cycle of DNMT occurs on this modifi ed nucleoside. 
The catalytic cysteine of the DNMT binds covalently to the C-6 position, but, unlike 
to cytosine, the β-elimination, essential to release the enzyme, cannot occur after 
methyl group transfer from the AdoMet, because of the presence of the nitrogen at 
position 5. The enzyme is thus irreversibly trapped on the DNA and further degraded 
by the proteasome (Santi et al.  1984 ) inducing a demethylation of the DNA. 

 Based on these fi ndings, 5aza (Vidaza®) and 5azadC (Dacogen™) were approved 
in 2004 and 2006, respectively, by the FDA for the treatment of acute myelodys-
plastic syndrome (MDS) and chronic myelomonocytic leukemia (CMML). 
However, these drugs are chemically and metabolically unstable, present a low 
 bioavailability (Notari and Deyoung  1975 ; Chan et al.  1979 ), and as they are 

  Fig. 3    Selection of compounds described as DNMT inhibitors       
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incorporated at every deoxycytidine, they are not selective (Karahoca and Momparler 
 2013 ). Nevertheless, the proof of concept for DNMTs as a therapeutic target was 
established, and since then many efforts are dedicated to identify novel DNMTi, for 
which several strategies were adopted (see Sect.  1 ). 

 First, the chemical instability of 5aza and 5azadC was addressed by the design of 
more stable analogs, like  5,6-dihydro-5-azacytidine ,  2′-deoxy-5,6-dihydro-5- 
azacytidine ,  2′-deoxy-5-fl uorocytidine , and  zebularine. 5,6-Dihydro-5-azacytidine  
showed weaker inhibition of DNA methylation and was withdrawn from clinical 
trials (Yogelzang et al.  1997 ). Its analog  2′-deoxy-5,6-dihydro-5-azacytidine  was 
shown not to bind covalently to DNMTs, but simply to occupy the cytidine pocket 
(Sheikhnejad et al.  1999 ), resulting in the inhibition of methylation in several cell 
lines (CCRF-CEM and HL60) with very low cell toxicity (Matoušová et al.  2011 ). 
 2′-Deoxy-5-fl uorocytidine  was described as more stable in aqueous media and as 
potent DNMTi in vitro, but it is currently rather recognized as a prodrug of a thymi-
dylate synthase inhibitor, because it is metabolized into 5-fl uorouridine (Jones and 
Taylor  1980 ; Boothman et al.  1989 ).  Zebularine  is also a stable compound with a 
weaker inhibition activity and cytotoxicity than azacytosine analogs (Cheng et al. 
 2003 ; Flotho et al.  2009 ). Its mode of action is different from 5aza and 5azadC, 
since it forms a very stable, but reversible complex with DNMTs that showed a slow 
dissociation kinetic (Champion et al.  2010 ; van Bemmel et al.  2009 ). 

 Second, to overcome the instability issue of 5azadC, a prodrug approach was 
chosen aiming at the release of the active molecule in the organism. This approach 
resulted in the generation of  NPEOC-DAC  (Byun et al.  2008 ),  CP-4200  (Brueckner 
et al.  2010 ), and  SG-110  (Yoo et al.  2007 ; Chuang et al.  2010 ).  SGI-110  or 

  Fig. 4    Schematic representation of the mode of action of DNMTi as gene reexpressing agents and 
examples of DNA methylation-induced gene silencing in diverse pathologies. By inhibiting 
DNMTs, DNMTi can restore gene reexpression       
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 guadecitabine , composed of a 5azadCpG dinucleotide, is a prodrug of 5azadC; it 
entered clinical trials and is the most promising compound among the prodrugs with 
a comparable in vitro and in vivo DNMT inhibition activity. The advantage of SGI- 
110 is that it is less sensitive to cytidine deaminase than 5azadC, which improves its 
metabolic stability. 

 Third, non-nucleoside compounds were investigated. Most of them were not 
promising because of their lack of specifi city, their weak activity against DNMTs, 
or because they did not induce DNA methylation inhibition in cellular models. 
Several natural products were described as DNMTi (Fig.  3 ), for example, 
 (−)-epigallocatechin- 3-gallate (EGCG)  (Fang et al.  2003 ),  nanaomycin A  (Kuck 
et al.  2010 ), and  laccaic acid  (Fagan et al.  2013 ). EGCG is a catechin extracted from 
green tea that showed DNA methylation inhibition activity, but its mode of action 
was questioned as the one of  genistein  (Fang et al.  2005 ). Indeed, Lee et al. demon-
strated that these compounds did not act as direct catalytic DNMT inhibitors but as 
a substrate of AdoMet-dependent enzymes, catechol- O -methyltransferases 
(COMTs) (Lee et al.  2005b ). The authors described that the metabolism of EGCG 
and genistein by COMTs induces an intracellular increase in the AdoHcy concen-
tration responsible for the DNA methylation inhibition. Furthermore, two other 
research teams suggested that cytotoxicity induced by treatment of various cell lines 
with EGCG is simply caused by oxidative stress (Chuang et al.  2005 ; Stresemann 
et al.  2006 ). EGCG is a good example of a highly debated compound described as 
DNMTi. Other examples include genistein (Fang et al.  2005 ) and  curcumin  (Liu 
et al.  2009 ), because all these compounds are known as multi-target compounds and 
can induce DNA methylation inhibition by indirect effects. Moreover, Hann’s team 
highlighted an indirect decrease in DNMT1 expression in cancer cells (lung cancer 
and hepatocarcinoma) via ERK1/ERK2- and AMPKa-mediated inhibition of the 
transcription factor Sp1 after treatment with two natural products,  β-elemene  (Zhao 
et al.  2015 ) and  ursolic acid  (Yie et al.  2015 ).  Psammaplin A  is also a nonspecifi c 
compound, and in-depth studies showed that it mainly acts as a histone deacetylase 
inhibitor (HDACi) and not DNMTi (Baud et al.  2012 ; Pereira et al.  2012 ).  Laccaic 
acid  is a highly substituted anthraquinone extracted from insects that inhibits 
DNMT1 and DNMT3A (Fagan et al.  2013 ). Noteworthy, while the compound 
induced some gene reexpression, no cellular DNA methylation inhibition was 
reported to accompany this gene reexpression.  Nanaomycin A  is a more specifi c 
compound, because it was found to target specifi cally DNMT3B and shown to 
induce genomic DNA methylation inhibition in colon cancer cell line (Kuck et al. 
 2010 ). Nevertheless, in a recent study, Penter et al. did not observe any DNA meth-
ylation inhibition by nanaomycin A in four neuroblastoma cell lines, although they 
observed an interesting synergistic activity when used in combination with doxoru-
bicin (Penter et al.  2015 ). To conclude, none of the natural products described to 
date clearly targets DNMTs directly in cells. 

 The same diffi culty to identify potent and specifi c non-nucleoside DNMTi is 
found among the synthetic compounds. For example,  hydralazine  (Cornacchia et al. 
 1988 ),  procainamide  (Cornacchia et al.  1988 ; Lee et al.  2005a ), and  RG108  
(Siedlecki et al.  2006 ; Stresemann et al.  2006 ; Brueckner et al.  2005 ) are weak 
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inhibitors of DNMTs (Chuang et al.  2005 ; Candelaria et al.  2012 ). Procainamide 
and hydralazine, FDA approved as vasodilator and anti-arrhythmic, respectively, 
were described as DNMTi because patients developed autoimmune disease ( lupus 
erythematosus ) correlated to an abnormal DNA methylation pattern of T-cells 
(Cornacchia et al.  1988 ). Even if hydralazine revealed a weak DNMT inhibition, a 
molecular modeling (Singh et al.  2009a ) showed that hydralazine could be involved 
in a complex network of hydrogen bonds into the cytidine pocket. Today, hydrala-
zine is still extensively studied, especially in combination with valproic acid (VPA), 
an HDAC inhibitor (Dueñas-Gonzalez et al.  2014 ). Procainamide was also described 
to potentially interact within the catalytic site of DNMTs by molecular modeling 
(Singh et al.  2009a ), while biophysical studies previously demonstrated that it acted 
as DNA ligand and decreased the processivity of DNMTs (Lee et al.  2005a ). Indeed 
procainamide and procaine were described as DNA ligand with a certain specifi city 
for CG-rich regions, potentially targeting the DNA binding of the DNMTs (Villar- 
Garea et al.  2003 ). Procainamide was an interesting starting point for drug design, 
and several constrained derivatives were synthesized and tested (Castellano et al. 
 2008 ; Castellano et al.  2011 ). In parallel, procainamide conjugated to RG108 
induced a synergy in the inhibition of the enzymatic activity of DNMT3A and 
DNMT1 (Halby et al.  2012 ). Initially it was hypothesized that the procainamide 
moiety of these compounds would bind to DNA and the RG108 moiety would bind 
to the DNMT catalytic pocket according to the discovery of RG108 by Brueckner 
et al .  (Brueckner et al.  2005 ). Later a molecular modeling study suggested that the 
conjugates could occupy both AdoMet and cytidine pockets (Yoo et al.  2013 ) 
explaining the increased activity (cf. Sect.  1 ). Recent studies revealed that the prom-
ising RG108 has only a weak activity against human DNMTs (Halby et al.  2012 ; 
Suzuki et al.  2010 ), and more potent derivatives were since synthesized such as 
 maleimide  (Suzuki et al.  2010 ) and  constraint analogs  (Asgatay et al.  2014 ). 
Nevertheless, their ability to inhibit genomic DNA methylation and a potential cor-
relation with tumor suppressor gene (TSG) reexpression has still to be established 
for all these second-generation inhibitors. 

 New-generation compounds seem to be more promising, as they showed DNA 
methylation inhibition and/or gene reexpression in cells. Several campaigns of 
high-throughput screening (HTS) were performed and allowed to identify new fam-
ilies of DNMTi.  3-Chloro-3-nitrofl avanones  were identifi ed (Ceccaldi et al.  2011 ) 
with sub-micromolar activity against Dnmt3a/3 L complex and exhibited a pheno-
type in zebrafi sh embryos similar to the one observed with the 5aza. A naphthoqui-
none, diclone, and other fl avonoids were identifi ed in another screening campaign, 
opening the path to study the impact on the epigenome of plants, animals, and 
humans when addressing the toxicology of pesticides (Ceccaldi et al.  2013 ). 
Molecular modeling studies suggested that the most potent compounds occupy both 
the cytosine and AdoMet pockets.  SW155246 , an aromatic sulfonamide, was also 
identifi ed by HTS and showed a weak selectivity against DNMT1 vs. DNMT3A 
and DNMT3B (Kilgore et al.  2013 ). Interestingly, this compound was able to induce 
a weak methylation inhibition and reactivation of tumor suppressor genes (TSG) in 
human lung carcinoma. Acridine derivatives, known to intercalate into DNA, were 
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described to modulate DNA methylation (Hossain et al.  2013 ). Among them, deriv-
ative  517328  was the most potent analog, which inhibited DNMT1 in vitro and 
DNA methylation of TSGs in colon and pancreatic cancer cell lines. This compound 
provides a proof of concept for targeting DNA to inhibit DNMTs; however, the 
specifi city remains an important issue for such inhibitors.  SGI-1027  is another weak 
DNA ligand that was identifi ed to be a DNMT1 inhibitor (Datta et al.  2009 ). 
Molecular modeling studies suggested that SGI-1027 could inhibit DNMTs by 
occupying the cytidine and AdoMet pockets (Yoo et al.  2013 ), and Gros et al. ( 2015 ) 
confi rmed by biophysical studies that it interacted with DNA and resulted in 
AdoMet noncompetitive but DNA-competitive inhibition. SGI-1027 was described 
to induce DNMT1 degradation and TSG reexpression in colon cancer cell lines and 
was quickly considered as the non nucleoside DNMTi starting point to expand syn-
theses of new derivatives (Gamage et al.  2013 ; Rilova et al.  2014 ; Valente et al. 
 2014 ). Valente et al. ( 2014 ) succeeded in increasing signifi cantly the DNMT inhibi-
tion potency with the  meta / meta  analog, but no inhibition of genomic DNA meth-
ylation or TSG reexpression has so far been shown. Further investigations to 
characterize the mode of action of this compound family indicated that the  meta / meta  
analog strongly interacted with DNA and inhibited DNMTs by DNA interaction 
and destabilization of the DNMT/DNA/AdoMet complex (Gros et al.  2015 ). 

 To conclude, to date only nucleoside DNMTi were FDA approved, and SGI-110 
is a promising prodrug of 5azadC, evaluated in several clinical trials both on hema-
tological and solid cancers. An increasing number of new non-nucleoside DNMTi 
was published in the last few years, but most lack an impact on genomic DNA 
methylation and TSG reexpression. Thus, more potent DNMTi need to be 
discovered.  

3     Potential Applications of DNMT Inhibitors 

 DNMTs are responsible for DNA methylation, which is crucial for the control of 
gene expression and cell integrity. Indeed, when DNA methylation occurs on the 
CpG islands of gene promoters, the corresponding gene is silenced. This partici-
pates in the dynamics of the regulation of gene expression in cells. Therefore, 
DNMTs are crucial for normal cell functioning. However, many factors, including 
diet, stress, environmental conditions, etc., can lead to abnormal DNA methylation 
patterns. These deregulations are often responsible for dysfunctions and develop-
ment of diseases such as cancers, nervous system and cardiovascular diseases, and 
abnormal plant growth (Fig.  3 ). As all epigenetic modifi cations, DNA methylation 
is reversible, and therefore modifi cations in the DNA methylation pattern can be 
corrected and reversed. Hence DNMTi can be powerful tools to restore a normal 
methylation profi le and cell function. 

 The main application of DNMTi is by far their use to fi ght cancers. However, the 
importance of DNA methylation in various biological contexts leads to increasing 
research in other pathologies, such as neurodegenerative and cardiovascular dis-
eases, and also in other fi elds, such as plant growth optimization. 
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3.1     DNMTi Application in Cancers 

 In cancer, a hypermethylation of TSG promoter regions was observed together with 
a global hypomethylation (Esteller  2008 ). The hypermethylation of the promoters, 
such as  P53 ,  P16 ,  P15 ,  RARβ2 ,  HIC1 , and  RASSF1A , results in their silencing and 
participates to tumor formation, maintenance, and proliferation. 

3.1.1     Nucleoside Analogs 
   As Single Agent 
 As described above (see Sect.  2 ), nucleoside analogs (Constantinides et al.  1977 , 
 1978 ), namely, 5aza and 5azadC, are the most extensively used DNMTi and act 
as suicide substrates inducing DNMT degradation. A historical overview of 
their development and application is described in Issa and Kantarjian  2009 . 
5Aza and 5azadC are able to decrease the levels of TSG promoter methylation 
in cancer cells and induce their reexpression, resulting in cell reprogramming 
and, eventually, cell cycle arrest and apoptosis (Fahy et al.  2012 ). As single 
agents, 5aza and 5azadC are FDA and EMA approved to treat certain forms of 
leukemia and are in clinical trial for the treatment of solid tumors such as mela-
noma, breast, bladder, metastatic papillary thyroid, and follicular thyroid can-
cers (  https://clinicaltrials.gov/ct2/home    ). Table  1  reports some examples of 
current clinical trials.

   As described above, to overcome the drawbacks of 5aza and 5azadC (i.e., chemi-
cal instability, poor delivery, and side effects), chemically stable analogs were 
developed (Fig.  1 ), such as 5-fl uoro-2′-deoxycytidine (Zhao et al.  2012 ) and zebu-
larine (Savickiene et al.  2012 ), but they need to be used at higher doses due to their 
lower effi cacy, and up to date no clinical trial was undertaken with these compounds 
(Yang et al.  2013 ). Nevertheless, the use of other analogs remains of interest, since 
it was shown that depending on the nucleoside analog used (5aza, 5azadC, or zebu-
larine), the hypomethylation profi le in the TSG promoters was different (Flotho 
et al.  2009 ). 

 Despite their promise for nonsolid tumor treatment, the direct use of nucleoside 
analogs as a single therapeutic agent is quite limited considering their instability, 
their side effects, and their lower therapeutic index in solid tumors.  

   Prodrugs of Nucleoside Analogs 
 Prodrugs of 5aza and 5azadC, which delay the release of the active molecule in the 
organism and lower its probability of degradation, showed a real improvement of 
the drugs. CP-4200 is a lipophilic ester of 5aza patented for its better cellular 
uptake (Silverman et al.  2009 ). In an in vivo orthotropic acute lymphoblastic leu-
kemia (ALL) mouse model, a better therapeutic effi cacy was observed compared 
to 5aza, but no clinical trial was undertaken up to date. SGI-110 (guadecitabine) is 
a 5azadC prodrug, which avoids its decomposition by deamination. It was already 
proven to be more stable and less toxic than 5azadC on tumor-free nude mice 
(Chuang et al.  2010 ) and is currently in several phase II clinical trials, phase III for 
AML (NCT02348489) and phase II for hepatocellular carcinoma (NCT01752933). 
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It is also used in combination with chemotherapy for ovarian cancer (NCT01696032) 
and with immunotherapy for metastatic melanoma treatment in Europe (EUdract 
2015-001329-17).  

   Application of DNMTi in Combination with Other Drugs 
 Great promises arise from the use of epigenetic drugs in combination with chemo-
therapies or immune therapies in hematological as well as solid tumors (Table  1 ). 
The rational of these combination approaches relies on that fact that thanks to their 
capacity to affect globally the cells and restore cell functions, treatment with DNMTi 
increases sensitivity to other anticancer agents, increasing the treatment effi cacy 
(Cameron et al.  1999 ; Azad et al.  2013 ; Ahuja et al.  2014 ,  2016 ).  

   Combination with Other Epidrugs 
 Combinations were studied with other epidrugs, as, for example, 5azadC in com-
bination with trichostatin A (TSA), an HDACi, studied in colorectal carcinoma cell 
line. Whereas TSA was not able to cause reexpression of  MLH1 ,  TIMP3 ,  P15 , and 
 P16  genes, a pretreatment with a low dose of 5azadC led to their reexpression 
(Cameron et al.  1999 ). The combination of 5azadC and valproic acid (VPA), 
another HDACi, was evaluated in AML and MDS (Yang et al.  2005 ) and tested in 
phase II clinical trials (NCT00414310). But, in this case, the infl uence of VPA on 
5azadC- treated MDS and AML patients did not improve the outcome. However, 
the association 5aza or 5azadC with the FDA-approved HDACi vorinostat (SAHA) 
was proven to be of interest in several ongoing phase I and phase II clinical trials 
in hematological cancers (Silverman et al.  2008 ). In vivo studies also exhibited a 
good synergy between 5azadC and SAHA in colon carcinoma cells (Yang et al. 
 2012 ). 5Aza was reported to be active in combination with entinostat and moceti-
nostat, benzamide inhibitors of HDACi (Fandy et al.  2009 ), and these combina-
tions are tested in phase I and II clinical trials in hematological cancers. 5Aza/
entinostat combination is also studied in solid cancers such as advanced non-small 
cell lung cancer (NCT01886573) (Juergens et al.  2011 ), advanced breast cancer 
(NCT01349959), and metastatic colorectal cancer (NCT01105377) (see Table  1  
for some examples).  

   Combination with “Classical” Chemotherapies 
 A plethora of clinical trials involving multi-anticancer agents in combination with 
nucleoside DNMTi (5aza and 5azadC) are currently ongoing. For example, 5aza 
and 5azadC have been studied in combination with cytarabine (Ara-C). Ara- 
C/5azadC recently entered a phase II clinical trial for older AML patients 
(NCT01829503) (Table  1 ). 5Aza or 5azadC are also combined with all- trans  reti-
noic acid (ATRA) (Xiang et al.  2014 ), but, like Ara-C, the combination is more 
frequently studied with additional therapeutic agents as, for example, the triple 
combination of 5aza or 5azadC/VPA/ATRA in phase II for AML. However, in this 
particular case, ATRA did not add any signifi cant benefi t to the 5aza or 5azadC/
VPA treatment alone (Raffoux et al.  2010 ). 
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 A phase I clinical trial is ongoing with CC-486 (oral 5aza) associated with car-
boplatin or ABI-007 (albumin-bound formulation of paclitaxel) for the treatment of 
relapsed or refractory solid tumors. 

 A low-dose, but long exposure to 5aza was described to sensitize chemoresistant 
cells to doxorubicine in diffuse large B-cell lymphoma (DLBCL) patients. The low- 
dose pretreatment results in cellular reprogramming, which increases sensitivity to 
doxorubicine without toxicity in vivo (Clozel et al.  2013 ). Therefore, CC-486 is also 
tested as a pretreatment to induce chemosensitivity. A phase II clinical trial is ongoing 
for the treatment of pancreatic cancer, where fi rst-line chemotherapies (i.e., abraxane or 
gemcitabine) are administrated after 21–28 days of CC-486 treatment (NCT01845805). 

 By exploiting its gene reexpression potential, 5azadC is tested in clinical trial 
with plerixafor, an inhibitor of stromal cell-derived factor 1α (SDF-1α) in AML 
(phase I, NCT01352650), with panitumumab, an anti-EGFR, to overcome resis-
tance to EGFR blocking agents in KRAS wild-type metastatic colorectal cancer 
(phase I, NCT00879385) or with interferon α-2b to stimulate immune response by 
reprogramming cells in metastatic solid tumors (phase I, NCT00701298), renal cell 
carcinoma (phase II, NCT00561912), or melanoma (phase I/II, NCT00791271). In 
triple negative metastatic breast cancer not responding to trastuzumab and tamoxi-
fen, treatment with 5azadC/panobinostat (HDACi) restored the expression of estro-
gen factors and the effi ciency of the tamoxifen treatment (phase I/II, NCT01194908). 
5AzadC was also shown to sensitize human hepatoma cell line SMMC77221 to the 
cytotoxic effect of camptothecin (Ding et al.  2009 ). 

 Base excision repair mechanisms, involving X-ray repair cross-complementing 
protein 1 (XRCC1), could be able to excise 5azadC–DNMT adducts from the DNA 
by DNA repair pathways. Indeed, Orta et al .  observed the co-localization of XRCC1 
and DNMT1 in 5azadC-treated cells and an increase of 5azadC sensitivity in XRCC1-
defi cient cells (Orta et al.  2014 ). Furthermore, since poly(ADP-ribose) polymerase 
(PARP) inhibition prevents XRCC1 relocation to DNA damage sites, the authors 
associated 5azadC with a PARP inhibitor (olaparib). The combination of 5azadC/
olaparib caused a synergetic lethality in leukemia cell lines (Orta et al.  2014 ). DNMTi 
and PARPi combinations are currently under investigation in other cancer models. 

 In parallel, several studies described an enhancement of radiosensitivity by 
5azadC treatment in lung cancer A549 and glioblastoma U373MG cells (Kim et al. 
 2012 ), as well as SaOS2, HOS, and U2OS osteosarcoma cells (Li et al.  2014 ) and 
MDA-MB-231 and MDA-MB-435 breast cancer cell lines (Wang et al.  2013a ). In 
all cases, this increase in radiosensitivity was correlated with gene upregulation and 
G2/M cell arrest. 

 In summary, nucleoside DNMTi are frequently used for hematological cancers. 
New clinical trials are ongoing to optimize the treatment schedule using a low-dose 
strategy and evaluate them in solid tumors. In particular, as a prodrug, SGI-110 
could eventually overcome the compound stability limitation. In parallel, their use 
in combination with other anticancer agents is giving promising results in clinical 
trials and seems to increase the effi cacy of the treatments and decrease the side 
effects, since lower doses of each drug are used.   
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3.1.2     Non-nucleoside DNMTi 
 As described above (see Sect.  2 ), several non-nucleoside DNMTi have been 
reported, but none obtained the same potency and validation as 5aza and 
5azadC. Still, we believe that the in vivo data and the ongoing clinical trials with 
compounds that are not direct DNMTi but affect the DNA methylation profi le of the 
cancer cells can be of interest for the better understanding of DNA methylation 
inhibition as therapeutic target. 

 This is the case, for example, with hydralazine (de la Cruz-Hernandez et al. 
 2011 ; Graça et al.  2014b ). It failed as single therapeutic agent in phase II of breast 
and rectal cancer (Wang et al.  2009 ), but its combination with VPA (Duenas-
Gonzalez et al.  2008 ) is in phase I against lung cancer (NCT00996060), in phase II 
for MDS (NCT01356875) (Candelaria et al.  2011 ), and in phase III against ovarian 
(NCT00533299) and cervical cancer (NCT00532818) (Song and Zhang  2009 ). 

 Disulfi ram, previously known to be an aldehyde dehydrogenase inhibitor, was 
recently identifi ed as a DNMTi in prostate cancer cell lines and in mice xenografts 
(Lin et al.  2011 ). In the presence of disulfi ram, in vitro DNMT1 activity was shown 
to be reduced, and global hypomethylation was observed in prostate cancer cell 
lines, with decrease in  APC  and  RAR-β  promoter methylation accompanied by their 
reexpression. Xenograft tumor volumes were shown to be reduced under disulfi ram 
treatment independently of the dose (from 10 to 40 mg.kg −1 ). However, this study 
also reported a decrease in DNMT1 expression, which questioned the real target of 
disulfi ram. Furthermore, DNMT inhibition properties of disulfi ram are explored in 
an ongoing prostate cancer clinical trial (NCT01118741). 

 RG108, found by virtual screening, was shown to inhibit methylation in NALM6 
(leukemia cell line) and in HCT116 (colorectal cancer cell line), inducing reexpres-
sion of  P16  and  TIMP3  (Stresemann et al.  2006 ). More recently, RG108 was tested 
in prostate cancer cell lines (LNCaP and 22Rv1), and a decrease of DNMT activity 
was observed together with cell growth inhibition and apoptosis (Graça et al. 
 2014a ). However, as discussed above (see Sect.  2 ), RG108 is not a potent direct 
inhibitor of DNMTs, and the mechanism by which RG108 treatment resulted in a 
decrease of the methylation level in cells remains to be understood. Nevertheless, 
since it is commercially available, it was used as a tool to inhibit DNA methylation 
in several cellular models (see below). 

 Among natural products, curcumin, genistein, and EGCG are involved in a wide 
variety of clinical trials, but as described above they have multiple targets, and it is 
clear now that their effect on the DNA methylation patterns is indirect; therefore, 
their mechanism of action is controversial (Medina-Franco et al.  2011 ; Suh and 
Pezzuto  2012 ; Li and Tollefsbol  2010 ).   

3.2     DNMTi Application in Neurological and Psychiatric 
Disorders 

 DNA methylation, together with other epigenetic modifi cations, is also deregulated in 
neurological diseases and psychiatric disorders, such as schizophrenia, epilepsy, or 

M. Lopez et al.



445

bipolar disorder. However, to date, no DNMTi has been approved for these diseases, 
main hurdle being the poor capability of the existing DNMTi to cross the blood–brain 
barrier (BBB). Nevertheless, interesting results, listed below, highlight the great inter-
est of targeting DNA methylation in neurological and psychiatric disorders. 

3.2.1     Memory Formation 
 Memory loss is involved in many neurodegenerative diseases, such as Alzheimer’s 
and Parkinson’s diseases, schizophrenia, or post-traumatic stress disorders. DNA 
methylation is implicated in memory formation, as it regulates gene transcription in 
central nervous system (CNS) and is required in long-term memory formation (Day 
and Sweatt  2010 ). Additionally, DNA methylation was demonstrated to be involved 
in synaptic plasticity as  Dnmt1/Dnmt3a  double knockout in mice exhibit long-term 
potentiation (LTP) defi ciencies (Feng et al.  2010 ). To better understand the implica-
tion of DNA methylation in various brain regions, rats were treated with RG108 by 
using the object-in-place paradigm, a test based on the memory of the positioning 
of objects in an enclosed space, which requires both hippocampus and perirhinal 
cortex brain regions. Using this model, Michnick et al. demonstrated that DNA 
methylation was required for long-term but not short-term memory (Mitchnick 
et al.  2015 ). In parallel, methylation of  Pp1 , a memory suppressor gene, and  Reln , 
coding for reelin, a positive memory regulator, were shown to be controlled by pro-
moter methylation. Following fear conditioning, an increase in  Pp1  promoter meth-
ylation and a decrease in  Reln  promoter methylation levels were observed in adult 
rat hippocampus. Infusion of 5aza in adult mouse brain inverted these effects, 
decreased  Pp1  methylation and enhanced a low methylation level of  Reln , which 
inversely correlated with their expression (Miller and Sweatt  2007 ). In rats trained 
for contextual fear memory, the authors observed that intra-anterior cingulate cortex 
infusions of 5aza or zebularine, 30 days post-training, disrupted remote memory 
(Miller et al.  2010 ). Reelin is also implicated in synaptic plasticity that is involved 
in long-term storage memory. Levenson et al. demonstrated that zebularine induced 
a signifi cant methylation decrease in one of the two CpG islands of the  Reln  pro-
moter, whereas the other CpG methylation level remained steady (Levenson et al. 
 2006 ). The impact of DNMTi in synaptic plasticity was studied by Nelson et al. in 
hippocampus slices, where 5azadC was reported to decrease the genomic DNA 
methylation level, concomitantly with a diminution of miniature excitatory postsyn-
aptic current frequencies in neurons, impacting neuronal activity (Nelson et al. 
 2008 ). Tetrodotoxin, known to decrease neuronal activity, also induced a decrease 
in methylation, and the same effects were observed both by using RG108 as DNMTi 
or by knocking down  Dnmt1  and  Dnmt3a  (Meadows et al.  2015 ). 

 Altogether, these studies show that DNA methylation is implicated in memory 
regulation, long-term memory, and synaptic plasticity. DNMTi were shown to 
interfere with the long-term memory and to enhance synapse receptiveness in neu-
rons (synaptic upscaling). As a consequence, DNMTi were shown to impair mem-
ory, indicating that they could have a positive effect on post-traumatic stress 
disorders (PTSD) caused by long-lasting traumatic memory (see Sect.  3.2.5 ). 
Animal studies using 5azadC were, in most cases, carried out by direct injection in 
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brain regions or on slice cultures. However, 5azadC injected intraperitoneally in 
mice led also to an increase of  Bdnf  expression and a lower global DNA methyla-
tion in the hippocampus (Sales et al.  2011 ). These effects on memory functions 
were hypothesized as limiting factor for the use of decitabine in MDS patients 
(Aydin et al.  2012 ).  

3.2.2     Schizophrenia 
 Schizophrenia is a cognition disorder often characterized by hallucination, para-
noia, and failure to adopt a “normal” behavior in social situations. It is now quite 
clearly established that a deregulation of the (γ-aminobutyric acid) (GABA)ergic/
glutamatergic network in the hippocampus and cortex is characteristic of a group of 
psychotic disorders including schizophrenia (Lewis et al.  2005 ). More specifi cally, 
a downregulation of GABAergic genes, such as  glutamic acid decarboxylase   67   
( GAD   67  ) and  RELN , was measured in postmortem samples of schizophrenia 
patients (Guidotti et al.  2000 ). This downregulation was correlated with a hyper-
methylation of their CpG island promoter regions (Chen et al.  2002 ; Grayson et al. 
 2005 ) and with an increase in DNMT1 (Veldic et al.  2004 ) and DNMT3A (Zhubi 
et al.  2009 ) mRNA expression in schizophrenia postmortem cortical GABAergic 
neurons. In a model of prenatal stress mice exhibiting a schizophrenia-like behavior, 
high levels of Dnmt1 and Dnmt3a expression occurred in GABAergic neurons 
(Matrisciano et al.  2013 ). Additionally, a knockdown of  Dnmt1  expression in mouse 
primary cortical cultures showed that  Reln  expression is controlled by Dnmt1 (Noh 
et al.  2005 ). 

 In this context, DNMTi were tested to decrease the methylation level and restore 
a normal expression of  GAD   67   and  RELN . First, 5aza, zebularine, and procain-
amide were tested in cell cultures, and an increase in the expression of  GAD   67   and 
 RELN  and a decrease in  DNMT1  expression were observed (Kundakovic et al. 
 2007 ). However, 5aza and zebularine, the most active molecules in the cellular con-
text, present limiting potential to cross the blood–brain barrier (BBB). 

 VPA, a well-known HDACi, was identifi ed by Tremolizzo et al .  as inducing a 
decrease in DNA methylation levels in mice with methionine-triggered schizophre-
nia alone (Tremolizzo et al.  2005 ) or in combination with clozapine, an antipsy-
chotic agent (Guidotti et al.  2011 ). Noteworthy, in this case, the decrease in DNA 
methylation observed using an HDACi, which does not target DNMTs, occurs via 
an indirect pathway involving chromatin remodeling (Guidotti et al.  2009 ). Nicotine 
also induced a decrease in DNMT1 level and in  GAD   67   promoter methylation in 
smoking schizophrenic patients (Satta et al.  2008 ).  

3.2.3     Bipolar Disorders 
 Bipolar disorders are manic-depressive disorders characterized by a succession of 
elevated mood and depression periods. Aberrant DNA methylation patterns are 
implicated in the etiology of bipolar disorders, and, very similarly to schizophrenia, 
patients with bipolar disorders show a downregulation of  GAD   67   and  RELN . 
Because of the lack of relevant animal models to study bipolar disorders, very few 
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studies involving DNMTi have been carried out. Mainly, VPA was showed to 
decrease DNA methylation without decrease in DNMT expression (Aizawa  2015 ). 
VPA is FDA approved for bipolar disorders and in clinical studies in combination 
with antipsychotics.  

3.2.4     Epilepsy 
 Epilepsy is a group of neurological diseases for which, in most cases, causes are 
unknown. Epileptic patients are subject to recurrent unprovoked seizures, which are 
brief to quite long periods of intense shaking. 

 In temporal lobe epilepsy, the most common epilepsy syndrome in human, low 
levels of reelin, a protein helping to maintain granule cells in the proper laminar 
structure expression, were observed in brain specimens (Heinrich et al.  2006 ) in 
correlation with a hypermethylation of its promoter region (Kobow et al.  2009 ). A 
genome-wide study revealed a global DNA hypermethylation in chronic epileptic 
rat correlated to a decrease in gene expression at the mRNA level (Kobow et al. 
 2013 ).  Gria2  encodes for a Glu2A subunit of ionotropic glutamate receptor, identi-
fi ed as playing a role in epilepsy, and its hypermethylation and corresponding 
decrease in mRNA expression was correlated to the intensity and frequency of sei-
zure in rats (Machnes et al.  2013 ). In an equivalent rat model of kainic acid-induced 
epilepsy, bisulfi te sequencing showed a hypermethylation of  Grin2b/Nr2b , resulting 
in a lower level of the GRIN2B protein, another glutamate receptor subunit, together 
with a hypomethylation of the  Bdnf  (brain-derived neurotrophic factor) gene in epi-
leptic hippocampus (Parrish et al.  2013 ). RG108 treatment on kainite-treated hip-
pocampal slice cultures showed an inhibition of the  Gria2  hypermethylation and a 
benefi cial increase in Gria2 activity (Machnes et al.  2013 ). Zebularine also decreased 
the methylation level of  Grin2b/Nr2b  concomitantly with an increase in GRIN2B 
protein level (Parrish et al.  2013 ). All these fi ndings are in favor in applying DNMTi 
to epilepsy treatment.  

3.2.5      Post-traumatic stress disorder 
 Post-traumatic stress disorders (PTSD) appear in patients who experienced a psy-
chologically traumatic event, such as violent death witnessing, domestic violence, 
child abuse, etc., and result in severe anxiety associated with memory avoidance, 
fl ashbacks, nightmares, and emotional arousal. For example, war veterans com-
monly suffer from PTSD. 

 In PTSD patients, altered DNA methylation was observed in the peripheral blood 
immune cells. Together with other genes (Uddin et al.  2010 ),  BDNF  was reported to 
be hypermethylated (Smith et al.  2011 ). In rat models, epigenetic modifi cations 
were identifi ed to play a role in fear memory, and Miller et al. demonstrated, in rat 
hippocampus, that  Dnmt3a  and  Dnmt3b  are upregulated, whereas level of Dnmt1 
remains steady, in response to contextual fear conditioning (Miller and Sweatt 
 2007 ). Models of maltreated rats compared to normal animals also showed an 
increase in DNA methylation levels of  Bdnf , associated with a decrease of  Bdnf  
expression. This modifi cation is a lasting effect, which was observed in adulthood 
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and passed to the next generation (Roth et al.  2009 ). DNA methylation of  BDNF  
contributes to learned fear, and BDNF is important for the persistence of the patho-
logical fear. Therefore, DNMTi could be envisaged to erase the memory of the 
trauma in PTSD patients (Zovkic and Sweatt  2013 ). Administration of DNMTi 
(5aza or zebularine) induces  Bdnf  expression even in adult animals. In PTSD, an 
over-consolidation of the fear memory is observed, and nucleoside DNMTi and 
RG108 were able to block the contextual fear memory formation. RG108 was also 
tested directly in rat brains and shown to abolish long-term fear memory (Miller 
et al.  2010 ). 

 In rodent, neonatal maternal separation (NMS) attenuates neuron differentiation 
and can lead to stress-induced behavioral disorders. This NMS results in a decrease 
in  RARα  expression concomitant with an increase in the  RARα  promoter methyla-
tion.  Dnmt1  was shown to be upregulated, whereas no change was measured in 
 Dnmt3a  and  Dnmt3b  expression. 5AzadC was capable of increasing the neuronal 
differentiation and decreasing methylation of  RARα  (Boku et al.  2015 ).  

3.2.6     Depression 
 Sadness, low mood, loss of motivation, and low self-esteem characterize pathologi-
cal depression, which, in the most severe cases, can lead to suicide. In the USA, 
38,000 cases of suicide were reported in 2010, which represents more than the num-
ber of human beings killed by car accident (34,000) or twice more than victims of 
homicide (16,000) (Nature Editorials  2014 ). About 60 % of the subjects who com-
mitted suicide had depression or related mood disorders. 

 Until recently, the only epidrugs used to treat depression were HDACi (Sun et al. 
 2013 ). However, a couple of years ago, DNA methylation was proven to be involved 
in this disorder, and the environment was shown to play a major role, particularly 
early-life environmental stress (Booij et al.  2013 ). Dnmt3a was identifi ed in a mouse 
model as regulating emotional behavior (LaPlant et al.  2010 ). In patients with severe 
depression and previous suicidal attempts,  BDNF  hypermethylation was proposed 
as a biological marker of suicidal behavior (Kang et al.  2013 ). Additionally, the 
gene encoding for P11 protein, a modulator of neuronal function involved in depres-
sion, was demonstrated to be hypermethylated in rodent and human depression. 
Interestingly, after treatment with antidepressant, such as escitalopram (a serotonin 
reuptake inhibitor), the methylation of  P11  was shown to return to normal (Melas 
et al.  2012 ). Hypermethylation of the promoter region of  TRKB , encoding for tropo-
myosin receptor kinase B (TrkB), a BDNF receptor, was also reported in suicide 
completers accompanied by a decrease of mRNA expression (Ernst et al.  2009 ). 

 Sales et al. observed that 5aza, 5azadC, and RG108 possessed antidepressant- 
like effects on rats, as increasing the mobility in the tail suspension test and decreas-
ing the immobility time in the forced swimming test (Sales et al.  2011 ). This was 
correlated to an increase of  BDNF  expression level. In a model of chronic ultra 
middle stress exposure in mice, representative of a depression-like behavior, zebu-
larine and RG108 reverted the depression-like behavior with an increase in  Gdnf  
expression (Uchida et al.  2011 ).  

M. Lopez et al.



449

3.2.7     Autism Disorders 
 Patients with Rett syndrome, predominantly occurring in women, show a normal 
development for the fi rst 6–18 months, then progressively loose speech and hand 
use, associated with seizure and autism. Rett syndrome is an X-chromosome-related 
neurological disease caused by a mutation in the methyl-CpG-binding protein 2 
(MeCP2) protein (Amir et al.  1999 ; Guy et al.  2007 ). This protein is known to bind 
methylated DNA, to repress transcription, and to be involved in an activator model 
via the recruitment of the co-activator CREB1 (Lyst and Bird  2015 ). Although DNA 
methylation pattern is described as crucial for MeCP2 recognition, no DNMTi was 
used to treat Rett syndrome. However, treatment of hippocampal cells of MeCP2 
knockout mice with methyl donor AdoMet was able to rescue neurotransmission 
event frequencies and thus to partially compensate MeCP2 loss of function (Nelson 
et al.  2008 ). 

 Additionally, in X-fragile syndrome, another autism disorder, a hypermethyl-
ation in the promoter region of the  FMR1  gene is observed (Sutcliffe et al.  1992 ). 
The treatment of X-fragile cell lines with 5azadC was reported to slightly re-induce 
 FRM1  expression (Tabolacci et al.  2005 ).  

3.2.8     Parkinson’s and Alzheimer’s Diseases 
 Parkinson’s disease (PD) is a CNS disease due to the degeneration of dopamine- 
producing neurons, and it affects more than four million people worldwide. The 
movement-related symptoms include shaking and dementia and can occur in a later 
stage of the disease. Hypomethylation is observed in PD patients in the CpG-rich 
island of  SNCA , gene coding for α-synuclein (Jowaed et al.  2010 ). α-Synuclein is a 
protein forming aberrant soluble oligomers that lead to neuron death. This lower 
level of  SNCA  methylation was shown to result from a “sequestration” of DNMT1 in 
the cytosol in an α-synuclein transgenic mice and postmortem PD brains (Desplats 
et al.  2011 ). 5azadC was tested on dopaminergic neurons and resulted in viability 
decrease and increase of apoptosis associated with an upregulation of α-synuclein 
(Wang et al.  2013b ). DNMTi can thus have deleterious effects for PD patients. 

 Alzheimer’s disease (AD) is a neurodegenerative disorder resulting in severe 
dementia. The methylation profi le of AD disease patients is controversial as both 
hypo- and hypermethylation were reported (Coppieters and Dragunow  2011 ). 
Nuclear immunostaining of DNMT1 and other component of the methylation 
machinery such as MBD2/MBD3 was signifi cantly diminished in neurons 
(Mastroeni et al.  2010 ) where a loss of methylation of the amyloid precursor pro-
teins was observed. A decrease in  BACE  and  PSEN1  (encoding for presenilin 1) 
methylation was also shown in AD patients and was associated with a potential 
overexpression of amyloid β-peptides (Scarpa et al.  2003 ; Mastroeni et al.  2010 ). A 
cocktail of DNA methylation enhancers, such as folate, is currently in phase III 
clinical trial (NCT00056225). Moreover, a dramatic global hypermethylation in the 
gray matter of postmortem human brain tissues was also observed in AD patients 
(Coppieters et al.  2014 ) together with an increase in methylation in certain regions 
such as  MCF2L  and  ANK1  genes (De Jager et al.  2014 ). Additional data are crucial 
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to confi rm the hypermethylation profi le of AD patient and to potentially envisage 
the use of DNMTi for AD treatment.  

3.2.9     Aging-Related Senescence and Amyotrophic Lateral Sclerosis 
 In amyotrophic lateral sclerosis (ALS), motor neuron death leads to muscle 
weakness and evolves to breathing diffi culties. This neurodegenerative disease, 
often associated with aging, has a 3–5-year survival prognostic (Cleveland and 
Rothstein  2001 ). 

 In motor cortex tissues and spinal cord motor neurons of ALS patients, levels of 
DNMT1 and DNMT3A were shown to be increased (Chestnut et al.  2011 ; Cho et al. 
 2010 ). Oh et al. found a decrease in cell potency in ALS mesenchymal stromal cells 
(ALS-MSCs) with a twice higher level of DNMT1 and DNMT3A compared to 
normal MSCs. RG108 treatment of ALS-MSCs isolated from ALS patients’ bone 
morrow induced anti-senescence factors ( TERT ,  VEGF ,  ANG ), together with the 
downregulation of senescence factors ( ATM ,  P21 ). Additionally, a signifi cant 
improvement in ALS-MSC migration and their differentiation into neurons was 
observed (Oh et al.  2015b ). Thus, RG108 treatment is promising for a more effi cient 
ALS treatment by autologous cell therapies. 

 In addition, Oh et al. evaluated the effect of RG108 on human bone marrow mes-
enchymal stromal cells (hBM-MSCs), which are used in cell therapies. They con-
fi rmed the anti-senescence effect of RG108 in in vitro cultures with an increase in 
the expression of anti-senescence factors ( TERT ,  VEGF ,  bFGF , and  ANG ) and a 
decrease of senescence-related factors ( ATM ,  P21 , and  P53 ) (Oh et al.  2015a ). 
Thus, an optimized dose of RG108 (5 μM), for which cell viability is maintained, 
could greatly improve hBM-MSC potency, which could constitute a real progress in 
the improvement of the stem cell therapies.  

3.2.10     Neuronal Stem Cell 
 Neuronal stem cell (NSC) cultures are potential sources of transplantable cells to treat 
neurodegenerative diseases. DNA methylation was proven to be essential for NSC dif-
ferentiation and proliferation. Folic acid was shown to stimulate neonatal rat NSC pro-
liferation in vitro (Li et al.  2013 ), whereas zebularine treatment resulted in the attenuation 
of their proliferation (Lin et al.  2014 ; Luo et al.  2013 ) and a reduction of their migration 
(Singh et al.  2009b ). Hence, DNMTi are deleterious for NSC growth, but the use of 
DNMT activators can provide an interesting way to optimize NSC cultures. 

 In summary, DNA methylation was shown to be implicated in many neurological 
diseases and psychiatric disorders. The consequences of DNA methylation depends 
on the disease, and the use of DNMTi can be, in a few cases, unfavorable, like in 
Alzheimer’s disease, but it can have a positive outcome in pathologies like schizo-
phrenia, depression, and post-traumatic stress disorders. Despite the high interest in 
controlling DNMT activity, the path to use DNMTi as drugs to treat neurological 
diseases and psychiatric disorders is still long. First, it is made diffi cult by the lack 
of animal models to study these pathologies. Second, active molecules must cross 
the blood–brain barrier, and, for example, 5aza or zebularine are not able to do so. 
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Additionally, toxicity is not acceptable for psychiatric diseases, which often require 
chronic and lifelong treatment. Despite these limitations, the better comprehension 
of DNA methylation in neurological diseases will lead to new therapeutic strategies, 
and new small molecule DNMTi are urgently needed for neurodegenerative dis-
eases and psychiatric disorders (Szyf  2015 ).   

3.3     DNMTi Application in Cardiovascular Diseases 

 Cardiovascular diseases (CVDs) are the leading cause of death in most of the devel-
oped countries and environmental factors such as diet, smoking habits, or impaired 
metabolism are critical risk factors. Therefore, it is not surprising that epigenetic 
modifi cations, including DNA methylation, are involved in these pathologies. 

 DNA methylation patterns were reported to be altered in several CVDs. In hyper-
tension, the hypermethylation of the  HSD11B2  promoter, a gene affecting blood 
pressure, was observed (Friso et al.  2008 ). Hypermethylation was also reported for 
the ATP-binding cassette transporter A1 gene ( ABCA1 ) in coronary heart disease 
(Guay et al.  2014 ), and in an atherosclerosis in  Apoe  knockout mouse model, the 
hypermethylation of specifi c vascular homeostasis genes was described (Zaina et al. 
 2014 ). A study on about 300 Singapore Chinese subjects also proposed DNA meth-
ylation as CVD risk biomarker, specifi cally the  Alu / STAT2  methylation level (Kim 
et al.  2010 ). In parallel, a global hypomethylation was reported in peripheral blood 
mononuclear cells (Lund et al.  2004 ). Concerning the use of DNMTi in CVDs, 
6-day treatment with 5azadC restored a normal protein expression profi le of the 
whole cardiac proteome and rescued the phenotype of norepinephrine-treated rats 
(Xiao et al.  2014 ). 

 Atherosclerosis is characterized by an infl ammation of arterial walls, and it is the 
major cause of stroke and heart attack. Gene expression in endothelial cells changes 
dramatically when submitted to large blood fl ow variations, and disturbed fl ow is 
pro-atherogenic. In mice, disturbed blood fl ow induces  Dnmt  expression, and sev-
eral downregulated mechanosensitive genes were identifi ed, and their expression 
was shown to be under their promoter methylation control and reversed by 5azadC 
(Dunn et al.  2014 ). Besides, estrogen receptors (ERα, ERβ) are atheroprotective, 
and hypermethylation of  ESR1  (ERα) and  ESR2  (ERβ) promoters, associated with 
their silencing, was shown in atherosclerosic tissues and in senescing cells. 
Treatment with 5azadC was carried out on smooth muscle cells (SMCs) and endo-
thelial cells (ECs), resulting in the decrease of estrogen receptor gene promoter 
methylation accompanied by an increase of ER levels in both vascular cell lines. 
Additionally, the combination of 5azadC/TSA showed some synergetic effect, 
while TSA alone had no effect (Kim et al.  2007 ). 

 Ischemia is a decrease in blood supply to tissue, which results in hypoxia (i.e., 
defi ciency in oxygen supply) and leads to cardiac fi brosis. In hypoxia-induced pro- 
fi brotic states of human cardiac fi broblast, an increase in  DNMT1  and  DNMT3B  
expression and a global hypermethylation were reported. The expression of pro- 
fi brotic genes, such as  alpha-smooth muscle actin  ( ASMA ) or  collagen 1 , increased, 
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and this was enhanced by treatment with TGFβ, a pro-fi brotic cytokine. Interestingly, 
treatment with 5azadC signifi cantly reduced TGFβ effects and levels of ASMA and 
collagen 1, decreasing pro-fi brotic effects and positioning DNMT as potentially 
valuable therapeutic target in ischemic heart disease (Watson et al.  2014 ). Finally, 
exploring the infl uence of DNMTi on mouse embryonic stem cells (mESCs), zebu-
larine was shown to reexpress cardiac-specifi c genes, such as  Nkx2.5  and  Gata4  
(Horrillo et al.  2013 ). 

 DNA methylation is also implicated in heart failure. Indeed, a higher level of 
homeobox gene  PITX2c  promoter methylation with increased DNMT1 and 
decreased PITX2 protein levels was identifi ed in heart disease atrium. In the HL-1 
cell line, 5azadC reversed  PITX2c  promoter methylation and increased the PITX2 
and KIR2.1 protein level (Kao et al.  2013 ), which could have a positive outcome in 
case of heart failure. 

 Despite the evidence of the role of DNA methylation in CVDs (Chaturvedi and 
Tyagi  2014 ), no epidrug is currently in clinical trial for CVDs (Schiano et al.  2015 ). 
Only the nonspecifi c multi-target polyphenols in cocoa, reported to decrease DNA 
methylation level in CVD patients (Crescenti et al.  2013 ), completed phase 3 clini-
cal trial (NCT00511420) as a diet supplement.  

3.4     DNMTi Application in Other Human Pathologies 

3.4.1     Obesity 
 Obesity has a high prevalence in industrialized countries where high caloric diet is 
common. It constitutes a major public health problem and can lead to diabetes or 
cardiovascular diseases. 

 Following a 5-day high-fat diet, DNA methylation changes of the transcriptional 
co-activator PGC-1α involved in oxidative energy metabolism were observed 
(Brøns et al.  2010 ). Variations of DNA methylation were also reported by Wang 
et al . , who analyzed DNA methylation in peripheral blood leukocytes and deter-
mined that  UBASH3A  was hypermethylated, whereas  TRIM3  was hypomethylated 
in obesity cases (Wang et al.  2010b ). Variability of DNA methylation in individual 
adipose tissues was shown to infl uence their response to caloric restriction in terms 
of weight loss (Bouchard et al.  2010 ). A comparison of methylation levels in 
abdominal adipose tissues before and after gastric bypass and weight loss showed a 
decrease of DNA methylation in both tissues after gastric bypass (Benton et al. 
 2015 ). Expression of adiponectin, a protein regulating glucose and lipid metabolism 
(Yamauchi et al.  2002 ), was inversely correlated with insulin resistance, type 2 dia-
betes, and cardiovascular diseases (Kadowaki et al.  2006 ). Kim et al. established 
that adiponectin expression was under epigenetic control, by hypermethylation of 
the R2 promoter region, in high-fat diet obese mice compared to normal-diet lean 
mice. RG108 was tested in an obese mice model and increased adiponectin expres-
sion level leading to an improvement of glucose intolerance and insulin resistance 
(Kim et al.  2015 ). These recent results are promising for obesity-related disease 
therapeutics.  
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3.4.2     Alcohol Addiction 
 Alcohol abuse with its associated diseases and behaviors is responsible for about 
6 % of the death worldwide (WHO 2014, Global status report on alcohol and health). 
In the UK, alcohol was classifi ed as the most harmful drug for oneself and others 
(Nutt et al.  2010 ). The infl uence of alcohol consumption on DNA methylation is 
controversial and seems to be highly dependent on the studied tissues. For example, 
DNA in postmortem human brains was reported to be hypomethylated in alcoholics 
(Ponomarev et al.  2012 ). This hypomethylation was shown to result in the increased 
expression of long-term repeat-containing human endogenous retrovirus. A decrease 
in DNMT3A and DNMT3B level was also shown in alcoholic patients compared to 
healthy individuals. DNMT3B expression was reported to be inversely proportional 
to blood alcohol concentration, whereas no variation was reported for DNMT1 
expression level (Bönsch et al.  2006 ). Genome-wide DNA hypermethylation in 
lymphoblast of 165 female subjects showed an increase of DNA methylation with 
the increase in drinking frequency (Philibert et al.  2012 ). 

 DNMTi were studied for the treatment of alcohol addiction and encouraging 
outcomes were described. In an alcohol-exposed murine model submitted to the 
two-bottle choice test and treated or not with 5aza, Warnault et al. found that for 
5aza-treated animals, the rate of alcohol intake was signifi cantly lower compared to 
non-treated alcohol-dependent rats (Warnault et al.  2013 ). These results also showed 
that inhibition of DNA methylation enabled to specifi cally reduce alcohol consump-
tion and preference, but did not infl uence other rewarding substance intake. DNA 
methylation was suggested to increase the expression of endogenous factors inter-
fering with alcohol drinking behavior, such as BDNF (Logrip et al.  2009 ) and 
GDNF (Carnicella et al.  2008 ) that prevent the escalation from moderate to exces-
sive consumption. Barbier et al. studied long-term behavior on alcohol-conditioned 
rats after 3 weeks of abstinence and established a causal relationship between DNA 
methylation, alcohol intake, and seeking behavior. They measured an increase in 
Dnmt1 and no change in the Dnmt3A and Dnmt3B levels. Using intracerebroven-
tricular infusion of RG108, they lowered the DNA methylation level in medial pre-
frontal cortex (mPFC) of alcohol-conditioned rat, and no change was observed in 
controls. DNMTi also prevented alcohol escalation. Seven genes involved in neuro-
transmission and coding for synaptic proteins were downregulated in alcohol- 
dependent rats. Among them, synaptotagmin 2 ( Syt2 ) presented a higher methylation 
level in alcohol post-dependent rats, and a synaptic transmission deregulation was 
reported in post-dependent mPFC neurons. A  Syt2  knockdown resulted in 
compulsive- like drinking behavior. Interestingly,  Syt2  normal methylation level and 
expression were restored by RG108 treatment (Barbier et al.  2015 ). 

 Although variations of DNA methylation levels in the brain of alcoholic patients 
seem to be heterogeneous, the results of DNMTi on preclinical animal models are 
an interesting starting point for the use of DNMTi to limit alcohol dependence.  

3.4.3      Inflammation and Allergy 
 Infl ammation is a reaction of the immune system to harmful stimuli. In allergy, 
also known as hypersensitivity (e.g., hay fever, allergic asthma), infl ammation is 
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triggered by an unsuitable immune response to environmental cues. Similarly, in 
autoimmune diseases, an abnormal immune response is directed toward tissues nor-
mally present in the organism. Among the CD4 +  T-cells (T-helper cells), T-helper 1 
(Th1) express specifi cally interferon-γ (INFγ) (Brand et al.  2012 ), whereas T-helper 
2 (Th2) express interleukin 4 (IL4), IL5, and IL13. The INFγ (Winders et al.  2004 ) 
and IL4 (Kwon et al.  2008 ) cytokines are under DNA methylation control, and dif-
ferentiation of naïve T-cell into Th1 or Th2 cells results in a modifi cation of the 
methylation level of CpG sites in  INFG , the INFγ gene (White et al.  2006 ). The 
level of  INFG  promoter methylation was shown to depend on age, sex, and tissues 
(Lovinsky-Desir et al.  2014 ). In mouse models,  Dnmt3a  and  Dnmt3b  were more 
expressed in Th2 cells compared to Th1 cells, whereas no difference in  Dnmt1  
expression was observed (Yu et al.  2012 ). Moreover, in the same study,  INFG  and 
 IL4  expression was lower in mutant mice lacking Dnmt3a or Dnmt3a/Dnmt3b but 
not in mutants lacking only Dnmt3b. Altogether these data highlight the importance 
of DNA methylation in the regulation of cytokine expression in CD4 +  T-cells and in 
infl ammation reactions. 

 In infl ammation, the balance of T-cell subtype is disturbed with a shift from Th1 
to Th2 response. As a result the ratio INFγ vs .  IL4 production is modifi ed, which 
can be considered as an indicator of infl ammation risk (Shahid et al.  2002 ). In 
patients with bronchial asthma, T-cell differentiation into the Th2 subtype and IL4 
associated cytokine production are much higher than in controls (Kwon et al.  2008 ).  

 Although genetics are involved in asthma (Lloyd and Hawrylowicz  2009 ), the 
environment such as pollution, cigarette smoke, etc., is also well known to have a 
crucial infl uence, which rises the importance of epimutations in asthmatic patients. A 
comparison of 21 monozygotic adult twins discordant for asthma showed a decrease 
in  INFG  and  FOXP3  expression in the case of asthma with a greater decrease for 
cases with secondhand smoke (SHS) during childhood, which was shown to signifi -
cantly affect the methylation levels (Runyon et al.  2012 ; Kohli et al.  2012 ). A similar 
study with monozygotic twins concluded the importance of DNA methylation of 
genes involved in immune response and associated with psoriasis, like  TNFSF11 , in 
CD4 +  T-cells (Gervin et al.  2012 ). It is important to underline the importance and 
increased interest in epidemiology studies on the epigenome of monozygotic twins, 
starting from the seminal paper of Fraga et al. in 2005 (Fraga et al.  2005 ). 

 Concerning seasonal allergic rhinitis (SAR), peripheral blood mononuclear 
cells from SAR patients and healthy controls were challenged with allergen. A dif-
ferent DNA methylation profi le was observed in total CD4 +  T-cells for SAR 
patients compared to healthy controls allowing a classifi cation based on DNA 
methylation. Interestingly, the DNA methylation profi le of SAR patients varied 
during and outside pollen season (Nestor et al.  2014 ). In light of the importance of 
DNA methylation in infl ammatory reactions, DNMTi were tested in vitro and 
in vivo for their ability to control infl ammation. In asthma, upon allergen sensitiza-
tion/challenge by ovalbumin treatment, a comparison of sensitized and non-sensi-
tized mice showed an increase in  INFG  promoter methylation correlating with a 
decrease in INFγ level. This increase was reversed by 5azadC treatment (Brand 
et al.  2012 ). 
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 In acute lung injury (ALI), an infl ammatory lung disease mainly caused by sep-
sis, the combination of 5azadC and TSA reduced mortality level in lipopolysaccha-
ride (LPS)-induced ALI mouse model with an 80 % survival rate (Thangavel et al. 
 2014 ). The same group reported that primary bone marrow-derived macrophages of 
LPS-treated mice expressed higher levels of pro-infl ammatory chemokines and 
cytokines, which were decreased upon 5azadC/TSA treatment, resulting in cell sur-
vival increase. A dramatic synergy was observed from the combination compared to 
the single agents (Thangavel et al.  2015 ). 

 Rheumatoid arthritis is a chronic infl ammatory autoimmune disease involving 
synovial infl ammation and causing joint pains. In fi broblast-like synoviocytes (FLS) 
of arthritic rats, the methyl-CpG-binding protein 2 (MeCP2) was selectively over-
expressed, whereas secreted frizzled-related protein 4 (SFRP4) was downregulated. 
A knockdown of MeCP2 resulted in an enhancement of the SFRP4 level. SFRP4 is 
known to activate the Wnt pathway, which is involved in FSL abnormal prolifera-
tion. Treatment of FLS with 5azadC resulted in an increased  SFRP4  expression and 
a decreased cell proliferation (Miao et al.  2013 ). 

 Finally, a strong increase in Th2 gene ( IL4  and  IL5 ) promoter methylation with 
an opposite effect for Th1 genes ( INFG  and  IL10 ) was recently observed in PMBC 
of children allergic to cow’s milk compared to healthy ones (Berni Canani et al. 
 2015 ). 

 In summary, infl ammation studies were carried out mainly with HDACi and few 
with DNMTi (Brook et al.  2015 ). The recent studies described above suggest the 
potential of DNMTi in the development of new anti-infl ammatory treatment in 
asthma, acute lung injury, and rheumatoid arthritis.  

3.4.4     Infection Diseases 
   Viral Infections 
 In 2014, 35 million people were affected by human immunodefi ciency virus (HIV)-1 
worldwide. Most infected people have a normal quality of life when treated with 
anti-retrovirus therapy, but an interruption in the treatment would reactivate latent 
viruses (Van Lint et al.  2013 ). Efforts have been made to improve the anti-HIV 
therapies. Proviruses, like HIV or human T-lymphotropic virus (HTLV), escape 
from the immune system and alter DNA methylation pattern (Saggioro et al.  1991 ) 
and more generally the epigenome (Kumar et al.  2015 ). In HIV-infected cells, 
increases of DNMT1 (Mikovits et al.  1998 ) and DNMT3A/DNMT3B levels 
(Chandel et al.  2015 ) and decrease in the expression of certain genes, such as  INFG , 
 P16 , or vitamin D receptor gene, were shown (Fang et al.  2001 ; Chandel et al. 
 2015 ). However, the infl uence of DNA methylation is quite controversial, and a 
hypermethylation was reported in latent HIV reservoirs of patients who did not 
present viremia compared to viremic patients (Blazkova et al.  2009 ). A strategic 
option is to activate HIV in their reservoir to kill infected cells, while anti-retrovirals 
are used to block new infections. In this context, Fernandez et al .  demonstrated that, 
in association with TNFα known to activate HIV replication, the use of 5azadC 
activated HIV twice more than the single use of TNFα in J-Lat cells. However, this 
seems to be cell line specifi c as in other cell lines, such as J1.1 and U1, and 5azadC 
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inhibited HIV activation (Fernandez and Zeichner  2010 ). This variability highlights 
the great need to optimize DNMTi use for HIV therapy. 

 HIV is also known to be associated with certain cancers such as non-Hodgkin’s 
lymphomas (NHL). In HIV-positive NHL patients, a clear upregulation of DNMTs 
was observed. In HIV-positive aggressive B-cell lymphomas, the HIV-TAT pro-
tein was shown to be secreted by infected cells and to result in cell proliferation. 
In this context, Luzzi et al .  used a model of TAT-transfected B-cell lymphoma 
cells and showed that this model upregulated DNMTs associated with aberrant 
hypermethylation. In this context, 5azadC was able to reexpress  P16  (Luzzi et al. 
 2014 ). Similarly, human papillomavirus (HPV)-positive lung cancers exhibited 
high levels of DNMT3B (Lin et al.  2005 ) and an upregulation of  E-cadherin , a 
cell adhesion protein, associated with an increase of viral oncoprotein E6. 
Treatment with 5azadC was able to restore normal levels of  E-cadherin  expres-
sion in the presence of HPV (D’Costa et al.  2012 ). These fi ndings could be 
exploited to improve the treatment of virus-induced cancers like HIV-positive 
NHL, papilloma virus-positive cancers, or Epstein–Barr virus-positive Burkitt’s 
lymphoma (Paschos et al.  2009 ). 

 Hepatitis C virus (HCV) was also shown to lower E-cadherin levels and induce a 
hypermethylation of the  E-cadherin  promoter, which is known to induce morpho-
logical changes, alter cell–cell adhesion, and induce epithelial–mesenchymal transi-
tion, critical in tumorigenesis (Park and Jang  2014 ). DNA methylation was reported 
to be deregulated in HCV. DNMT activity was shown to be essential for HCV cell 
infection, and the use of 5aza or 5azadC induced a signifi cant decrease in HCV 
infection (Chen et al.  2013 ). 5AzadC treatment of hematoma cells was shown to 
abolish HCV-induced  E-cadherin  downregulation and restore cell aggregation abil-
ity (Arora et al.  2008 ). Therefore, DNMTs can represent potential targets for HCV 
treatment.  

   Bacterial Infections 
 Epigenetic changes regulate bacteria-specifi c innate immune response, as described 
for infl ammation (see Sect.  3.4.3 ). Alterations of DNMT expression levels were 
measured in mice provided with  E. coli  or  E. coli -LPS-contaminated water com-
pared to control mice. This highlighted the role of bacterial LPS in the alteration of 
the epigenetic response (Kovalchuk et al.  2013 ). In  E. coli -infected human uroepi-
thelial cells, DNMT activity was demonstrated to be more than tenfold enhanced 
compared to noninfected cells (Tolg et al.  2011 ). DNMT1 expression was also 
altered following  Porphyromonas gingivalis  or  Fusobacterium nucleatum  infection 
(Yin and Chung  2011 ). In parallel, pretreatment of gingival epithelial cells with 
5aza signifi cantly reduced the upregulation of cytokine genes  IL6  and  CXCL1 , 
observed in case of  P. gingivalis  or  F. nucleatum  exposure. However, no reduction 
in bacterial invasion of gingival epithelial cells was observed (Drury and Chung 
 2015 ). Hence, although DNA methylation is involved in bacterial infection, the 
potential infl uence of DNMTi is still to be studied. 

 The importance of the epigenetic modulation of the host in case of infective dis-
ease starts to be established, and this could open the door to the use of epidrugs as 
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anti-infectious agents. This would certainly be facilitated by the discovery of more 
potent and selective small molecule DNMTi.   

3.4.5     Embryo Growth 
 The establishment and maintenance of DNA methylation patterns are crucial in the 
early development of the human embryo (Guo et al.  2014 ). Altered DNMT activity 
in the embryo can lead to early pregnancy loss (Yin et al.  2012 ). Early DNA meth-
ylation pattern establishment is also important in the in vitro fertilization (IVF) 
process, and development of preimplanted embryos was shown to be dependent on 
correct methylation (Dobbs et al.  2013 ). To better understand and improve the suc-
cess rate in IVF process, studies were carried out on DNA methylation pattern in 
model animal embryos.  S- Adenosyl-L-homocysteine (AdoHcy), described as a 
DNMTi based on product inhibition, was used to study in vitro mouse embryo 
development. Administered at a period of time preceding de novo methylation, 
AdoHcy results in a decrease of DNA methylation and improvement of develop-
ment competency of in vitro cloned embryos compared to non-treated ones (Jafari 
et al.  2011 ). Treatment of buffalo skin fi broblast donor cells with the combination 
of 5azadC/TSA decreased global DNA methylation and apoptosis and improved the 
development of cloned embryos (Saini et al.  2014 ). RG108 in combination with an 
HDAC inhibitor showed synergetic effects on somatic cell nuclear transfer, a tech-
nique that is known to have limited effi ciency in mammalian cloning and in which 
the DNA methylation profi le was shown to be incompletely reprogrammed (Peat 
and Reik  2012 ). RG108/HDACi combination modulated the  XIST  methylation pro-
fi le and reduced the expression of MDB3, which is overexpressed in cloned embryos 
(Xu et al.  2013 ). In another study, RG108 was evaluated as a single agent and at 
high doses (500 μM). It increased embryoblasts compared to non-treated controls, 
which is promising for the improvement in cloning effi ciency (Li et al.  2011 ; 
Watanabe et al.  2013 ).   

3.5     DNMTi Application in Microbial Production 

 To date, no direct therapeutic studies targeting DNA methylation in fungal infection 
were carried out. However, DNA methylation was found to be involved in fungal 
biosynthetic gene repression. When cultured in the presence of 50 μM of 5aza, 
Atlantic-forest-soil-derived  Penicillium citreonigrum  produced fungal exudates, for-
mally known as guttates, which are secondary metabolites strongly enriched in sev-
eral specifi c components, such as the azaphilone family members and new secondary 
metabolites from the atlantinone family (Wang et al.  2010a ). Likewise, supplementa-
tion of the  Alternaria  sp. fungus culture medium by 5aza induced the production of 
toxic metabolites, such as alternariol, altenusin, alternariol-5- O - methyl ether, and 
3′-hydroxyalternariol-5- O -methyl ether, which are known as plant disease inducers 
that are dormant in normal culture conditions (Sun et al.  2012 ). 

 Additionally, DNMTi and HDACi can be added to bacterial cultures to diversify 
the metabolite production. For example, 5aza was added to marine fungus  Leucostoma 
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persoonii  culture medium to optimize the production of cytosporones; two unknown 
cytosporones were obtained, one of which exhibiting some activity against 
 Plasmodium falciparum  (Beau et al.  2012 ). This modulation of the fungus biosyn-
thesis pathways through DNA methylation tailoring could lead to the production and 
identifi cation of novel molecules that can be therapeutically active compounds.  

3.6     DNMTi in Plants 

 Variations in plant growth conditions, such as temperature, induce epimutations, 
which can lead to signifi cant modifi cations in the phenotype, for example, the varia-
tion of petal number of the  Rosa hybrid . This modifi cation was related to DNA 
hypermethylation of the  RhAG  promoter at low temperature (Ma et al.  2015 ; Cortijo 
et al.  2014 ). In contrast to humans, cytosine methylation in plants does not occur 
only in a CpG context, and up to 30 % of the cytosines are methylated compared to 
5–8 % in humans (Finnegan et al.  1998 ). Given the importance of DNA methylation 
in plants, DNMTi were tested in  Arabidopsis thaliana  (Zhang et al.  2006 ; Zilberman 
et al.  2007 ), tobacco (Vyskot et al.  1995 ), and rice. More precisely, in  Japonica  rice 
( Oryza sativa L. ), 5aza and 5azadC (0.3 mM for 16 h to 3 days) were shown to 
decrease the DNA methylation level and to result in dwarfi sm, probably due to aber-
rant protein expression. The effect of 5azadC (70 % dwarfi sm effect) was more pro-
nounced than 5aza (30 % dwarfi sm effect). Unlike in mammals, the DNA methylation 
profi le is not erased during gametogenesis in plants (Kinoshita et al.  2004 ,  2007 ), 
which results in heritable DNA methylation changes in progenies, and 5aza-induced 
dwarfi sm in rice was shown to be maintained up to the third generation (Sano et al. 
 1990 ). Treatment of  Japonica  rice with 0.5 mM 5azadC caused a high lethality with 
less than 4 % germination. Among germinated seeds, a lower methylation at the 
 Xa21G  promoter was measured.  Xa21G  is a resistance gene to the pathogenic bacte-
rium,  Xanthomonas oryzae pv. oryzae  (Ronald  1997 ), and, indeed, the new rice line 
obtained upon 5aza treatment was proven to possess a resistance trait toward bacte-
rial infection (Akimoto et al.  2007 ). In another study, the combination of 5aza and a 
herbicide (2,4-dichlorophenoxyacetic acid) improved somatic embryogenesis in 
pineapple guava,  Acca sellowiana  (Fraga et al.  2012 ). In this case, 5aza was reported 
to counterbalance the hypermethylation induced by 2,4-dichlorophenoxyacetic acid. 

 Thus, DNMTi can program new features in plants, like the disease resistance 
trait described above or fl owering (Kondo et al.  2007 ). However, as long as no plant- 
specifi c DNMTi is identifi ed, attention must be taken that these treatments do not to 
affect the methylation profi le of animals and human beings.   

4     Limits and Perspectives 

 The above examples illustrate the major role of DNA methylation in the normal and 
abnormal functioning of cells and how its inhibition by DNMTi can change pheno-
types, revealing the high potential of DNMTi, both for therapeutic strategies and for 
the bioengineering of organisms. It also highlights how, depending of the context, 
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the effects can be inversed. This is related to the plasticity of DNA methylation and 
its role in controlling gene expression. As illustrated by the above examples, DNMTi 
are just starting to be applied to other diseases beyond cancer, and these strategies 
seem very promising. However, cancer treatment is still today the most studied 
medical application of DNMTi. 

 In the past couple of years, great hopes came from the use of 5aza and 5azadC to 
reprogram cancer cells toward increased chemosensitivity (Clozel et al.  2013 ) or 
sensitize them toward immunotherapy (Azad et al.  2013 ). This means that it might be 
possible to overpass chemoresistance, which is a big burden in cancer management, 
and to open immunotherapies to nonresponding patients. An increasing number of 
clinical trials are starting to explore this epigenetic reprogramming in particular in 
solid tumors. Time will show if these studies can validate the hypothesis. 

 Noteworthy, the only potent DNMTi currently available are 5aza and 5azadC, 
which are suicide substrates that are incorporated into DNA and form an irreversible 
covalent complex with the enzyme. This triggers a subsequent DNMT degradation 
by the proteasome, inducing a potent inhibition of DNA methylation (Erdmann 
et al.  2015 ). It is not clear whether a non-covalent inhibitor can induce this level of 
demethylation. Can we thus have the same potency with non-nucleoside inhibitors? 
Certainly such inhibitors have to present a very high affi nity for the DNMT. Maybe 
covalent non-nucleoside inhibitors could be an alternative, but they would need to 
be very specifi c for the DNMTs and today this specifi city is lacking. Thus, it is 
urgent to fi nd novel compounds that are very potent inhibitors of DNMTs and bind 
strongly to the enzyme, in order to induce a strong inhibition in cells and eventually 
a reduction in DNA methylation. 

 Another feature of 5aza, 5azadC, and their analogs is that they are incorporated 
in the DNA instead of all deoxycytidine and thus they are not specifi c for CpGs or 
certain genomic regions. This can hinder their use by inducing non-desired second-
ary effects. The use of low doses of the drugs has diminished these effects; however, 
repeated cycles are necessary for the epigenetic reprogramming, increasing the 
probability of their appearance. Non-nucleoside inhibitors have the advantage of 
not needing to be incorporated into DNA and thus diminish the side effects. In con-
clusion, it is important to pursue the search for new non-nucleoside inhibitors of 
DNA methylation that are potent, specifi c for the CpGs and, in particular, of pro-
moters silencing key genes in pathologies. We have recently discussed several strat-
egies that can be explored for the next generation of inhibitors, as allosteric 
inhibitors, protein–protein ligands, and dual inhibitors (Erdmann et al.  2016 ).     
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    Abstract 
   Epigenetic regulation of gene expression is vital for the maintenance of genome 
integrity and cell phenotype. In addition, many different diseases have underly-
ing epigenetic mutations, and understanding their role and function may unravel 
new insights for diagnosis, treatment, and even prevention of diseases. It was an 
important breakthrough when epigenetic alterations could be gene-specifi cally 
manipulated using epigenetic regulatory proteins in an approach termed epigen-
etic editing. Epigenetic editors can be designed for virtually any gene by target-
ing effector domains to a preferred sequence, where they write or erase the 
desired epigenetic modifi cation. This chapter describes the tools for editing DNA 
methylation signatures and their applications. In addition, we explain how to 
achieve targeted DNA (de)methylation and discuss the advantages and disadvan-
tages of this approach. Silencing genes directly at the DNA methylation level 
instead of targeting the protein and/or RNA is a major improvement, as repres-
sion is achieved at the source of expression, potentially eliminating the need for 
continuous administration. Re-expression of silenced genes by targeted demeth-
ylation might closely represent the natural situation, in which all transcript vari-
ants might be expressed in a sustainable manner. Altogether epigenetic editing, 
for example, by rewriting DNA methylation, will assist in realizing the  curable 
genome  concept.  
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  Abbreviations 

   ATF    Artifi cial transcription factor   
  ChIP    Chromatin immunoprecipitation   
  CpG    Cytosine–phosphate–guanine   
  CRISPRs    Clustered regulatory interspaced palindromic repeats   
  DNMT    DNA methyltransferase   
  ncRNA    Nonprotein-coding RNA   
  sgRNA    Single-guide RNA   
  TALEs    Transcription activator-like effectors   
  TDG    Thymidine–DNA glycosylase   
  TET    Ten–eleven translocation   
  ZF    Zinc fi nger   

1         Introduction 

 The term epigenetics was coined by Conrad Waddington back in 1942, who defi ned 
epigenetics as the branch of biology that studies the causal interactions between genes 
and their products which bring the phenotype into being (Waddington  2012 ). This 
defi nition has evolved over time to the current understanding of epigenetics referring 
to the study of heritable changes in gene expression that occur independent of changes 
in the primary DNA sequence (Sharma et al.  2010 ). The basic unit of chromatin com-
prises the nucleosome, which consists of approximately 146 base pairs (bps) of DNA 
wrapped around an octamer containing two copies of each of the core histones H2A, 
H2B, H3, and H4. Biochemical modifi cations on DNA and histones, as well as the 
nuclear context, infl uence the three-dimensional structure of chromatin. The main 
covalent chemical modifi cation on DNA itself is the methylation of cytosines at sites 
where it is followed by a guanine base (CpGs). Additionally, posttranslational histone 
modifi cation (PTMs), nucleosome positioning, and the expression of nonprotein- 
coding RNAs (ncRNAs) are important epigenetic modifi cations. 

 A huge number of data has been generated on how epigenetics regulate gene 
expression; however, the majority of these data are only correlative in nature. In 
order to study the causative role of a particular epigenetic modifi cation at a given 
genomic site, epigenetic editing approaches have been exploited in the recent years 
(de Groote et al.  2012 ; Jurkowski et al.  2015 ). Epigenetic editing refers to the tech-
nology of actively rewriting epigenetic signatures at a genomic locus of interest. 
Toward this end, molecular tools – mostly developed and used in genome engineer-
ing (Gaj et al.  2013 ) – have been employed that allow DNA binding at a predefi ned 
genomic locus (Kungulovski and Jeltsch  2015 ). The most frequently used devices 
for gene targeting are self-engineered zinc fi nger (ZF) proteins, transcription 
activator- like effectors (TALEs), or the recently introduced clustered regulatory 
interspaced palindromic repeats (CRISPRs) system, which is based on DNA target-
ing by RNA molecules, the so-called single-guide RNAs (sgRNAs) (Fig.  1 ).
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   ZF proteins are naturally occurring transcription factors forming the largest 
group of all transcription factors in the human genome (Vaquerizas et al.  2009 ). 
They consist of approximately 30 amino acids, wherein a stretch of seven amino 
acids is responsible for the recognition of 3–4 bps in the major groove of double-
stranded DNA. During ZF binding, the amino acids at positions -1, 3, and 6 in the 
alpha-helix of the ZF protein recognize the third, second, and fi rst base pair of the 
5’−3’ target sequence (Fig.  1a , left side). In 1996, Kim and Berg published the crys-
tal structure of a designed ZF protein, which led to a refi nement of this code, because 
it revealed an additional bond between a certain amino acid at position 2 in the ZF 
alpha-helix and the 4th base in the antisense strand of the DNA, which is at the same 
time the complement nucleotide of the 2 triplicate, recognized by amino acid 6 of 
the second ZF protein (Kim and Berg  1996 ). 
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  Fig. 1    Schematic representation of the DNA-binding domains of the most commonly used molec-
ular tools in epigenetic editing. ( a ) The ZF protein on the left consists of approximately 30 amino 
acids, in which AAs at positions -1, 3, and 6 in the alpha-helix of the ZF protein recognize the third, 
second, and fi rst base pair of the 5’−3’ target sequence. Specifi city can be increased by linking 
several ZFs together. The TALEs on the right consist of different monomers of approximately 34 
AAs that are variable at positions 12 and 13 (=RVD), which are responsible for targeting a specifi c 
base pair within the DNA sequence. Notice that in comparison to the ZF, three times as much AAs 
are responsible for targeting the same amount of base pairs. ( b ) sgRNAs guide the CRISPR–dCas9 
system to a particular sequence of approximately 20 base pairs.  ZF  zinc fi nger,  AA  amino acid, 
 TALE  transcription activator-like effector,  RVD  repeat variable di-residue,  sgRNA  single-guide 
RNA,  CRISPR  clustered regulatory interspaced palindromic repeat       
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 Based on this knowledge, different DNA sequences can be targeted by engineering 
ZF proteins via exchanging amino acids of the α-helix to bind three base pairs of choice 
(Vandevenne et al.  2013 ). The specifi city of ZF proteins is subsequently increased by 
linking several ZF domains together, so that, for example, a six-fi nger ZF protein will 
recognize 18 base pairs of target DNA (Fig.  1a , left side). When generating these ZF 
arrays, the selection procedure strongly determines the potency, and target site overlap 
or cross talk may complicate the array generation (Mussolino et al.  2011 ). 

 In 1994, Klug and colleagues engineered the fi rst ZF protein successfully target-
ing and repressing the  BCR – ABL  fusion oncogene (Choo et al.  1994 ). Since this 
pioneering work was conducted, engineered ZF proteins have been used in fusion 
with nucleases ( molecular scissors ) or transcriptional activators and repressors ( arti-
fi cial transcription factors , ATFs) to target a multitude of endogenous genes (de 
Groote et al.  2012 ). The relatively small size and low immunogenicity of ZF proteins 
are a major advantage compared to other DNA-targeting proteins (Falahi et al.  2015 ; 
Mussolino et al.  2011 ). Importantly, the potential of ZF proteins as molecular scis-
sors for therapeutic applications is explored in clinical trials (Ledford  2011 ). 

 TALEs are derived from plant pathogenic bacteria where they are used to modu-
late host gene expression (Boch and Bonas  2010 ). Upon injection into the plant 
cells, TALEs are imported into the nucleus where they bind specifi c sequences of 
the host cell genome and activate transcription. Like ZFs, TALEs also consist of 
individual modules (Jurkowski et al.  2015 ): each monomer (of 33 or 34 amino 
acids) differs at amino acid positions 12 and 13, a region called repeat variable di-
residue (RVD) (Fig.  1a , right side). These hypervariable residues mediate binding to 
the target DNA site. Each RVD recognizes one nucleotide within the DNA-binding 
site (HD=C, NI=A, NG=T, NN=G), allowing for a straightforward design. 
Subsequently, transcriptional activators, repressors, or nucleases can be fused to the 
TALE DNA-binding domain (DBD) for targeted gene expression modifi cation. 
Targeting effi ciencies of the TALE DBD range from 25 to 95 % (Miller et al.  2011 ; 
Maeder et al.  2013b ), and new assembly methods are now available to improve the 
generation of more effi cient TALEs (Reyon et al.  2012 ; Briggs et al.  2012 ). 
Considerable progress has been made in the design, development, and characteriza-
tion of TALEs (Cermak et al.  2011 ). 

 Another breakthrough technology was introduced early in 2013 the fl exible 
CRISPRs–CRISPR-associated proteins (CRISPR–Cas) system, which revolution-
ized biomedical research because of its ease, low cost, and fl exibility (Fig.  1b ). This 
system is derived from the bacterial defense system where the CRISPR–Cas system 
recognizes foreign DNA and the nuclease activity of Cas9, which is guided to a 
particular sequence by sgRNAs, cleaves the invading DNA. However, in order to 
modulate gene expression without altering the DNA sequence, the endonuclease 
activity of Cas9 is inactivated and instead linked to transcriptional or epigenetic 
modulators (CRISPR–dCas9) (Sander and Joung  2014 ). 

 To summarize, all three systems have in common a programmable DNA-binding 
platform, designed to recognize a specifi c genomic DNA sequence. Subsequently, for 
epigenetic editing, an epigenetic modulator (or a catalytic domain thereof) is recruited 
to the locus of interest by tethering the effector domain to the DNA-binding platform, 

S. Stolzenburg et al.



479

either directly (to ZF proteins or TALEs) or to the catalytically inactive  Cas9 protein 
(which is recruited by sgRNAs). Upon delivery into target cells, the DNA-binding 
platform fi nds its DNA sequence, so the epigenetic modulator can expose its enzy-
matic activity at the desired genomic site (see Figs.  1  and  2 ). The epigenetic editing 
approach faced much disbelief in its early days, as the epigenetic marks were not 
generally considered to be instructive for gene expression, and if so, it was expected 
that their effect would be overruled by the native chromatin environment on a longer 
term. Moreover, the generally accepted inaccessibility of heterochromatic genes was 
thought to hamper successful editing of silenced genes. Pioneering studies by us and 
others and the introduction of straightforward DNA-targeting approaches set the stage 
for the recent boom in epigenetic editing (Jurkowski et al.  2015 ).

   The by far most studied epigenetic mark is DNA methylation. It predominately 
occurs on cytosine followed by a guanine (CpG) sites; however, also non-CpG meth-
ylation has been detected in stem cells (Lister et al.  2009 ) and in the brain (Lister 
et al.  2013 ). In promoter regions, CpG dinucleotides often cluster in so-called CpG 
islands (CGIs), and more than half of the human gene promoters contain a CGI 
(Ehrlich et al.  1982 ; Saxonov et al.  2006 ). These CpG-rich promoters are usually 
unmethylated, with a few exceptions, including tissue-specifi c methylation during 
development (Bird et al.  1985 ; Song et al.  2005 ). Gene promoters found with high 
levels of DNA methylation are generally transcriptionally inactive (Boyes and Bird 
 1992 ; Siegfried et al.  1999 ; Jones and Takai  2001 ). Epigenetic editors will be very 
helpful to investigate whether methylation precedes gene inactivation or whether it is 
rather a consequence of inactivation, since (de)methylation can now be induced at 
will at specifi c genomic sites. This will also shed light on the order of events during 
the process of DNA methylation at, e.g., promoters, gene bodies, or enhancers.  

2     Targeted DNA Methylation 

 Pioneering work in the fi eld of targeted DNA methylation has been performed by 
Xu and Bestor who were the fi rst to use a fusion protein consisting of an engineered 
ZF protein and a DNA methyltransferase to target DNA methylation to a predefi ned 

B

A Gene repression

Gene activation

  Fig. 2    Epigenetic editing is used to actively rewrite epigenetic signatures at a genomic location of 
interest. The molecular tools used for this purpose consist of ( a ) a DNA-binding platform to rec-
ognize the target sequence (see Fig.  1 ) and ( b ) an epigenetic modulator (or a catalytic domain 
thereof) which exerts its activating or repressive function by rewriting the epigenetic signature at a 
desired location       
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DNA sequence (Xu and Bestor  1997 ). Several other studies of targeted DNA meth-
ylation using ZF proteins fused to human or bacterial DNA methyltransferases have 
been published, showing that the induction of DNA methylation indeed results in 
transcriptional repression (Smith and Ford  2007 ; Li et al.  2006 ,  2007 ; Minczuk 
et al.  2006 ; Smith et al.  2008 ; Carvin et al.  2003 ; McNamara et al.  2002 ; van der 
Gun et al.  2010 ). However, these early studies have only been performed on exog-
enous or nonmammalian sites. Endogenous gene repression by targeted   DNA meth-
ylation was shown for the fi rst time, in 2012 for the human gene promoters of 
 VEGF - A  (Siddique et al.  2012 )  SOX2  and  MASPIN  (Rivenbark et al.  2012 ). Both 
studies used designed ZF proteins, engineered to bind a stretch of 18 bps within the 
promoter of the intended target gene. The ZF proteins were fused to the catalytic 
domain of the murine and human DNA methyltransferase 3A (DNMT3A) and a 
fusion of murine Dnmt3a or human DNMT3L, respectively. 

 The mouse Dnmt3a fusion resulted in a mean yield of 14.4 % DNA methylation 
over all CpG sites at the interrogated region of the  VEGF - A  promoter leading to a 
downregulation of mRNA expression by 36 % (Siddique et al.  2012 ). For certain 
CpGs, the induced methylation even reached effi ciencies of 100 %. This average 
effect was further improved – up to a mean of 28.6 % DNA methylation and 56 % 
 VEGF - A  mRNA downregulation – when the effector domain consisted of the 
C-terminal domain of Dnmt3a fused to DNMT3L. This fi nding further proved that 
DNMT3L stimulates de novo methylation through Dnmt3a, as DNMT3L has no 
catalytic activity itself (Gowher et al.  2005 ). 

 Targeted DNA methylation of the tumor suppressor gene  MASPIN  using the 
catalytic domain of the human DNMT3A (598–908 amino acids) increased DNA 
methylation up to 60 % at single CpGs within the  MASPIN  promoter (Rivenbark 
et al.  2012 ). Increase of DNA methylation was detectable up to 500 bps downstream 
of the ZF target site and translated into a 50 % downregulation of mRNA and protein 
expression compared to an empty vector control. As expected, the downregulation 
of the tumor suppressor gene resulted in an increased proliferation rate and a more 
aggressive phenotype of breast cancer cells in vitro. In addition, the transcription 
factor  SOX2  was targeted using an inducible ZF–DNMT3A fusion (Rivenbark et al. 
 2012 ). Cell lines were stably transduced with the ZF–DNMT3A fusion, and as a 
control the same ZF protein fused to the transient repressor SKD (Kruppel- 
associated box domain) was used. This system is induced upon addition of doxycy-
cline (Dox) to the culture medium, which causes expression of the fusion proteins. 
In turn, discontinuation of the Dox treatment led to depletion of ZF–DNMT3A and 
ZF–SKD expression, respectively. The expression of the  SOX2 -targeted ZF–
DNMT3A construct translated into a 60–80 % downregulation of mRNA and pro-
tein expression, respectively. In a subsequent cell proliferation assay, the ZF–SKD 
construct was included as a control and both, ZF–SKD and ZF–DNMT3A, were 
initially able to decrease cell growth. However, when Dox was removed from the 
culture media 48 h after induction, only the ZF–DNMT3A fusion was able to atten-
uate cell proliferation over the time course of the experiment, suggesting stable gene 
repression mediated by DNA methylation, although DNA methylation at the  SOX2  
promoter was not directly shown (Rivenbark et al.  2012 ). In a follow-up study, the 
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same lab showed that the silencing of  SOX2  expression was indeed mediated by 
targeted DNA methylation (Stolzenburg et al.  2015 ). Furthermore, depletion of Dox 
and subsequent discontinuation of the expression of the ZF–SKD and ZF–DNMT3A 
fusions led to the re-expression of  SOX2  only in ZF–SKD-transduced cells but not 
in cells that previously expressed the DNMT3A construct. Therefore, in this con-
text, DNMT3A was a more stable mediator of expression than the SKD. Interestingly, 
 SOX2  mRNA and protein repression was stronger 8 days after Dox removal than the 
initial downregulation, suggesting that DNA methylation is reinforced by cellular 
mechanisms during subsequent cell divisions. 

 Using the mouse Dnmt3a fused to a ZF protein targeting the cell adhesion mol-
ecule  EpCAM  (van der Gun et al.  2013 ), an increase in DNA methylation at the 
endogenous  EpCAM  promoter by 20–25 % after transient transfection of an ovarian 
cancer cell line was observed (Nunna et al.  2014 ). At specifi c CpGs an increase of 
DNA methylation of more than 80 % was detected. In addition, two cell lines were 
generated that stably express ZF–Dnmt3a. Importantly, both cell lines showed an 
increase of DNA methylation at the  EpCAM  promoter of more than 40 %. The 
induction of promoter DNA methylation decreased the expression of  EpCAM  
mRNA (60–70 %) and protein (50 %) in the examined cell line, and furthermore, the 
reduction of EpCAM expression translated into a decrease of the proliferative char-
acter of the examined ovarian cancer cell line. 

 Researchers have also employed TALEs for targeted DNA methylation studies, 
fused to either DNMT3A (Li et al.  2015 ) or DNMT3A–DNMT3L (Bernstein et al. 
 2015 ), targeting the promoters of  CRMP4  and  CDKN2A , respectively. Both studies 
successfully showed induced DNA methylation at their respective TALE target 
sites. In both studies, the DNA methylation was associated with target gene repres-
sion and resulted in the intended physiological downstream effects. Although for 
the  CRMP4  promoter, DNA methylation only increased to about 5.5 % upstream to 
6.4 % downstream of the TALE target site (numbers represent mean values of the 
interrogated region, with peaks of max 9–12 % at individual CpGs). The induced 
methylation, however, was suffi cient to virtually completely knock down mRNA 
and protein expression in a nonmetastatic prostate cancer cell line (Li et al.  2015 ). 
This targeted DNA methylation was then shown to spread over 300 bps up- and 
downstream of the TALE–DNMT3A binding site. Importantly, the downregulation 
of  CRMP4 , a metastasis suppressor gene in a nonmetastatic cell line, led to the for-
mation of metastasis in vivo. Furthermore, the crucial impact of DNA methylation 
at the  CRMP4  promoter for prostate cancer patients’ survival was shown by DNA 
methylation analysis of prostate cancer specimen. The analysis revealed that 64 % 
of  CRMP4  methylation positive samples were indeed confi rmed as metastatic. 

 Bernstein et al. ( 2015 ) engineered a TALE–Dnmt3a–DNMT3L (TALE–DNMT) 
construct to target the  CDKN2A  locus in HeLa cells, primary human fi broblasts, and 
coronary artery smooth muscle cells. The  CDKN2A  locus encodes the cyclin- 
dependent kinase inhibitor p16, a tumor suppressor, which is regulated by DNA 
methylation. The induced DNA methylation across the  CDKN2A  CpG island varied 
between 10 % (human fi broblasts) and 13.8 % (HeLa cells) after lentiviral transduc-
tion and 17 % in HeLa cells after sorting for successfully transfected cells. At 
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individual CpGs, the methylation levels increased even up to 66 % in the sorted 
population after transfection and 30–50 % after lentiviral transduction. The TALE–
DNMT3A-mediated DNA methylation was associated with a 50 % decrease in  p16  
mRNA expression in human fi broblasts accompanied by an increase in cell cycle 
progression. Recently, another group demonstrated ZF-induced methylation of the 
 CDKN2A  locus to promote migration and invasion of cancer cells (Cui et al.  2015 ). 

 These publications demonstrate that induction of endogenous DNA methylation 
at will by epigenetic editing tools at a specifi c target is not only possible but also 
effective, as treatment results in the intended physiological downstream effects. The 
induced DNA methylation needed to downregulate gene expression varied highly 
between the studies, and in one case as little as 10 % was suffi cient to achieve target 
gene suppression. This strengthens the notion that a single CpG can be crucial for 
gene regulation at a given locus (Pogribny et al.  2000 ).  

3     Stability of the Induced DNA Methylation Changes 

 It is well documented that promoter DNA methylation plays an important role in 
permanent gene silencing and that established DNA methylation is maintained dur-
ing cell divisions to achieve stable gene repression (Riggs  1975 ; Holliday and Pugh 
 1975 ; Lister et al.  2009 ; Chen et al.  2007 ; Stein et al.  1982 ). However, nowadays it 
is presumed that DNA methylation by itself might not be enough to maintain stable 
gene repression in any given context. It is much more agreed that DNA methylation 
and a myriad of additional epigenetic mechanisms, such as histone modifi cations, 
nucleosome positioning, ncRNAs, and others, work together to create a stable 
 context-dependent gene repression pattern (Raynal et al.  2012 ). Epigenetic editing 
provides unique tools to address sustainability of DNA methylation in different 
chromatin contexts. 

 The fi rst study to address maintenance of written DNA methylation marks was 
performed by the Blancafort team. Toward this end, engineered ZF proteins target-
ing the   MASPIN  gene were fused to DNMT3A and retrovirally delivered into breast 
cancer cells (Rivenbark et al.  2012 ). The downregulation of the tumor suppressor 
 MASPIN  would lead to a more aggressive phenotype of the host cells. To prove this 
hypothesis, retrovirally transduced cells were seeded in soft agar for colony forma-
tion. After colonies were formed (several weeks later), single colonies were picked 
from the soft agar, disrupted, and cultured for subsequent sodium bisulfi te sequenc-
ing to investigate the methylation state of  MASPIN . The data revealed that even 
50 days post-transduction DNA, methylation was maintained in the host cells 
(Rivenbark et al.  2012 ). Interestingly, knockdown of  UHRF1  (ubiquitin-like con-
taining PHD and RING fi nger domains 1, a protein required for the maintenance of 
DNA methylation patterns (Bostick et al.  2007 ; Sharif et al.  2007 )) led to re- 
expression of  MASPIN  in these cells (Rivenbark et al.  2012 ). 

 The longevity of the induced DNA methylation was further tested in vivo for the 
 SOX2  promoter in a xenograft mouse model (Stolzenburg et al.  2015 ). To do so, the 
advantages of the Dox-inducible system were exploited: the Dox-inducible system 
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allows controlled expression of the ZF–DNMT3A fusion by administration of a 
Dox-containing diet, whereas the switch to a Dox-free diet leads to the discontinu-
ation of the ZF–DNMT3A expression. The results showed a strong tumor growth 
inhibition in the cells that expressed the ZF–DNMT3A fusion. This was associated 
with DNA methylation at the  SOX2  promoter together with a decrease in  SOX2  
expression. Although DNA methylation at the  SOX2  promoter was largely sustained 
for 53 days post-Dox removal, after the removal of ZF–DNMT3A expression, 
tumor growth inhibition was only maintained for 10 days. Interestingly,  examination 
of ZF–DNMT3A and  SOX2  expression at day 10 after Dox removal revealed a 
maintained repression of  SOX2  and no detection of ZF–DNMT3A, implying – once 
being induced – a long- term effect of DNA methylation on  SOX2  repression. 

 However, to truly verify the long-term effect of written DNA methylation signa-
tures, DNA methylation and target gene expression should be validated at later time 
points. This notion is underpinned by a recent publication showing that ZF-targeted 
DNA methylation at the  VEGF - A  promoter by means of transient adenoviral trans-
fer was not stably maintained (Kungulovski et al.  2015 ). The authors examined, 
after targeting a ZF–DNMT3A fusion to the  VEGF - A  promoter, the longevity of the 
induced DNA methylation mark at the  VEGF - A  promoter and  VEGF - A  expression 
over a time course of 15 days. In contrast to Stolzenburg et al., the loss of experi-
mental ZF–DNMT3A expression was associated with a loss of DNA methylation at 
the target site and target gene re-expression (Kungulovski et al.  2015 ). Interestingly, 
the authors also looked into secondary effects of the induced DNA methylation on 
histone modifi cations. After induction of the targeted DNA methylation at the 
 VEGF - A  promoter, the authors examined whether the methylation mark at the DNA 
level is reinforced by a change in the silencing mark H3K9me3. However, no 
changes in H3K9me3 were detected using ChIP–qPCR (Kungulovski et al.  2015 ). 
As epigenetic editing is uniquely suited to address the parameters allowing or pre-
venting maintenance of DNA methylation, ongoing research efforts are expected to 
yield important insights in this respect.  

4     Targeted DNA Demethylation 

 Epigenome-wide association studies result in increasing lists of aberrantly hyper-
methylated loci associated with various clinical phenotypes. Mimicking these meth-
ylation profi les by epigenetic editing will provide valuable insights into the 
biological function of these modifi cations. More importantly, the actual removal of 
such epimutations will open new therapeutic avenues. Indeed, in the clinical setting, 
inhibitors of DNA methyltransferases are used to prevent hypermethylation of 
tumor suppressor genes. Unfortunately, such conventional epigenetic drugs will 
affect methylation patterns genome-wide. In contrast, epigenetic editing approaches 
might exploit the reversibility of epigenetic marks in a gene-targeted manner and in 
this way avoid potentially dangerous side effects. 

 Before the identifi cation of active DNA methylation-modifying enzymes, DNA 
repair mechanisms were exploited for their role in reducing local DNA methylation 

Rewriting DNA Methylation Signatures at Will: The Curable Genome Within Reach?



484

profi les. Indeed, Gregory et al. reported that the targeting of thymidine–DNA gly-
cosylase (TDG) by fusion to engineered ZF proteins did result in lowering of DNA 
methylation, allowing improved induction of the target gene  Nos2  (Gregory et al. 
 2013 ). The identifi cation of ten–eleven translocation (TET) enzymes and their role 
in modifying methylated cytosines allowed epigenetic editing approaches to actively 
reduce hypermethylation states of target genes without introducing temporary 
changes to the DNA. Indeed, we were the fi rst group to report on the potency of 
targeting the TET domains to induce active DNA demethylation (Rots and Petersen- 
Mahrt  2013 ; Chen et al.  2014 ). Targeting either of the three TET members to the 
hypermethylated  ICAM  gene demonstrated that both TET1 and TET2 are effective 
reducers of DNA methylations. Although DNA demethylation in this experimental 
setting was relatively low (minus ca 5 approx.), gene expression was increased two-
fold. Obviously, when compared to targeting of VP64, a strong viral transcription 
activator, this gene expression modulation was modest. However, such mild  
increases might be physiologically more relevant, and these fi ndings do generate 
opportunities to realize therapeutically relevant localized DNA demethylation. 
Indeed, we confi rmed the robustness of the TET2-targeting approach in inducing 
DNA demethylation for four other genes ( EPB41L3 ,  C13ORF18 ,  CCNA1 , and 
 TFPI2 ; all putative hypermethylation biomarkers for cervical cancer) (Huisman 
et al.  2015a ; Huisman et al.  2015b ). Although the observation that modest local 
demethylation is less effective in gene re-expression than targeting a transcriptional 
activator is understandable, the large size of TET domains is also partially respon-
sible for this effect. Interestingly, when cells were co-treated with the epigenetic 
drug trichostatin A (TSA), which is a histone deacetylase inhibitor that might 
increase gene accessibility, induced expression of silenced target genes was detect-
able (Huisman et al.  2015a ). 

 Despite the large size of the TET domain, also in fusion with the relatively larger 
TALE domains, TET1 was able to induce targeted DNA demethylation (Maeder 
et al.  2013a ; Li et al.  2015 ). Maeder et al. were the fi rst to show targeted demethyl-
ation using TALEs fused to TET1. In total, they engineered 25 TET1-containing 
TALEs targeting  KLF4 ,  HBB , and  RHOXF2  (Maeder et al.  2013a ). Comparison of 
the TALE constructs – either fused to the full-length TET1 or the constructs con-
taining only the TET1 catalytic domain (TET1c) – showed that the catalytic domain 
had a stronger effect on demethylating its target genes (up to 30 % at  KLF4  and even 
84 % at  HBB ) than the full-length TET1 (Maeder et al.  2013a ). The most effective 
demethylation was observed within 30 bps up- and downstream but also up to 
200 bps away from the target sequence. This is in accordance with a study published 
by Li et al., who examined two regions located 4 bps upstream and 95 bps down-
stream of the TALE–TET1c target site for their methylation status. Both regions 
showed demethylation with the more distant region being more effi ciently demeth-
ylated. In this study, DNA demethylation was associated with a re-expression of 
target gene mRNA expression, followed by an induction of protein expression (Li 
et al.  2015 ). As expected, the demethylation and re-expression of  CRMP4  (a metas-
tasis suppressor gene) showed a decrease in migration and invasion in otherwise 
metastatic cell lines. Furthermore, the re-expression of  CRMP4  after active DNA 
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demethylation abolished the metastatic character of these cells even in an in vivo 
mouse model of prostate cancer (Li et al.  2015 ). However, demethylation of the 
target gene by TALE–TET1c did not always result in induced gene expression. Only 
four out of ten demethylating TALE–TET1c constructs targeting  HBB  indeed 
increased the expression of HBB mRNA. Similarly, in the case of  RHOXF2 , two out 
of fi ve demethylating TALEs–TET1c induced mRNA expression (Maeder et al. 
 2013a ). The authors suggested that the artifi cial demethylation at the target gene 
was not stably transmitted, and therefore, demethylated CpGs became remethyl-
ated, as TALE–TET1c coding constructs became cleared from the transfected cells. 

 A very interesting aspect of the targeted DNA demethylation, namely, its effect 
on histone modifi cations, was examined by Li et al. for both regions that showed a 
decrease in TALE–TET1c-mediated DNA methylation (Li et al.  2015 ). While the 
region directly upstream to the TALE–TET1c target site showed a reduction of 
repressive histone modifi cations (H3K9me3, H3K27me3, H3K79me3), this was not 
seen at the region 95 bps downstream of the target site, although this region showed 
stronger demethylation (Li et al.  2015 ).  

5     Concluding Remarks and Future Perspectives 

 Epigenetics has been receiving a lot of attention in this post-genomic era: many 
abnormalities in the epigenetic landscape have been identifi ed in numerous dis-
eases, and so-called epigenetic drugs, including inhibitors of DNA methyltransfer-
ase, have entered the clinical arena. Epigenetic editing – to mimic or reverse such 
epimutations – is currently gaining widespread acceptance, and many research 
groups join the fi eld. Initially, the technology had to overcome some hurdles: 
genome specifi city was not likely to be achieved, accessibility of silenced genes was 
thought to be impossible, and the instructive nature of epigenetic marks with respect 
to controlling gene expression was highly questioned. As reviewed here, these 
assumptions have been proven untrue. To increase the specifi city of targeting, a 
considerable progress has been made in the fi eld of enzyme engineering, where split 
enzymes allow activity to take place only when two split parts are brought close 
together via their fusion to two closely binding DNA-targeting modules (Kiss and 
Weinhold  2008 ). Genome-wide specifi city can also be achieved using CRISPR–
dCas9 technology (Hilton et al.  2015 ), and the progress in sgRNA design is expected 
to rapidly improve our understanding of the off-target effects. Taken together, this 
allows the prediction and prevention of unwanted side effects due to unintended 
endogenous binding. 

 Also – against common belief – heterochromatin is not hampering accessibility per 
se, as re-expression of silenced genes has now been shown for many heterochromatic 
genes (tumor suppressors) by ATFs (Beltran et al.  2007 ; Lara et al.  2012 ; van der 
Wijst et al.  2015 ; Falahi et al.  2013 ; Huisman et al.  2013 ) and epigenetic editors (e.g. 
Chen et al.  2014 ; Huisman et al.  2015a ,  b ). Although the transcriptional activators/
repressors in ATFs are relatively small in size, also larger constructs can gain gene 
access even though size is likely to affect effectiveness for heterochromatic genes. 
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On top of that, the heterochromatin landscape, which is unique for each gene and 
cell, needs further investigation in order to completely understand the mechanism of 
action of different epigenetic editors. 

 With respect to the cause versus consequence relationship of epigenetic marks and 
gene expression, strong indications that epigenetics is instructive in gene expression 
regulation have been obtained by targeting effector domains to artifi cial loci (e.g., 
plasmids and integrated sites) as reviewed by us in 2012 (de Groote et al.  2012 ). At 
that time, only two examples were published, which confi rmed that editing of epigen-
etic marks at a predetermined endogenous site was effective in modulating gene 
expression (Snowden et al.  2002 ; Rivenbark et al.  2012 ). These days, epigenetic/epig-
enome editing has been declared a method to watch (Rusk  2014 ), and a rapid increase 
in publications confi rms effi ciency of the approach (Ledford  2015 ). An important 
open question concerns the chromatin microenvironment conditions allowing sus-
tained re-expression, but the technology of epigenetic editing is uniquely qualifi ed to 
address this question (Cano-Rodriguez et al.  2016 ). As also the CRISPR–dCas9 plat-
form  is currently exploited for targeted (de)methylation (Choudhury et al.  2016 ; 
McDonald et al.  2016 ; Vojta et al.  2016 ; Xu et al.  2016 ), we expect epigenetic editing 
tools to soon reprogram the genome in a sustained manner, which will provide a clini-
cally relevant hit-and-run approach to cure currently incurable diseases, including 
imprinting (Bashtrykov et al.  2015 ) or behavioral disorders (Dekker et al.  2014 ).     
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    Abstract 
   DNA methyltransferases (MTases) constitute an attractive target for protein 
engineering, thus opening the road to new ways of manipulating DNA in a unique 
and selective manner. Here, we review various aspects of MTase engineering, 
both methodological and conceptual, and also discuss future directions and chal-
lenges. Bacterial MTases that are part of restriction/modifi cation (R/M) systems 
offer a convenient way for the selection of large gene libraries, both in vivo and 
in vitro. We review these selection methods, their strengths and weaknesses, and 
also the prospects for new selection approaches that will enable the directed 
evolution of mammalian DNA methyltransferases (Dnmts). We explore various 
properties of MTases that may be subject to engineering. These include engineer-
ing for higher stability and soluble expression (MTases, including bacterial ones, 
are prone to misfolding), engineering of the DNA target specifi city, and engi-
neering for the usage of S-adenosyl-L-methionine (AdoMet) analogs. Directed 
evolution of bacterial MTases also offers insights into how these enzymes readily 
evolve in nature, thus yielding MTases with a huge spectrum of DNA target 
specifi cities. Engineering for alternative cofactors, on the other hand, enables 
modifi cation of DNA with various groups other than methyl and thus can be 
employed to map and redirect DNA epigenetic modifi cations.  
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   Abbreviations 

   MTase     DNA methyltransferase   
   Dnmt     Mammalian DNA methyltransferase   
  R/M    Restriction/modifi cation   
   IPTG     Isopropyl β-D-1-thiogalactopyranoside   
   IVC     In vitro compartmentalization   
   PCR     Polymerase chain reaction   
   MeDIP     Methylated DNA immunoprecipitation   
   CpG      5 ’-C-phosphate-G-3’   
   NMR     Nuclear magnetic resonance   
   ELISA     Enzyme-linked immunosorbent assay   
   DIG     Digoxigenin   
   SDS - PAGE     Sodium dodecyl sulfate-polyacrylamide gel electrophoresis   

1         Introduction 

 DNA methyltransferases belong to a large and highly diverse group of enzymes that 
modify DNA. Given the potential utility of enzymes working on DNA in genetic 
and genomic engineering, in genome analysis, and in gene therapy, enzymes such 
as polymerases, ligases, and recombinases have been subjected to engineering, by 
rational design and/or by directed evolution – namely, by generation of gene librar-
ies containing random mutations and their selection for mutants that improve the 
trait under selection. MTases are a critical part of nature’s DNA modifi cation tool-
box, both in prokaryotes, primarily as part of restriction/modifi cation (R/M) sys-
tems, and in eukaryotes, primarily as epigenetic modifi ers. As such, they constitute 
an attractive target for enzyme engineering. 

 Directed evolution involves the design and generation of gene libraries followed 
by a screen or a selection step. An attractive feature of DNA-modifying enzymes is 
the relative ease of selection, as cycles of selection can be applied, whereby the 
enzyme variants that encode the desired property modify their own encoding genes 
in a way that enables their isolation from non-modifi ed genes (that in turn encode 
enzymes that do not possess the desired function). A prerequisite for such cycles is 
a linkage between the genotype (the gene encoding the enzyme) and the phenotype 
(the function exerted by the encoded enzyme). As discussed in Section  2 , in the case 
of MTases, this linkage can be achieved either  in vivo  (in living cells) or in vitro (in 
artifi cial cells). 

 While this chapter provides a detailed overview of the selection strategies that 
are applicable to MTases, the design and construction of DNA libraries are not dis-
cussed in detail. There are numerous approaches for the generation of gene librar-
ies. Most of these approaches are generic and can also be applied to MTases. We 
thus refer the reader to recent reviews, including ours (Goldsmith and Tawfi k  2013 ; 
Rockah-Shmuel et al.  2014 ; Miyazaki  2003 ; Ulrich et al.  2012 ; Stemmer  1994 ; 
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Dalby  2011 ; Morley and Kazlauskas  2005 ; Jochens and Bornscheuer  2010 ; Hart 
and Waldo  2013 ). We elaborate, however, on the library design, aiming specifi cally 
at improved protein stability, which is a major limiting factor in engineering and 
evolving proteins in general and MTases in particular (Tokuriki and Tawfi k  2009b ). 
As manifested in very low yields of soluble and functional enzyme upon overex-
pression in  E. coli , MTases, both bacterial and mammalian ones, seem to be prone 
to misfolding and aggregation. Section  3.1  addresses mutational strategies aimed at 
improving MTase stability. 

 In Sections  3.2  and  3.3 , we explore various functional properties of MTases that 
may be subject to engineering. These include the engineering of new DNA target 
specifi cities and of new cofactor specifi cities which enable the usage of alternative 
cofactors that may serve either as methyl donors (similarly to the natural cofactor 
AdoMet) or that will lead to DNA modifi cation with alternative alkyl groups. 

 Finally, Section  4  summarizes future prospects for MTase engineering, as well 
as the challenges that MTase engineers currently face. The latter include techni-
cal challenges, e.g., the development of selection methods for epigenetic Dnmts, 
specifi c for GpC, as well as conceptual ones, e.g., the challenge of obtaining full 
orthogonality, namely, the enzyme variants whose activity with the original DNA 
target, or cofactor (AdoMet), is effectively nil, while their activity with the new 
target, or cofactor, is comparable to the wild type with its original target and 
cofactor.  

2      Methodology: Screening and Selection Methods 

 Directed evolution regards the selection of gene libraries, whereby the target enzyme 
is mutated at one or more positions. As mentioned above, selection demands a link-
age between the gene encoding the enzyme and the phenotype that usually refl ects 
enzyme’s activity or other desired property. The obvious solution is compartmental-
ization, either in living cells or in artifi cial compartments. 

2.1     Selection by In Vivo Plasmid Protection 

 Transformation of the gene library to bacteria, typically E. coli, results in individual 
bacteria carrying individual MTase genes. This strategy, by which bacterial MTases 
can be readily selected, was originally used for their functional cloning (Szomolanyi 
et al.  1980 ). Selection is based on plasmid protection against restriction endonucle-
ase (Fig.  1a ). Each round of evolution includes four steps: Diversifi cation of the 
MTase gene by in vitro mutagenesis ( 1 ) and cloning of the library genes into an 
expression plasmid and transformation into  E. coli  ( 2 ) are two of these steps. This 
is followed by the growth of the transformed bacteria and expression of the MTase 
variant encoded by the plasmid. During this step, plasmids encoding the desired 
MTase are methylated at the respective restriction/modifi cation (R/M) target sites 
(self-methylation) ( 3 ). The plasmid DNA is then extracted and digested with the 
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  Fig. 1    Overview of the selection methods for MTases. ( a ) In vivo selection via plasmid protection. 
Extraction of the selected plasmids follows step 5; then the selected genes are sequenced to detect 
the improving mutations or are amplifi ed by error-prone PCR, cloned back into the vector, and 
directed to another round of selection. ( b ) Selection by in vitro compartmentalization       
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cognate restriction enzyme that is blocked by the methylation within its recognition 
sequence ( 4 ). The digested plasmid mixture is transformed, and only methylated 
plasmids that were fully protected from digestion give viable colonies.

   The plasmid protection strategy has clear advantages and has been widely used 
(Rockah-Shmuel and Tawfi k  2012 ; Jurkowska et al.  2011 ; Samuelson et al.  2006 ; 
Timar et al.  2004 ; Gerasimaite et al.  2009 ; Chahar et al.  2010 ; Jeltsch et al.  1996 ; 
Friedrich et al.  1998 ). Foremost, it is very easy to implement – all that is needed, 
basically, is a plasmid containing the desired R/M target sites and the gene encod-
ing for the MTase. Secondly, the progress of selection can be readily monitored, 
simply by running the digestion mixture on a gel and examining the fractions of 
intact versus digested plasmid. Thirdly, the selection pressure can be easily tuned 
by controlling the expression levels of the MTase, typically, by reducing the levels 
of the expression inducer (be it IPTG or any other inducer) (Rockah-Shmuel and 
Tawfi k  2012 ). 

 However, there are also obvious caveats associated with the in vivo plasmid pro-
tection selection approach. Cells are complex entities and often evolve mechanisms 
to circumvent the applied selection pressure. For example, point mutations or 
recombination in the plasmid may result in the loss of the R/M sites and thereby in 
protection irrespective of the plasmid encoding an active MTase. Few tips for set-
ting up successful selection systems are as follows: ( 1 ) ensure to use multiple R/M 
sites per plasmid, ( 2 ) have a minimal number of R/M sites within the MTase’s ORF 
and the promoter, and ( 3 ) include at least one, ideally more, R/M site in the antibiot-
ics resistance gene to prevent the takeover by “selfi sh DNA” (Rockah-Shmuel and 
Tawfi k  2012 ). The phenomenon of takeover by “selfi sh DNA” is further intensifi ed 
by undesirable effects that MTases often have in bacterial hosts. Specifi cally, some 
methylation patterns are toxic and require the use of mutated  E. coli  strains (McrBC − , 
defi cient in an endonuclease which cleaves DNA containing methylcytosine on one 
or both strands); e.g., expression of M.HaeIII requires the strain ER2267 or MC1061 
(Raleigh and Wilson  1986 ). Additionally, although MTases do not exhibit high turn-
over numbers, even at comparatively low MTase expression levels, the bacterial 
genome undergoes a complete or nearly complete methylation (Rockah-Shmuel and 
Tawfi k  2012 ). Thus, the higher the activity of the evolving variant, the more toxic it 
may become for the host bacteria. Indeed, the methylation of the host genome may 
affect the selection and specifi cally may exert counter-selection pressures on the 
evolving MTase, leading to depletion of the most active variants. Indeed, certain 
MTase selections were found to enrich for stop codons and frameshifts (Rockah- 
Shmuel and Tawfi k  2012 ). 

 The scope of this in vivo selection strategy is also limited to the target site dic-
tated by the restriction enzyme. The plasmid protection strategy cannot be used, for 
example, for the selection of mammalian Dnmts that target CpG sites. In principle, 
a specifi c restriction enzyme whose R/M site contains CG within its target site can 
be applied. However, since CpG sites are so frequent, on the selection plasmid, not 
to mention the host genome, the applied Dnmt needs to be hyperactive to methylate 
all sites including the applied site. Indeed, when expressed in  E. coli , human Dnmts 
barely show plasmid protection (Jurkowska et al.  2011 ). 
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 Another general drawback of the in vivo systems is the library size, which is 
limited by the transformation effi ciency. Obtaining up to 10 6  transformants is rou-
tine in  E. coli . Much larger libraries can be transformed, even at levels of 10 10  trans-
formants, but this demands considerable effort. In other host organisms, be they 
bacteria or eukaryotes such as yeast, the transformation effi ciency constitutes an 
even more signifi cant hurdle. 

 Finally, the scope of in vivo selections is also limited with respect to directed 
evolution toward the usage of synthetic AdoMet analogs. Due to its essentiality, the 
natural cofactor, AdoMet, is present at relatively high concentrations in the cells 
(0.1–0.2 mM in  E. coli  (Bennett et al.  2009 )). AdoMet concentrations can be 
reduced by expressing the enzyme AdoMet hydrolase (LaMonte and Hughes  2006 ; 
Hughes et al.  1987 ), but AdoMet cannot be completely removed from the bacterial 
host. Additionally, AdoMet, and presumably adoMet analogs,  do not readily enter 
cells (Lin et al.  2001 ). Low permeability means that cellular concentration of any 
synthetic AdoMet analog added to the culture media may be orders of magnitude 
lower compared to AdoMet, thus resulting in AdoMet utilizing mutants dominating 
the selection even if their overall methylation effi ciency is low.  

2.2     Selection by In Vitro Compartmentalization 

 An alternative to the in vivo selection is the cell-free environment of an in vitro 
compartmentalization (IVC), which allows the selection of larger libraries (≥10 10 ). 
IVC is a technique for directed evolution of enzymes based on compartmentalizing 
the transcription and translation of the enzyme-coding genes and the selection for 
enzymatic reactions in droplets of water-in-oil emulsions (Fig.  1b ). The in vitro 
selection of MTases follows the principle of plasmid self-methylation. Droplets 
containing active MTase variants methylate their own encoding gene, while in other 
compartments genes encoding inactive enzymes remain unmodifi ed. Consequently, 
genes encoding active variants are selectively enriched by applying the cognate 
restriction enzyme (Bernath et al.  2005 ; Cohen et al.  2004 ; Griffi ths and Tawfi k 
 2003 ; Bernath et al.  2004 ). 

 IVC cannot only handle larger libraries, but it also removes the above-discussed 
complications and interferences that relate to MTase expression and methylation 
activity in living cells. The IVC selection pressure can be tuned, not only by altering 
the number of methylation sites but also by adding noncoding DNAs that carry dif-
ferent target sites and compete with the methylation sites on the MTase-coding 
DNA. Similarly, artifi cial cofactors can be used by applying NEB’s Pure TM  cell-free 
translation system that only contains those  E. coli  proteins that are essential for 
transcription and translation. 

 On the downside, in comparison to the in vivo selection, IVC is a relatively com-
plex system to handle: (1) the MTase gene must effi ciently express and be active in 
a cell-free transcription-translation system; (2) a relatively uniform and stable emul-
sion must be generated; (3) the MTases need to be active within emulsion droplets 
(e.g., some surfactants may inhibit the methyltransferase activity); and (4) a con-
tamination by RNases must be avoided (Lee et al.  2002 ; Cohen et al.  2002 ; Tawfi k 
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and Griffi ths  1998 ). Nonetheless, certain precautions may be taken to enhance the 
probability of success; for instance, it is highly recommended to perform a “model 
selection” before performing the actual library selection by subjecting to selection 
a mixture of genes encoding an active MTase in a large excess of genes that encode 
a control protein (typically, at ratios of 1:100 or 1:1000). Generating a relatively 
uniform and stable emulsion relates to the quality of stirring and specifi cally to the 
magnetic bar spinning freely at the base of the CryoVial tube before adding the aque-
ous phase (for more details, see Williams et al. ( 2006 )). Finally, RNAse inhibitors 
can be added to the cell-free system to prevent RNA degradation (Miller et al.  2006 ).  

2.3     Alternative Engineering Approaches 

 One alternative strategy for MTase engineering involves the use of split enzymes. 
The bacterial M.SssI was evolved in this manner to yield an MTase, whose target 
specifi city is dictated by a zinc fi nger DNA-binding domain. The wild-type MTase 
was split into two polypeptides that on their own were unable to reassemble into an 
active enzyme. Both M.SssI fragments were fused to a zinc fi nger domain that drove 
the DNA binding to CpG repeat sites as well as the assembly of both fragments to 
yield an active methyltransferase. This strategy led to the discovery of M.SssI vari-
ants with improved activity toward the evolved target sites and no activity on non-
targeted sites (Chaikind and Ostermeier  2014 ). While this strategy was applied by 
expression and methylation in  E. coli , it can in principle also be applied in vitro. A 
similar engineering was reported earlier, whereby an MTase was fused to a DNA- 
binding zinc fi nger domain with no subsequent optimization by directed evolution 
(Nomura and Barbas  2007 ). 

 Other potential selection approaches might be based on either in vivo or in vitro 
MTase expression and methylation. Selection, however, does not need to be based 
on restriction digest. Alternative approaches may involve a pull-down of methylated 
DNA using an anti-5mC antibody (methylated DNA immunoprecipitation or MeDIP 
(Mohn et al.  2009 ; Borgel et al.  2012 ; Zhao et al.  2014 ; Brebi-Mieville et al.  2012 )) 
or other proteins that bind to methylated-CpG sequences (e.g., methylated- CpG 
island recovery assay or MIRA) (Jin et al.  2010 ). The main advantage of such strat-
egy is that it would enable to select for methylation of CpG sites regardless of their 
specifi c sequence context. However, the sensitivity of the pull-down methods might 
still be too low for effi cient library selection (Edelheit et al.  2013 ; Mohn et al.  2009 ).   

3     Targets for Engineering 

3.1      Enhanced Soluble Expression and Stability 

 In general, MTases are known to express poorly, and this seems to be so with both 
bacterial and eukaryotic enzymes. Poor expression is typically due to a low stability, 
namely, due to a high tendency for misfolding and aggregation (Daujotyte et al. 
 2003 ). Thus, upon overexpression, most MTases are found as insoluble aggregates. 
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Detailed structure-function studies, and engineering, demand reasonable expression 
levels and storage stability. Hence, some sequence optimization with the aim of 
boosting expression levels and stability is often required. 

 There seems to be specifi c solutions for certain MTases that relate to the end 
polishing or C-terminal truncation. Daujotyte et al. reported an attempt to shorten 
the C-terminus of M.HhaI to increase its solubility. The last four amino acids were 
substituted with a glycine. The truncated form was as active as the wild-type 
enzyme, while exhibiting a higher solubility (>0.35 mM). Nuclear magnetic reso-
nance (NMR) showed a soluble, monomeric, well-folded enzyme (Daujotyte et al. 
 2003 ). Efforts to increase solubility and activity have also been described for 
eukaryotic Dnmts. The catalytic domain of Dnmt3a and Dnmt3b was truncated (18 
amino acids at the N-terminus); the expression and activity of the catalytic domains 
and truncated catalytic domains were compared to the full-length wild-type enzymes 
(Gowher and Jeltsch  2002 ). 

 Another way of stabilizing mammalian Dnmts involves their fusion to other 
domains with which they are associated in vivo. Dnmt3L is a member of the Dnmt 
family with clear sequence homology to Dnmt3a and Dnmt3b, but with no catalytic 
activity. Dnmt3L is known to interact directly with the catalytic domains of Dnmt3a 
and Dnmt3b and stimulate their activity both in vivo and in vitro (Gowher et al. 
 2005 ). A single-chain variant in which Dnmt3a was fused to Dnmt3L via a long 
linker resulted in a largely aggregated protein. However, the soluble, purifi ed single- 
chain protein showed about tenfold higher DNA methylation activity in vitro com-
pared to the catalytic domain of Dnmt3a and slightly higher activity than Dnmt3a 
and Dnmt3L as separate domains (Siddique et al.  2013 ). 

 A general and relatively easy to implement method is the introduction of stabiliz-
ing consensus/ancestor mutations. This method can be applied as long as ≥10 
orthologous sequences are available. Such mutations are also highly valuable when 
included in gene libraries for directed evolution (Rockah-Shmuel et al.  2014 ; 
Rockah-Shmuel and Tawfi k  2012 ). The consensus/ancestor approach was success-
fully implemented to increase M. HaeIII’s stability and evolvability (i.e., to boost 
the enzyme’s ability to accept a wider range of mutations) (Rockah-Shmuel and 
Tawfi k,  2012 ). 

 Briefl y, the identifi cation of stabilizing consensus/ancestor mutations involves 
the following steps: (1) creating an alignment of orthologous MTases with ≥40 % 
amino acids identity (REBASE is a readily available source of such sequences – 
  http://rebase.neb.com/rebase/rebase.html    ) and (2) identifi cation of positions 
whereby the amino acid in the target MTase deviates from the amino acid that domi-
nates the alignment (the consensus amino acid). There are several considerations 
regarding the above steps. The alignment would ideally include a range of sequences 
with equally variable level of divergence. To this end, redundant sequences can be 
fi ltered using CD-HIT (  http://weizhongli-lab.org/cd-hit/    ). In a typical MTase cata-
lytic domain (~300-amino-acid protein), about 10 or so consensus mutations should 
be available, mostly located at surface positions. It is also important to exclude 
mutations in the DNA or AdoMet binding sites, although if adequately imple-
mented, the consensus analysis should not identify such mutations (these positions 
are typically 100 % conserved) (see also (Goldsmith and Tawfi k  2013 )). 
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 The consensus approach was pioneered in the bacterial MTase M. HaeIII 
(Rockah-Shmuel and Tawfi k  2012 ). About 55 nonredundant orthologous sequences 
were identifi ed and aligned (redundancy was fi ltered to <95 %). Eight positions 
were identifi ed, where M. HaeIII clearly deviates from the consensus amino acid, 
which are primarily located on the surface of the enzyme (Table  1 ). Eight single 
mutants were constructed where the wild-type amino acid was exchanged into the 

   Table 1    The identifi cation of consensus mutations in M. HaeIII   

 Position  18  23  26  77  104  115  181  283 

 Identity  M. HaeIII  Q  R  C  G  I  M  F  V 

 Consensus  E  E  A  A  K  L  L  I 

 74 %  M. Csp10ORF1501P  E  K  T  A  K  I 

 72 %  M. SmoLORF160P  K  D  A  A  K  I 

 72 %  M. LinAORF636P  K  E  A  A  K  I 

 72 %  M. Sin395ORF124P  E  N  A  A  K  I 

 72 %  M. Ava51170ORF1213P  E  A  A  K  I 

 72 %  M. Fma29328ORF72P  I  N  V  A  K  L  I 

 71 %  M. EspBORFAP  E  E  A  A  K  L 

 70 %  M. Pmi33270ORF1413P  E  N  V  A  R  I 

 70 %  M. TasMCE3ORF1548P  E  Q  T  A  M  L  I 

 70 %  M. LinDORF835P  K  E  V  A  K  I 

 69 %  M. FnuDI  E  E  V  A  K  L  L  I 

 68 %  M. HbiCORF700P  E  K  E  A  L  L  L  L 

 67 %  M. AorOORF1855P  E  K  A  A  K  L 

 67 %  M1. Bsa18170ORF1534P  H  K  I  A  L  L  L  I 

 67 %  M2. BspD20ORF1123P  H  T  A  L  L  L 

 66 %  M2. BovSDORF2192P  H  K  T  A  L  L  L 

 65 %  M. Npo43768ORF624P  E  E  V  A  K  L  L 

 65 %  M. Pme18ORF425P  H  V  A  L  L  L 

 64 %  M. Hha21621ORF353P  E  Q  V  A  K  L  L  I 

 64 %  M. Mca72ORF5914P  K  K  V  A  K  L  L  I 

 64 %  M. Hpy135ORF4205P  E  K  V  A  K  L  L  I 

 64 %  M. Pve319ORF1285P  H  V  A  L  L  L 

 64 %  M. Pda43325ORF1059P  E  E  V  A  K  L  L 

 64 %  M. Pru23ORF938P  E  E  V  A  K  L  L 

 64 %  M. Gva14018ORFAP  E  E  V  A  K  L  L  I 

 63 %  M. HacSORF1213P  E  K  I  A  K  L  L  I 

 63 %  M. Smu29453ORF109P  E  E  V  A  K  L  L  L 

 63 %  M. NgoPII  E  E  A  A  K  L  L  I 

 62 %  M. EreORF628P  E  N  V  A  K  L  L 

 60 %  M. Aur25976ORF950P  E  E  V  A  K  L  L  I 

 60 %  M3. BovSDORF2192P  E  D  W  A  L  L  L  I 

 59 %  M. Pue603ORF1201P  H  T  L  A  K  L  L 
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Table 1 (continued)

 Position  18  23  26  77  104  115  181  283 

 Identity  M. HaeIII  Q  R  C  G  I  M  F  V 

 Consensus  E  E  A  A  K  L  L  I 

 58 %  M. Fco49512ORF7650P  N  W  A  K  L  L  I 

 57 %  M. Sde6946ORF1722P  E  K  W  A  L  L  L  I 

 57 %  M. Ftu200ORFAP  E  D  W  A  S  L  L  I 

 57 %  M. UbaSCBORF14710P  N  W  A  K  L  L  I 

 57 %  M. Mcu35242ORF1277P  E  N  V  A  K  L  L  I 

 57 %  M. DspBAVORF79P  E  N  W  A  S  L  L  I 

 56 %  M. AhaBGORF3490P  N  F  S  L  L  I 

 55 %  M. PalDORF1485P  E  N  W  A  K  E  L  I 

 54 %  M. MvaFGP2ORF2206P  R  N  W  A  V  L  L 

 54 %  M. DthLORF402P  E  S  W  A  Y  L  L  I 

 53 %  M. MthTI  T  N  F  A  L  V  L  I 

 52 %  M. Osp6506ORF3370020P  S  N  W  A  L  L  L  I 

 50 %  M. Mch7420ORF2200P  R  N  W  A  R  L  L  I 

 50 %  M1. BovSDORF2192P  E  E  W  K  I  L  I 

 49 %  M. Pac4ORF808P  R  G  F  A  K  L  L  I 

 49 %  M1. BspFAAORF965P  E  E  W  K  I  L  I 

 43 %  M. EsaSS966P  –  –  –  A  K  L  L  I 

 40 %  M. EsaSS1545P  K  K  W  A  N  L  L  – 

 38 %  M. UcaBDORFAP  E  H  Y  A  F  L  L  I 

 38 %  M. Eba213ORF3267P  E  K  W  S  L  L  M  I 

 38 %  M. BhaII  E  K  W  A  L  L  L  I 

 37 %  M. CthORF2320P  E  K  W  A  Y  L  L  I 

 34 %  M. EsaSS1001P  E  K  W  A  K  L  – 

  The table lists eight positions in which consensus mutations were identifi ed. Highlighted in gray 
are the four mutations that were identifi ed as stabilizing by screening. Identity denotes the overall 
amino acid identity compared to M. HaeIII. All sequences that deviate from M. HaeIII at these 
eight positions are listed (adopted from the supplementary material of Rockah-Shmuel and Tawfi k 
( 2012 ))  

consensus one. The levels of soluble enzyme and its activity were tested in crude 
lysates following overexpression in  E. coli . In this manner, four stabilizing muta-
tions were found that were subsequently introduced into the wild-type M. HaeIII 
(C26A, I104K, M115L, and F181L). The stabilized variant gave ~fi vefold increase 
in the yield of the soluble and active enzyme (Fig.  2 ) and was subsequently used as 
the starting point for directed evolution of M. HaeIII toward new DNA methylation 
targets (Rockah-Shmuel et al.  2015 ; Rockah-Shmuel et al.  2013 ; Bloom et al.  2006 ).

    Apart from the consensus, several other criteria can be applied to identify stabiliz-
ing mutations, such as high side-chain mobility, which is indicated by high B-factors, 
in cases where a crystal structure is available (Augustyniak et al.  2012 ). Indeed, 
when high-resolution crystal structures are available, computational design methods 
can be applied to signifi cantly boost stability and expression (Wijma et al.  2014 ). 
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 A clear caveat associated with the introduction of stabilizing mutations is that 
they may alter the MTase’s properties. This is not so much of a concern with bacte-
rial R/M MTases but is a major caveat with respect to eukaryotic Dnmts involved in 
epigenetics. Thus, an alternative way of obtaining higher yields of soluble, active 
enzyme with no sequence alterations is by co-expression of chaperones, most com-
monly GroEL/ES, as exemplifi ed in Fig.  2c . GroEL/ES co-expression may also be 
used to facilitate the evolution of enzyme variants bearing new functions (Tokuriki 
and Tawfi k  2009a ).  

3.2      Alteration of the DNA Target Sequence 

 A major effort pursued during the last two decades has been to engineer MTases 
with new DNA target specifi cities (Table  2 ). The initial attempts were not so suc-
cessful and reported primarily relaxed specifi city. More recently, the engineering of 
bacterial MTases that methylate new sites has been reported.

   The initial attempts resulted in the expansion of “star” activities (methylation of 
sites that differ from the original target site by one base) (Cohen et al.  2004 ; 
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  Fig. 2    Increasing the soluble expression of M. HaeIII by the introduction of consensus mutations 
and co-expression of the GroEL/ES chaperone (adopted from the supplementary material of 
Rockah-Shmuel and Tawfi k ( 2012 )). ( a ) Methylation activity of consensus M. HaeIII variants. 
Increases in methylation activities in crude lysates were plotted as 1/(t 50 ), whereby t 50  is the time 
required to methylate 50 % of the DNA substrate. Methylation was assayed using an ELISA format 
with a DIG-Biotin DNA substrate. ( b ) SDS-PAGE of  E. coli  supernatant (S) and pellet (P) of over-
expressed wild-type and consensus mutants of M. HaeIII. For the wild-type M. HaeIII, <40 % of 
the enzyme is soluble (i.e., in the supernatant), whereas the stabilized variant carrying four consen-
sus mutations (C26A, I104K, M115L, and F181L) exhibits a much higher fraction of soluble 
protein (>90 %). ( c ) The effect of GroEL/ES chaperonin overexpression on M. HaeIII methylation 
activity. The evolved M. BamHI-like B1 variant (G22) shows low plasmid protection levels when 
transformed to the MC1051  E. coli  strain. Induction of a GroEL/ES expression plasmid (by adding 
arabinose to the growth medium) increased the level of methylation as manifested in a signifi cantly 
lower fraction of the digested plasmid       
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Chahar et al.  2010 ). For instance, M. HaeIII was evolved by in vitro compartmen-
talization to methylate  A GCC sites in addition to the original  G GCC sites. Overall, 
these mutants exhibited a broad specifi city, including the methylation of non-palin-
dromic sites (Cohen et al.  2004 ). Curiously, these mutants also exhibited higher 
catalytic effi ciency compared to the wild-type enzyme, not just toward the evolved 
star sites but also toward the original site, GGCC. This suggests the existence of a 
rate- accuracy trade-off, whereby the fi delity of MTases comes at the expense of 
their methylation rates (Tawfi k  2014 ). 

 A similar example regards a change of the target specifi city of EcoDam from 
GATC to GATT by directed evolution (Chahar et al.  2010 ). Notably, the enzyme 
and its DNA target substrate were coevolved by using a library of enzyme variants 
as well as of different DNA methylation sites (GANN). The evolved enzyme vari-
ants exhibited a 1600-fold change in specifi city for GATT methylation. 

 However, with time, it became doubtful whether such star-methylating variants 
comprise “on-pathway” intermediates to new palindromic targets. Indeed, our 
attempts to further evolve such variants to methylate new palindromic sites failed 
consistently. For example, we made several attempts to take M. HaeIII variants 
evolved for AGCC and evolved them further to methylate AGCT sites, but none of 
these attempts were successful (Bershtein et al. unpublished results). Other exam-
ples along the same vein include the in vitro evolution of M. SinI for a relaxed 
GGNCC recognition specifi city (Timar et al.  2004 ). The resulting variants exhibited 
higher methylation activity toward GG (G/C) CC, unlike the wild type that primar-
ily methylates GG (A/T) CC. Another example regards the “truncation” of one base 
from the original methylation site for M. HhaI, thus switching specifi city from 
GCGC to GCG (Gerasimaite et al.  2009 ). 

   Table 2    Engineered and evolved MTase variants with altered or new DNA target specifi cities   

 Enzyme  Type 

 Original 
DNA 
target 

 New DNA 
target 

 Change in 
specifi city 
(fold) a  

 Change 
in rate 
(fold) b   Refs. 

 M. HaeIII  C5  GG C C   A GCC  >10  670  Cohen et al. ( 2004 ) 

 EcoDam  N6  GAT C   GAT T   10  1600  Chahar et al. ( 2010 ) 

 M. SinI  C5  GG ( A / T ) 
CC 

 GG ( G / C ) 
CC 

 Similar to 
wild type 

 20  Timar et al. ( 2004 ) 

 M. HhaI  C5  GCGC  GCG  10-fold  n.r.  Gerasimaite et al. 
( 2009 ) 

 M. HaeIII  C5  G GC C  GG AT CC  >10 4   >10 5   Rockah-Shmuel 
and Tawfi k ( 2012 ) 

 M. HaeIII  C5  G GC C  GG ( A / T ) 
CC 

 660  >10 2   Rockah-Shmuel 
and Tawfi k ( 2012 ) 

 M. HaeIII  C5  G GC C  G CG C  >10 4   >10 6   Rockah-Shmuel 
and Tawfi k ( 2012 ) 

   n.r . not reported 
  a The change in ratios of  k  cat /K M  values for the new target site versus the original site in the evolved 
variant compared to wild type 
  b The ratio of  k  cat /K M  values for the target site in the evolved variant versus wild type  
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 A crucial insight regarding how new DNA methylation specifi cities evolve 
came from the study of M. EcoRV – a bacterial adenine-N6 MTase that methylates 
GATATC. EcoDam is its homologous bacterial adenine-N6 MTase that methylates 
GATC. It appears that M. EcoRV bends its longer DNA target site, suggesting an 
indirect readout of the TA inner sequence and the evolution of new target speci-
fi cities by insertion-deletion of existing target sites (Jurkowski et al.  2007 ). This 
evolutionary mechanism was directly supported by the directed evolution of a bac-
terial C5-MTase, M. HaeIII (Rockah-Shmuel and Tawfi k  2012 ). Thus, new enzyme 
variants readily evolved that methylate target sites that comprise an extension of the 
original GGCC, e.g., GG (A/T) CC and GG (CG) CC. Interestingly, the evolved 
enzyme variants also showed methylation of novel sites that are not methylated 
by the wild type, nor that were selected for, including new palindromic sites such 
as GCGC or GGATCC. This experiment indicated that evolutionary intermediates 
possess a “generalist” character, namely, a broad methylation specifi city that can 
be exploited to provide starting points for a range of new specifi cities that are not 
available in a given wild-type enzyme. The experiment also validated the mecha-
nism of target site expansion or shrinkage as the means by which new DNA target 
specifi cities evolve in nature.  

3.3      Engineering for Usage of Alternative Cofactors 

 Engineering for alternative substrates typically relies on promiscuity, namely, on 
enzymes accepting substrates or cofactors other than their native ones. The engi-
neering of MTases toward new cofactors, therefore, involves the application of engi-
neered, synthetic analogs of the natural cofactor, S-adenosyl-L-methionine 
(AdoMet), that are accepted, even with low effi ciency, by the natural wild-type 
enzymes. Subsequently, MTase mutants can be selected to accept the artifi cial 
cofactor with high effi ciency and selectivity, while excluding the natural cofactor. 

 AdoMet can be divided into four structural elements, with the fi rst one, the trans-
ferred methyl group (1, Fig.  3 ) being the most critical one. In fact, MTases (and 
other methyltransferases; see, e.g., Bothwell et al. ( 2012 )) appear to exhibit a con-
siderable promiscuity with respect to the methyl group. This promiscuity enables 
the use of AdoMet analogs (hereafter– 1 -AdoMet), thereby leading to the alkylation 
of DNA bases with groups other than methyl. Such  1 -AdoMets can be tractable by 
virtue of having, for example, biotin or azide or alkyne groups for click chemistry 
(Vranken et al.  2014 ; Lukinavicius et al.  2013 ). Methyl is effectively the smallest 
carbon-based moiety, and thus, by default,  1 -AdoMet analogs result in the modifi ca-
tion of DNA bases with bulkier groups, thus resulting in biological effects that may 
differ from methylation. The limits of the MTase’s acceptance of the  1 -AdoMet 
analogs appear to be primarily electronic rather than steric. Specifi cally, extended 1’ 
groups containing various functional moieties (e.g., a primary amine) are accepted 
by bacterial MTases as long as they contain a double or triple bond at the β-carbon 
(relative to the sulfonium group) (Dalhoff et al.  2006 ).

   While DNA methyltransferases (and other methyltransferases) can accept 
 1 -AdoMet analogs, the rates of alkyl-DNA transfer are typically much lower than 
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with AdoMet. Thus, in a living cell, where the original cofactor (AdoMet) is present 
usually at relatively high concentrations (e.g., ~0.1–0.2 mM in  E. coli  (Bennett et al. 
 2009 )), a modifi ed cofactor may not be able to compete with it. By exploring muta-
tions in residues within and close to the MTase methyl-binding pocket, enzyme 
variants of the bacterial C5 MTase M. HhaI were selected that preferentially accept 
 1 -AdoMet analogs (Lukinavicius et al.  2012 ). These engineered variants show 
marked increases in incorporating larger 1’-alkyl groups containing four carbons, 
such as but-2-ynyl (−CH 2 -CΞC-CH 3 ), and parallel decreases of methyl incorpora-
tion (with AdoMet as cofactor). The high similarity between bacterial C5-MTases 
means that the same or similar mutations may yield higher activity with 1’-modifi ed 
AdoMet analogs in other enzymes as well (Lukinavicius et al.  2012 ; Dalhoff et al. 
 2006 ). The mutated M. HhaI containing up to three mutations, including Q82A, 
Y254S, and N304A, exhibited ~tenfold preference for alkyl- 1 -AdoMet analogs 
relative to AdoMet. While modest, achieving this level of selectivity is far from 
being trivial. Because of the huge energetic penalty of steric clashes, in general, 
discriminating against a smaller substrate is far more challenging than against a 
larger one (Tawfi k  2014 ). The engineered mutants were also capable of alkylating 
DNA with a long linker (ten carbons) that also contained a terminal amine group. 
However, the rates and selectivities were signifi cantly lower than with the C4 group. 

 In the context of alternative DNA modifi cations, it is worth noting that MTases 
can also act as azidonucleosidyl transferases. This involves the replacement of both 
the S-homocysteine and methyl groups of AdoMet (1, 2, Fig.  3 ) with an aziridine 
group. The bacterial A6-MTase TaqI was shown to accept this cofactor and thus 
covalently modify DNA with an adenosyl rather than a methyl group. The adenosyl 
group of these AdoMet analogs (3, Fig.  3 ) can be further modifi ed to carry a fl uo-
rescent group or biotin, thus enabling to modify DNA with a tractable marker 
(Pignot et al.  1998 ; Pljevaljcic et al.  2003 ; Comstock and Rajski  2005a ,  b ). 

 To our knowledge, there are no reported attempts of engineering or evolving 
MTases to preferentially accept the aziridine analog of AdoMet. Such engineering 
will demand changes primarily in the amino acids involved in the binding of the 
S-homocysteine group (2, Fig.  3 ). Indeed, so far, the engineering toward alternative 
cofactors has been limited to the above-described replacements of the methyl group. 
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Nonetheless, modifi cations of the other elements of AdoMet (2–4; Fig.  3 ) should be 
possible. 

 Beyond the methyl group, the cofactor promiscuity of MTases has not been sys-
tematically explored. One study used as a probe S-adenosyl-L-homocysteine, the 
product of AdoMet after methyl group transfer, which binds MTases with an affi nity 
that is similar to AdoMet. It showed that modifi cations in any of the elements  2 – 4 , 
such as the amino or carboxyl groups of the S-homocysteine moiety (moiety 2), the 
hydroxyls of the ribose (3), or the base (4, Fig.  3 ), generally result in >1,000-fold 
decreases in binding affi nity (Cohen et al.  2005 ). Nonetheless, given the high- 
binding affi nity of AdoMet, certain analogs with some of the abovementioned mod-
ifi cations might still serve as cofactors. Given that the AdoMet binding pockets of 
MTases are structurally well characterized, it is also likely that MTases could be 
readily engineered to accept such AdoMet analogs. For example, binding of the 
ribose’s hydroxyls is mediated by a bidentate interaction with a canonical Glu that 
appears in all AdoMet-dependent methyltransferases, including MTases (but 
excluding radical-AdoMet enzymes). Mutations in this Glu result in ≥300-fold 
decrease in AdoMet binding (Laurino et al.  2016 ). Ultimately, synthetic modifi ca-
tions of the cofactor, including the replacements of the methyl group, and mutations 
in the AdoMet binding residues may enable complete orthogonality – namely, that, 
on the one hand, engineered MTase variants effi ciently modify DNA with the alter-
native cofactor and do not accept AdoMet and, on the other hand, that the alterative 
cofactor is not accepted by the natural MTases. 

 It is also worth noting that although the above-described works made use of 
AdoMet analogs generated by organic synthesis, there exists an appealing alterna-
tive of using the enzyme responsible for the biosynthesis of AdoMet, namely, 
AdoMet synthase. This enzyme condenses ATP and methionine to yield AdoMet. 
The promiscuity of AdoMet synthase has been explored in quite detail and in 
AdoMet synthases from different organisms. It appears that both analogs of methio-
nine and of ATP, including dATP, are accepted, in some cases with surprisingly high 
rates. This promiscuity enables the synthesis of AdoMet analogs with modifi cations 
of any of AdoMet’s four elements (Lu and Markham  2002 ) and thus opens the 
potential for generating new engineered MTases working with alternative cofactors 
which can be synthesized within a living cell. The latter provides a distinct advan-
tage, given that AdoMet was reported to have low permeability to cells (Wang et al. 
 2014 ; Lin et al.  2001 ).   

4      Concluding Remarks 

 The engineering of MTases may open the road to new ways of manipulating DNA in 
a unique and selective manner. Obtaining new methylation target specifi cities is one 
option, as is the modifi cation of DNA with tractable groups instead of methyl. The 
latter is mediated by analogs of AdoMet, in which the methyl group of AdoMet had 
been replaced. Modifi ed cofactors may also serve in chemical epigenetics, mean-
ing in generating Dnmts whose methylation activity is triggered by an artifi cial 
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cofactor. However, while the prospects for MTase engineering have been demon-
strated, there remain key challenges that need to be overcome. Overall, the catalytic 
effi ciency of engineered and evolved MTases is relatively low, and foremost, their 
selectivity is low. Indeed, the challenge of obtaining real orthogonality is yet to be 
met (i.e., obtaining enzyme variants, whose activity with the original DNA target or 
with AdoMet is effectively nil, while their activity with the new target or cofactor is 
comparable to wild type with its original target and AdoMet). 

 Another key challenge that is of fundamental interest regards the coevolution of 
R/M pairs. The R/M system is composed of two highly selective enzymes, a meth-
yltransferase and a restriction endonuclease, both acting on the same DNA target. 
Evolutionary, this system is extremely interesting, because of its “cooperativity” 
(Mruk and Blumenthal  2008 ; Kobayashi  2001 ). In principle, a restriction endo-
nuclease without a cognate MTase is toxic. However, an MTase provides no advan-
tage unless a cognate endonuclease exists. This hen-egg cycle may be resolved by 
promiscuous activities of both MTases (as described above) and restriction endo-
nucleases (Sapienza et al.  2005 ; Samuelson et al.  2006 ). However, the manners 
by which overlapping promiscuous activities appear, and how they behave under 
selection, are unknown. The reconstruction of an evolutionary trajectory leading 
to a new MTase-endonuclease pair may therefore provide important insights into 
the evolution of R/M systems in particular and the coevolution of toxin-antitoxin 
systems in general.     
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    Abstract 
   DNA methyltransferases (MTases) uniquely combine the ability to recognize and 
covalently modify specifi c target sequences in DNA using the ubiquitous cofactor 
S-adenosyl-L-methionine (AdoMet). Although DNA methylation plays important 
roles in biological signaling, the transferred methyl group is a poor reporter and is 
highly inert to further biocompatible derivatization. To unlock the biotechnologi-
cal power of these enzymes, two major types of cofactor AdoMet analogs were 
developed that permit targeted MTase-directed attachment of larger moieties con-
taining functional or reporter groups onto DNA. One such approach (named 
sequence-specifi c methyltransferase-induced labeling, SMILing) uses reactive 
aziridine or  N -mustard mimics of the cofactor AdoMet, which render targeted 
coupling of a whole cofactor molecule to the target DNA. The second approach 
(methyltransferase-directed transfer of activated groups, mTAG) uses AdoMet 
analogs with a sulfonium-bound extended side chain replacing the methyl group, 
which permits MTase-directed covalent transfer of the activated side chain alone. 
As the enlarged cofactors are not always compatible with the active sites of native 
MTases, steric engineering of the active site has been employed to optimize their 
alkyltransferase activity. In addition to the described cofactor analogs, recently 
discovered atypical reactions of DNA cytosine-5 MTases involving non-cofactor-
like compounds can also be exploited for targeted derivatization and labeling of 
DNA. Altogether, these approaches offer new powerful tools for sequence-specifi c 
covalent DNA labeling, which not only pave the way to developing a variety of 
useful techniques in DNA research,  diagnostics, and nanotechnologies but have 
already proven practical utility for optical DNA mapping and epigenome studies.  
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1       Introduction 

 DNA is a large linear polymer comprised of aperiodic combinations of four major 
types of building blocks encoding the genetic blueprint of life. Since different loci 
of this largely uniform biomolecule rarely contain features distinct enough to per-
mit their chemical or physical identifi cation among other DNA loci or other bio-
molecules, a key task is to furnish them with suitable reporter tags for their selective 
visualization and isolation from biological samples. Among the variety of enzymes 
involved in DNA metabolism, DNA methyltransferases (MTases) uniquely com-
bine two useful features required for targeted labeling: recognition of a vast reper-
toire of specifi c target sequences (2–8 nt long) and covalent modifi cation of the 
target site. Although targeted DNA methylation can be “read” by specifi c cellular 
proteins and thus plays important roles in biological signaling, the naturally trans-
ferred methyl group is a poor reporter and is not readily amenable for further 
chemical derivatization. Therefore, one strategy to unlock the biotechnological 
potential of these highly specifi c MTase enzymes is to make them transfer “pre-
derivatized” (extended) versions of the methyl group. The catalytic power of 
AdoMet-dependent MTases to a large extent derives from their ability to bring the 
two substrates, the cofactor AdoMet and a target molecule, together in the right 
orientation. Thus, a series of synthetic analogs of the AdoMet cofactor were 
 developed that allowed MTases to tag DNA with extended moieties, making 
sequence-specifi c MTase- directed labeling an attractive opportunity in various bio-
technological applications. Two major types of cofactor analogs have been devel-
oped for MTase-catalyzed DNA labeling which permit covalent deposition of 
either a whole cofactor molecule or its sulfonium-bound side chain. Among the 
three known classes of DNA methyltransferases (cytosine-C5, adenine-N6, and 
cytosine-N4 MTases), the fi rst two have been largely utilized for the attachment of 
various reactive groups, biotin or fl uorophores to DNA. Due to the universal nature 
of the AdoMet cofactor for biological methylations, the approach also proved 
applicable for labeling other biomolecules, such as RNA (Motorin et al.  2011 ; 
Tomkuvienė et al.  2012 ; Plotnikova et al.  2014 ; Schulz et al.  2013 ; Holstein et al. 
 2014 ), proteins (Peters et al.  2010 ; Islam et al.  2011 ; Willnow et al.  2012 ; Wang 
et al.  2013 ; Hymbaugh Bergman and Comstock  2015 ) and small molecules (Zhang 
et al.  2006 ; Stecher et al.  2009 ; Lee et al.  2010 ; Winter et al.  2013 ) using appropri-
ate MTases. 

 Another recently developed cofactor-independent DNA modifi cation strategy is 
based on atypical reactions of DNA cytosine-C5 MTases. Upon interaction with the 
target cytosine, these MTases use a covalent attack to transiently generate an acti-
vated cytosine intermediate (ACI). In the absence of AdoMet or synthetic AdoMet 
analogs, the ACI can undergo a covalent addition of exogenous formaldehyde yield-
ing 5-hydroxymethylcytosine (hmC). Moreover, hmC residues at the target site can 
be dehydroxymethylated to yield cytosine or can undergo further addition of thiols 
or selenols to yield the corresponding 5-chalcogenomethyl derivatives in DNA in a 
C5-MTase-dependent manner. These transformations open new possibilities for 
sequence-specifi c derivatization and analysis of epigenetic marks in mammalian 
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DNA. In the following sections, the DNA labeling approaches based on the two 
types of synthetic cofactor analogs and the reactions involving non-cofactor-like 
compounds are discussed in detail.  

2     Synthetic Cofactor Analogs for MTase-Directed 
Modification of DNA 

 The fi rst labeling strategy (named sequence-specifi c methyltransferase-induced 
labeling or SMILing) developed by the Weinhold group employed cofactor ana-
logs in which the methionine moiety of AdoMet was synthetically replaced by an 
aziridine ring ( N -adenosylaziridine cofactors) (Pignot et al.  1998 ). Upon reaction 
of  N -adenosylaziridine with DNA in the presence of a DNA MTase, the “transfer” 
of an electrophilic carbon atom of the protonated aziridine ring to a nucleophilic 
target atom in DNA leads to ring opening, thereby turning the ring into an ethyl-
amino linker that connects the cofactor molecule with the target nucleobase 
(Pignot et al.  1998 ) (Fig.  1 ). Although the attached ethylaminoadenosine moiety 
by itself is not a good reporter group, it can serve as a carrier to which desired 
chemical and reporter groups are attached. To minimize interference with proper 
cofactor binding in the catalytic center of a directing MTase, the selection of 
potential anchoring points in the adenosine moiety appears to be limited to the 6, 
7, and 8 positions of the adenine ring (Pljevaljčić et al.  2004 ; Kunkel et al.  2015 ). 
The SMILing approach was initially developed with an aziridine AdoMet analog 
possessing a dansyl fl uorophore attached to the C8 position of the adenine ring. 
This analog was shown to function as a cofactor for the adenine-N6-specifi c DNA 
methyltransferase MTaqI from  Thermus aquaticus , resulting in the cofactor cova-
lently attached to the exocyclic amino group (N6) of the target adenine located 
within sequence 5′-TCGA-3′ (Pljevaljčić et al.  2003 ). Subsequently, the groups of 
Rajsky and Comstock expanded the chemical scope of this approach by introduc-
ing 2-haloethyl  N -mustard analogs, which are converted into aziridines in situ and 
thus are presumed to work by a similar mechanism (Weller and Rajski  2005 , 
 2006 ; Townsend et al.  2009 ; Mai and Comstock  2011 ; Du et al.  2012 ; Ramadan 
et al.  2014 ). In the N-mustard cofactors, the N atom, which is equivalent to the 
sulfur atom of the sulfonium group in AdoMet, can in addition be used to attach a 
reactive chemical group (alkyne) (Weller and Rajski  2005 ) or a photocaging group 
(Townsend et al.  2009 ). Alternatively, retention of the amino acid moiety (present 
in AdoMet but absent in the N-adenosylaziridine analogs) renders enhanced 
cofactor-MTase affi nity which gives a certain benefi t of lower concentrations of 
cofactors that can be used in the labeling reactions (Weller and Rajski  2006 ; Du 
et al.  2012 ; Ramadan et al.  2014 ). Both the aziridine and N-mustard cofactors are 
obtained via multistep synthetic routes and can thus only be produced in special-
ized chemistry laboratories. Altogether, a variety of cofactor analogs have been 
produced containing reporter (biotin, fl uorophores) or functional reactive groups 
(azide, alkyne) attached to the N6 or C8 or designed C7, positions of the adenine 
ring (see Table  1 ).
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    An important feature of the SMILing reaction is that the directing MTase remains 
tightly (although non-covalently) bound to the coupling product, which represents a 
chemically linked bisubstrate derivative entangling the enzyme. Therefore, stoi-
chiometric amounts of an enzyme with respect to its target sites on target DNA are 
required for quantitative conversion, and additional steps may be necessary if the 
bound enzyme needs to be removed from the DNA. The attached cofactor repre-
sents a relatively bulky group, which may be a useful or inferior feature depending 
on the downstream applications. 

 The second DNA labeling approach is based on AdoMet analogs in which the 
sulfonium-bound methyl group of AdoMet is replaced with an extended side chain, 

  Fig. 1    Methyltransferase-directed sequence-specifi c labeling of DNA using synthetic analogs of 
the cofactor AdoMet. ( Left ) SMILing approach: covalent coupling of an aziridine ( upper ) or 
N-mustard ( lower ) cofactor carrying a functional or reporter group ( red sphere ) attached via a 
linker ( red line ) onto a target nucleobase ( blue ) in DNA. ( Right ) mTAG approach: transfer of a 
sulfonium-bound extended linear chain carrying an activating triple ( upper ) or double ( lower ) 
bond, a linker, and a functional or reporter group from a double-activated AdoMet analog onto a 
target nucleobase in DNA. N, random nucleotide; XXXXX, recognition sequence of the directing 
MTase       
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and only this part of the cofactor is transferred to the target nucleotide (Fig.  1 ). In 
AdoMet, the transferable methyl group is activated by the adjacent sulfonium cen-
ter, and AdoHcy serves as the leaving group during the MTase-catalyzed S N 2 reac-
tion. Replacement of the methyl group in AdoMet with larger aliphatic carbon 
chains had previously been attempted by Schlenk and Dainko ( 1975 ), who found 
that even short groups such as ethyl or propyl led to a drastic decline of transfer rates 
by MTases. A strongly decreased reaction rate observed with the saturated alkyl 
groups predominantly results from unfavorable steric effects within the transition 
state. In a joint effort, the Klimašauskas and Weinhold groups found that the effi -
ciency of the reaction can be enhanced by placing π-orbitals near the reaction center 
(Dalhoff et al.  2006a ). This activation was observed with synthetic AdoMet analogs 
carrying a double bond (allylic system) or a triple bond (propargylic system) next to 
the reactive carbon in the extended side chain (Fig.  1 ). Mechanistic considerations 
suggest that the π-orbitals in the unsaturated bond lower the energy barrier of the 
reaction via conjugative stabilization of a pentacoordinated S N 2 transition state. The 
discovery of the double-activated AdoMet analogs paved the way to a rapid devel-
opment of a new approach termed methyltransferase-directed transfer of activated 
groups (mTAG). 

 Synthetic access to the mTAG cofactors appears somewhat easier as compared to 
the aziridine and N-mustard analogs, since they can be produced in a single step by 
chemical “recharging” of the cofactor product AdoHcy via regiospecifi c alkylation 
of its sulfur atom with a desired linear side chain. Suitable electrophilic side chains 
can sometimes be obtained directly from commercial sources, but certain cases may 
require advanced synthetic skill (Lukinavičius et al.  2007 ,  2013 ; Dalhoff et al. 
 2006b ; Masevičius et al.  2016 ). Chemical synthesis typically yields the cofactor 
analogs as diastereomeric mixtures of  R , S - and  S , S -isomers, which can be chro-
matographically enriched in the enzymatically active  S , S -isomer by reversed phase 
chromatography (Lukinavičius et al.  2013 ). Recently, a chemo-enzymatic synthesis 
of enantiomerically pure mTAG cofactors from corresponding methionine analogs 
and ATP using engineered methionine adenosyltransferases has been demonstrated 
(Singh et al.  2014 ), which can in principle be performed even in living cells (Wang 
et al.  2013 ). 

 Since only the extended sulfonium-bound side chain is transferred from the 
cofactor analog to DNA, these AdoMet analogs circumvent the problem of catalytic 
product release, which is unavoidable for the SMILing reactions. A variety of both 
allyl-based and propargyl-based analogs have been designed that carry unique 
chemical groups such as primary amine, alkyne, and azide or reporter groups (bio-
tin, fl uorophores) (see Table  1 ). Notably, although many MTases accept well both 
types of mTAG cofactors, some exhibit certain preferences with respect to the acti-
vating unsaturated bond (double or triple) or the side chain length. In particular, 
allylic cofactors have gained signifi cant popularity with protein labeling (Peters 
et al.  2010 ; Islam et al.  2011 ,  2012 ;  2013 ; Wang et al.  2011 ; Blum et al.  2013 ; Wang 
et al.  2013 ; Bothwell and Luo  2014 ; Guo et al.  2014 ), whereas propargylic side 
chains are more preferably transferred by the C5-DNA MTases (Table  2 ). 
Unexpectedly, some of the propargyl cofactors containing an electronegative group 
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(amino or amido) at position four of the side chain were found to undergo a rapid 
loss of activity under physiological conditions. Further studies indicated that a close 
proximity of electron withdrawing groups makes the triple C-C bond highly suscep-
tible to base-promoted addition of a water molecule. This problem was resolved by 
synthesis of a series of hex-2-ynyl cofactor analogs in which the separation between 
the electronegative group and the triple bond is increased from one to three carbon 
units (Lukinavičius et al.  2013 ). A similar mechanism has also been proposed for 
the fast inactivation of the AdoMet analog carrying a short unsubstituted prop-2-yn- 
1-yl side chain. In this case, the undesirable chemical reactivity of the triple bond 
has been diminished by synthetically replacing the sulfur atom in the highly electro-
negative sulfonium center with selenium (Bothwell et al.  2012 ; Willnow et al. 
 2012 ).

   Both the SMILing and mTAG cofactors can be used for two-step or one-step 
labeling. A key advantage of the two-step labeling approach is the fl exibility in 
manipulating the chemical parameters of the labeling reaction (linker length, conju-
gation chemistry, reporter group) by simply combining different cofactors and che-
moselective reporter compounds. Alternatively, single-step labeling by direct 
attachment of a desired reporter group may be benefi cial in situations when minimal 
sample manipulations, simplicity, and speed are required. However, besides this 
potential advantage, the one-step approach entails an added synthetic complexity to 
the cofactor analog, as reporter groups are typically larger and more complex than 
functional groups. Moreover, an increased steric bulk of the transferable side chain 
may also lead to a partial or complete impairment of the directing MTase (Table  2 ).  

3      MTase Activity with the Synthetic Cofactor Analogs 

 Bacterial and archaeal DNA MTases generally exhibit a clearly defi ned sequence 
and base specifi city. Bacterial type II DNA MTases (typically, single polypeptides 
of 250–400 residues) seem to be better suited for DNA labeling purposes as com-
pared to the type I and III enzymes or mammalian DNA MTases, mostly due to their 
compact size and better enzymatic parameters (turnover rate, cofactor affi nity, 
sequence fi delity, protein stability, etc.), although this general assumption does not 
preclude the existence of useful MTases derived from other than type II cohorts. 
Current listings of type II DNA MTases (REBASE,   http://rebase.neb.com    ) count 
over 350 distinct recognition sequences ranging from 2 to 8 base pairs in length. 
Therefore, a wide repertoire of DNA sequences can potentially be targeted, which 
is in par with that of the widely used restriction endonucleases. 

 Naturally, DNA MTases have evolved for optimal performance with the natural 
cofactor AdoMet. The use of extended AdoMet analogs raises the question of steric 
limitations that may be imposed by the architectures of the active sites and cofactor-
binding pockets of MTases. As mentioned above, the SMILing cofactors offer sev-
eral potential anchoring points in the adenosine moiety (6, 7, and 8 positions of the 
adenine ring for the aziridines and additionally 5′-N for the N-mustards) that can be 
used for building a suitable extension carrying a desired functionality. This thus 
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offers several chemical options for designing suitable cofactor for particular MTases. 
In the mTAG cofactors, there is only one attachment point, and the chemical vari-
ability of the side chain is basically limited to either the allyl or propargyl moieties, 
which demand quite distinct geometries of the cofactor pocket in both the ground 
and transition states. Of course, the length of the side chains and other chemical 
features can also infl uence the reaction to some extent, but such effects decline with 
increasing distance from the active site. 

 Representatives of all three classes of bacterial DNA MTases (m6A, m4C, and 
m5C forming enzymes) showed activity with certain types of extended cofactor ana-
logs (see Table  2 ). On one end of the spectrum is M.TaqI, which demonstrated high 
tolerance with respect to a wide range of SMILing and mTAG cofactors examined. 
More typically though, the effi ciency of mTAG transalkylations with wild- type 
enzymes is insuffi cient for routine applications. For C5-MTases, this issue was 
approached by engineering of the cofactor pocket of a well-characterized representa-
tive of the class, M.HhaI (Lukinavičius et al.  2012 ). The engineering effort was 
guided by a structure-based model of an M.HhaI-DNA-butynyl cofactor complex 
(Fig.  2 ), which suggested that the side chains of residues Gln82 and Asn304 (located 
in conserved sequence motives IV and X) and Tyr254 (located in the so-called vari-
able region) might sterically interfere with the extended transferable side chain, pre-
cluding cofactor binding or its proper orientation for catalysis. These three positions 
were therefore selected for steric engineering (Ala or Ser replacements). It turned out 
that double and triple replacements conferred substantial improvements of the trans-
alkylation activity and a reduction of the methyltransferase activity in M.HhaI. The 
achieved turnover rates permit complete derivatization of DNA in 15–30 min, which 
makes the reaction suitable for routine laboratory applications. Detailed studies of 
the mutants showed that these replacements substantially enhance the rate of alkyl 
transfer and also reduce the enzyme affi nity toward the natural cofactor AdoMet and 

  Fig. 2    Structure-guided engineering of DNA cytosine-C5 methyltransferases for the mTAG trans-
alkylation reactions. ( a ) Model of an extended propargylic cofactor analog (AdoButyn, shown in 
ball and stick) bound in the active site of the HhaI MTase (based on M.HhaI-DNA-AdoMet ternary 
complex X-ray structure, PDB code 6mht, shown as space fi ll). An  arrow points  at the transferable 
carbon atom. ( b ) Sequence alignment of regions corresponding to IV and X conserved motifs of 
sterically engineered prokaryotic cytosine-C5 MTases.  Arrows  indicate positions corresponding to 
Gln82 and Asn304 of M.HhaI. ( c ) Permutation of conserved motifs and the variable region (vr) in 
M.HhaI, M.HpaII, M.SssI, M.BsaHI ( top ), and M2.Eco31I ( lower ) DNA methyltransferases 
(Adapted from Lukinavičius et al. ( 2012 ))       
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its product AdoHcy. The catalytic transfer of butyn- 2- yl and pentyn-2-yl groups by 
the triple mutant was faster than its methyl transfer activity, indicating that the engi-
neered enzyme (eM.HhaI) was turned into an alkyltransferase. Importantly, eM.HhaI 
can effi ciently utilize extended synthetic analogs even in the presence of AdoMet 
(which is naturally abundant in cells and cell lysates), opening new ways for targeted 
covalent deposition of reporter groups onto DNA for a variety of ex vivo and in vivo 
applications (Lukinavičius et al.  2013 ). In line with these fi ndings, a substantial 
improvement of the transalkylation activity was also observed in another engineered 
version of M.HhaI, which was designed to target nonsymmetrical GCG sites. 
Directed evolution of the MTase aimed at enforcing the new sequence specifi city 
resulted in the above-described Tyr254Ser mutation and additional deletions in the 
vicinity of the cofactor-binding pocket (Gerasimaitė et al.  2009 ).

   The high structural conservation of C5-MTases suggested that other orthologs 
can be similarly engineered based on sequence alignment even in the absence of 
crystal structures. Indeed, the double alanine mutants involving conserved motifs 
IV and X led to a signifi cant improvement of the transalkylation activity with a wide 
range of propargyl-based cofactor analogs by M2.Eco31I and M.HpaII, which rec-
ognize hexanucleotide and tetranucleotide target sites, respectively (Lukinavičius 
et al.  2012 ), as well as by M.SssI acting on the 5′-CG-3′ dinucleotide (Kriukienė 
et al.  2013 ). On the other hand, analogous replacements in M.BsaHI showed no 
signifi cant improvement in the transfer of allyl-based extended groups onto DNA 
(Vranken et al.  2014 ). This appears to agree with the observed weaker acceptance 
of double-bond cofactors by the engineered M.HhaI variants (Lukinavičius, 
Lapinaitė, Klimašauskas, unpublished observations), suggesting that the triple- 
bond cofactors are generally better compatible with the C5-MTases. For more 
details on MTase design, see the chapter by Laurino and Tawfi k in this book.  

4     Implementation of MTase-Directed Labeling of DNA 

 Sequence-specifi c covalent derivatization and labeling of DNA has potentially 
opened new avenues in DNA research, diagnostics, and bionanotechnology. However, 
along with methodological developments of the MTase-directed labeling reactions, 
the properties and practical value of such covalently modifi ed DNA that suddenly 
became available needed to be assessed. Many experimental demonstrations involv-
ing various covalently tethered reporter and reactive groups have been performed at 
the level of oligonucleotides, PCR fragments, and then plasmid DNA. These studies 
can be grouped into those that exploited covalent derivatizations for (1) general cova-
lent labeling of DNA or (2) analysis of particular DNA sites or sequences. 

4.1     General Covalent Labeling of DNA 

 Soon after convincing demonstrations that both SMILing and mTAG techniques can 
achieve high sequence specifi city of label incorporation into plasmid DNA 
(Pljevaljčić et al.  2007 ; Lukinavičius et al.  2007 ), the behavior of covalently labeled 
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plasmid DNA was examined in transfected cells. For example, an aziridine-based 
cofactor with a Cy3 fl uorophore was used for labeling of pUC19 and pBR322 plas-
mids with M.TaqI; the plasmids were successfully transfected and optically tracked 
in mammalian cells (Schmidt et al.  2008 ). Independently, mTAG-derivatized plas-
mids were shown to have transformation effi ciencies similar to unmodifi ed plasmid 
controls in  E. coli  cells (Lukinavičius et al.  2012 ). Moreover, sequence-specifi c 
mTAG click-labeling of endogenous plasmid DNA using eM.HhaI and Ado-6- azide 
cofactor followed by strain-promoted azide-alkyne cycloaddition (SPAAC) of a 
cyclooctyne probe was demonstrated in bacterial cell extracts (Lukinavičius et al. 
 2013 ). Altogether these experiments demonstrated a high biological tolerance 
(bioorthogonality) of both types of covalent modifi cations pointing at potential suit-
ability of this approach for in vivo studies. The exceptional selectivity of DNA 
MTases toward DNA can also be used for covalent capture and extraction of DNA 
from complex mixtures (Artyukhin and Woo  2012 ). Modifi cation of DNA with 
alkynyl groups using mTAG technique and further covalent immobilization through 
copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction on azide-coated 
surfaces permits its further manipulations and compatibility with downstream reac-
tions. The approach of DNA separation from other biomolecules, including RNA, 
showed sensitivity and selectivity unprecedented in other DNA extraction 
methods. 

 Altogether, for the purpose of general DNA labeling, the MTase-directed meth-
ods offer important advantages over random chemical labeling or other commonly 
used methods:

•    Elimination of uncertainties related to loss of non-covalently bound labels in 
cells or in vitro experiments  

•   Control of the labeling density and positioning of reporter groups around (or 
away from) functional sites by selecting appropriate MTases  

•   High fl exibility in selecting functional and reporter groups  
•   Covalent integrity of DNA strands (preserved supercoiling of plasmid DNA)  
•   Biological orthogonality of the underlying modifi cations     

4.2     DNA Labeling for Analysis of Particular DNA Sites or 
Sequences 

 Another layer of utility of the MTase-directed labeling is related to the exploitation 
of individual labeled sites in DNA. One such area is the construction of DNA-based 
nanostructures. Braun et al. ( 2008 ) used biotinylated aziridine cofactors together 
with M.TaqI and M.BseCI (recognizing tetranucleotide and hexanucleotide 
sequences, respectively) for biotin labeling and subsequent targeted deposition of 
gold nanoparticles on model kilobase-sized DNA fragments via biotin-streptavidin 
interaction. Wilkinson et al. (Wilkinson et al.  2008 ) used similar tools to engineer 
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synaptic three- and four-way junctions in PCR-derived DNA, which were unequivo-
cally visualized using single-molecule AFM imaging. These examples demon-
strated the capacity of MTase-directed labeling for controlled manipulation of 
nanoparticles on DNA scaffolds and directing the bottom-up assembly of nanoma-
terials, which await their further technological implementation in many fi elds 
related to molecular electronics, biosensors, optical waveguides, etc. 

4.2.1     Optical Mapping of DNA Sequences 
 AFM (Wilkinson et al.  2008 ) or EM (Kunkel et al.  2015 ) visualization of several 
bulky nano-objects along the irregular contour of a DNA molecule spotted on a 
mica surface gives a nice qualitative illustration, but is poorly suited for fast parallel 
analysis of DNA molecules containing a large number of target sites. Direct deter-
mination of physical distances (positioning) between the specifi c sites becomes pos-
sible on stretched-out DNA molecules, leading to a visual pattern characteristic of 
that particular DNA. Such a linear representation of a DNA sequence, called optical 
map, can be read as a barcode and analyzed with a high degree of automation 
(Fig.  3a ). Direct single-molecule analysis of large DNA fragments, which far exceed 
the read length of widely used sequencing technologies, provides valuable genomic 
information for the identifi cation of structural or copy number variations and assists 
with DNA sequence assembly or rapid strain typing (reviewed in Levy-Sakin and 
Ebenstein ( 2013 )). Several partially or fully automated optical DNA mapping plat-
forms (BioNano Genomics, GenomicVision, PathoGenetix, OpGen) are already 
available. However, implementation of various known methods for optical DNA 
map generation is dependent on many technical parameters related to the degree and 
accuracy of label incorporation, repertoire of available target sites, covalent conti-
nuity of labeled DNA strands, inhomogeneous stretching, chemical and physical 
stability of the fl uorophores, resolution and speed of signal readout, etc. Existing 
methods for specifi c visual pattern generation in optical DNA mapping include 
restriction map generation (Teague et al.  2010 ), nick translation (Lam et al.  2012 ), 
and probe hybridization (Weier et al.  1995 ), all of which suffer from one or more of 
the above-listed limitations (discussed in Zohar and Muller ( 2011 ) and Levy-Sakin 
and Ebenstein ( 2013 )).

   The MTase-based approaches, owing to their unique combination of high speci-
fi city, covalent bonding, and DNA strand preservation, appear particularly suited for 
this purpose. In a proof of principle study, two-step mTAG labeling was employed 
to attach fl uorophores on 215 HhaI sites in bacteriophage lambda DNA (48.5 kb, 
see Fig.  3a ) (Neely et al.  2010 ). The labeling employed engineered M.HhaI and a 
cofactor bearing a transferable linear side chain with a terminal amino group fol-
lowed by a chemoselective attachment of an Atto647N dye. The DNA molecules 
were stretched by combing onto polymer-coated coverslips using an evaporating 
droplet technique. Positions of fl uorophores along individual DNA strands were 
recorded at sub-diffraction resolution (10 nm or just 20 bp) using dSTORM imag-
ing, which utilized photobleaching of the fl uorophores to ensure that single emitters 
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are isolated and their positions accurately determined. While an average density of 
localized sites of approximately one per 650 bases represented a signifi cant advance 
compared to other DNA mapping technologies, this density was achieved by assign-
ing only 34 % of the 215 available HhaI sites on the DNA. To further increase the 
number of fl uorophores in the experimentally derived map, a consensus “fl uoro-
code” encompassing nearly 90 % of the sites (density 1/270 bp) was generated from 
20 automatically aligned molecules. 

 To further explore the technicalities of the labeling reaction for improved optical 
mapping of DNA, a cofactor carrying a short allylic side chain with a terminal 

  Fig. 3    Major applications of methyltransferase-directed labeling in genome studies. ( a ) Optical 
DNA mapping using fl uorescent mTAG labeling (Neely et al.  2010 ). A two-step mTAG reaction 
involving an engineered version of HhaI methyltransferase (eM.HhaI) was used for fl uorescent 
labeling of GCGC sites in bacteriophage lambda DNA ( a1 ). The labeled DNA molecules were 
stretched out by combing, and positions of the fl uorophores on individual DNA molecules were 
determined using super-resolution imaging ( a2 ). Illustration in the upper right corner shows 1 and 
2 (experimental consensus fl uorocodes derived by using different processing parameters) and 3 (in 
silico generated (theoretical) reference map) (Adapted from Neely et al.  2010 ). ( b ) DNA “unmeth-
ylome” profi ling by covalent mTAG labeling of unmodifi ed CG sites (Kriukienė et al.  2013 ). 
Unmodifi ed CG sites in fragmented genomic DNA from the human brain (50–300 bp fragments) 
were biotin tagged in a two-step mTAG labeling reaction involving an engineered variant of the 
SssI methyltransferase (eM.SssI) ( b1 ). Biotin-tagged fragments were affi nity enriched and 
sequenced to produce a genome-wide profi le of unmodifi ed CG sites ( b2 ). Illustration in the lower 
right corner shows a genome browser view of mTAG-seq data over a part of  SHANK3  gene includ-
ing its promoter, overlapping with a predicted CpG island region (Adapted from Kriukienė et al. 
 2013 ). C m  refers to naturally modifi ed cytosine (mC/hmC/fC/caC)       
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alkyne group (AdoEnYn) was used along with CuAAC-mediated attachment of a 
fl uorophore (Vranken et al.  2014 ). Eleven MTases were screened for activity with 
this cofactor, of which three adenine-specifi c enzymes were found to be active. The 
CuAAC-based approach generated bacteriophage T7 fl uorocodes with labeling effi -
ciency reaching 70 %; however, the authors noted substantial degradation of DNA 
in the presence of Cu (I), which precluded generation of full-length labeled DNA 
molecules. Given that a wide selection of mTAG cofactors along with a proven set 
of engineered and wt MTases is now available, a successful implementation of this 
approach (e.g., via a copper-free AAC reaction or one-step labeling) seems just 
around the corner. 

 To this end, one-step mTAG labeling with M.TaqI and a propargylic cofactor 
carrying a linker-bound TAMRA fl uorophore was used to label over 200 target sites 
on lambda DNA (Grunwald et al.  2015 ) followed by physical stretching of the DNA 
molecules in commercial microchip-based nanochannel arrays. A fl uorescent signa-
ture of DNA was generated by “conventional resolution” imaging, i.e., measuring 
the amplitude modulations of fl uorescence intensity along its length rather than iso-
lated fl uorescent spots. This resulted in lower resolution density profi les character-
istic of an underlying DNA molecule. Although nearly quantitative labeling was 
presumably achieved, images of individual molecules did not appear identical, 
pointing to the stochastic nature of single-molecule measurements. Nevertheless, 
the generated consensus profi les permitted a clear distinction between the two types 
of bacteriophage DNA used. The generality, rapidness, and high throughput make 
this concept promising for routine applications in strain typing assays. 

 The SMILing technique proved instrumental for sparse fl uorescent labeling of 
the T7 bacteriophage genome (three sites per ~40 kb) using M.BseCI and a biotinyl-
ated aziridine-based cofactor in a two-color experiment. Streptavidin-coated quan-
tum dots were attached at the biotinylated target sites as genomic reference tags to 
aid mapping the locations of non-covalently bound RNA polymerase molecules 
labeled with differently colored probes (Kim et al.  2012 ). Introduction of such refer-
ence tags allowed a higher precision in the assignment of the RNAP-binding sites 
relative to localization based on their distance from DNA ends. 

 Altogether, the above examples demonstrate that MTase-directed approaches 
provide a valuable addition to the toolbox of sequence-specifi c labeling techniques, 
which will accelerate the development of automated high-throughput technologies 
for optical DNA mapping.  

4.2.2     Applications of MTase-Directed Labeling in Epigenomics 
 Yet another emerging direction of practical utility for MTase-directed sequence- 
specifi c labeling is the analysis of modifi ed target sites in natural DNA. As dis-
cussed in the previous chapters, the prevalent covalent modifi cation of the genome 
is sequence-specifi c methylation of cytosine and adenine residues. In higher eukary-
otes including mammals, DNA cytosine-5 methylation predominantly occurs at 
CpG dinucleotides and acts as a stably inherited modifi cation affecting gene regula-
tion and cellular differentiation. Aberrant DNA methylation is an early and funda-
mental event in pathogenesis of many human diseases, including cancer (reviewed 
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in Jones ( 2012 )). Besides 5mC, other DNA modifi cations have been discovered 
recently, giving rise to extensive discussions of their potential roles as epigenetic 
marks (reviewed in Kriukienė et al. ( 2012 )). To gain mechanistic insights into the 
dynamics and function of DNA methylation, genome-wide analyses of DNA modi-
fi cation patterns have been performed in different organisms and cell types employ-
ing a variety of profi ling techniques (Weber et al.  2005 ; Schumacher et al.  2006 ; 
Bock  2008 ; Harris et al.  2010 ). During the past few years, chemical tagging of 
modifi cation sites has been adapted for in vitro epigenome studies. Covalent 
derivatization of modifi ed residues permitted incorporation of reactive azide, keto, 
or primary amine groups followed by chemoselective conjugation of biotin (Song 
et al.  2011 ; Pastor et al.  2011 ; Zhang et al.  2013 ). 

 The key concept of using MTase-directed labeling for analysis of mammalian 
genomic DNA lies in selective covalent tagging of the unmodifi ed fraction of CG 
sites, whereas the naturally modifi ed sites will remain untagged due to preexist-
ing modifi cation of the target residue. As unmodifi ed cytosines represent a 
smaller proportion of CG sites compared with methylated ones (depending on 
the tissue, 65–80 % of cytosines in the human genome are methylated (reviewed 
in Suzuki and Bird ( 2008 )), analysis of this smaller, unmethylated DNA fraction 
may reduce the number of statistical comparisons and is more sensitive for 
detecting subtle epigenetic changes. An early attempt to analyze DNA methyla-
tion sites through targeted DNA scission (Comstock and Rajski  2005b ) used 
derivatization of model oligodeoxynucleotide substrates with M.TaqI or M.HhaI 
and an azide-bearing aziridine cofactor, which was further subjected to the 
Staudinger ligation with triarylphosphines derivatized with phenanthroline. 
Presentation of these duplexes with Cu (II) promoted strand scission at the vicin-
ity of the base modifi ed by the enzyme. However, this chemistry leads to exten-
sive DNA damage, and the remaining DNA fragments are not readily analyzed 
by modern sequencing techniques. 

 A more recent demonstration of chemo-enzymatic profi ling of the unmodifi ed 
fraction of the genome (named “unmethylome”) was based on selective covalent 
capture of CG sites (Kriukienė et al.  2013 ) (Fig.  3b ). Covalent tagging of DNA was 
performed using the engineered version of M.SssI (see Sect.  3 ) and a synthetic 
mTAG type analog of AdoMet cofactor carrying a terminal amine or azide group. In 
the next step, conventional chemoselective coupling of the amine group with an 
NHS-biotin probe or, alternatively, SPAAC of the attached azide group with a 
dibenzocyclooctyne biotin reagent was employed. Biotin-labeled DNA fragments 
were then enriched on streptavidin beads and analyzed on tiling DNA microarrays 
(mTAG-chip) or by next-generation sequencing (mTAG-seq). Pilot profi ling studies 
of human DNA samples from cultured cells and tissues demonstrated that this 
approach offers nanogram sensitivity and permits identifi cation of unmethylated 
CG sites genome wide with high precision and reproducibility. Moreover, mTAG- 
seq can be considered not only as a powerful and economical alternative but also as 
a complementary technique to 5mC-specifi c methods such as affi nity-based method 
MeDIP (Weber et al.  2005 ) and, likely, to TAmC-seq, a method for covalent 
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derivatization and analysis of methylated cytosines (Zhang et al.  2013 ). Most recent 
modifi cation of the approach includes covalent tethering of a priming oligonucle-
otide to the tagged nucleotides, which offers a particularly cost-effective direct 
genomic mapping of each unmodifi ed CG site at near single-base resolution 
(Kriukienė et al., manuscript in preparation).    

5     Cofactor-Independent MTase-Directed Labeling 

 In addition to their well-characterized catalytic activity, DNA C5-MTases were 
found to catalyze atypical reactions involving non-cofactor-like substrates. As men-
tioned above, the C5-MTases use a covalent mechanism for nucleophilic activation 
of their target cytosine residues. The transiently generated activated cytosine inter-
mediate is not only active toward AdoMet or its synthetic analogs but can also 
attack other exogenous electrophiles such as aliphatic aldehydes, yielding corre-
sponding 5-α-hydroxyalkylcytosines (Liutkevičiūtė et al.  2009 ) (Fig.  4a ). The reac-
tions occur under fairly mild conditions and retain the high sequence and base 
specifi city characteristic of bacterial DNA MTases. The coupling with formalde-
hyde yields 5-hydroxymethylcytosine (hmC), which is a naturally occurring cyto-
sine modifi cation in mammalian DNA (Kriaucionis and Heintz  2009 ; Tahiliani et al. 
 2009 ). Although the hydroxymethyl groups themselves are not good chemical 
reporters, they add a unique functionality to DNA (analogous to benzylic hydroxyl) 
that can be exploited for chemical or enzymatic derivatization. For example, a mild 
oxidation to formyl or keto groups would enable a further conjugation with com-
pounds carrying hydrazine or hydroxylamine functions (Prescher and Bertozzi 
 2005 ). Alternatively, hmC residues can be enzymatically glucosylated (Gommers- 
Ampt and Borst  1995 ), thereby permitting selective DNA labeling through applica-
tion of glycan modifi cation/recognition techniques (Chittaboina et al.  2005 ; Song 
et al.  2011 ).

   Curiously, it was also found that the covalent activation of 5-substituted cytosine 
residues present at the target position of a C5-MTase can lead to their conversion 
into unmodifi ed cytosine (Fig.  4a ). This reaction does occur with hmC and 
5- carboxylcytosine, but was not observed with 5-formylcytosine (Liutkevičiūtė 
et al.  2009 ,  2014 ). The MTase-activated hmC in DNA can also undergo condensa-
tion with exogenous aliphatic thiols and selenols yielding corresponding 
5- alkylchalcogenomethyl derivatives (Liutkevičiūtė et al.  2011 ) (Fig.  4a ). Since this 
MTase-directed derivatization reaction is not possible at 5-methylated and unmodi-
fi ed cytosine residues, it appears well suited for selective covalent capture of 
5-hydroxymethylated-CG sites in mammalian genomic DNA. As a proof of con-
cept, C5-MTase-directed derivatization of hmC with cysteamine and subsequent 
amine-selective biotin labeling (Fig.  4b ) was demonstrated on plasmid DNA and 
model DNA fragments (Liutkevičiūtė et al.  2011 ) and was subsequently imple-
mented in a commercial analytical tool (EpiJet 5-hmC Enrichment Kit). Moreover, 
M.HhaI and M.SssI have recently been shown to render sequence-specifi c 
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conjugation of short Cys-containing peptides to hmC-containing DNA (Serva and 
Lagunavičius  2015 ). 

 Altogether, the presented variety of atypical reactions demonstrate a high cata-
lytic plasticity of DNA C5-MTases and offer additional ways for sequence-specifi c 
derivatization of canonical and modifi ed bases within DNA. As compared to the 
cofactor-based reactions, these reactions typically require simpler and less expen-
sive compounds, thereby avoiding multistep syntheses of AdoMet analogs.  

6     Conclusions and Outlook 

 MTase-directed labeling of DNA is an enabling technology with many unique dem-
onstrated applications. Due to its relative simplicity, robustness, and wide-range 
applicability, this approach is becoming a method of choice where targeted covalent 
derivatization of DNA is required. Although certain technical questions still require 
attention, the rapidly growing popularity indicates that the fi eld is approaching its 
maturity stage. The two most developed applications of the method are optical DNA 
mapping and analysis of epigenetic states in mammalian DNA; both methods are 
now entering the phases of automation and commercial exploitation, and no doubt 
will soon become commonly used technologies. Another important area of research 
that is poised to see a rapid bloom in the near future is DNA labeling in biological 
systems and in living cells. Currently, two main obstacles can be envisioned: (1) 
entrance/delivery of cofactor analogs into cells and (2) design of highly orthogonal 
cofactor-MTases pairs for allele-specifi c labeling. The fi rst issue can be addressed 
by harnessing cell delivery systems, which are widely used to cargo a variety of 
other molecules across the cell membrane (Janib et al.  2010 ; Falanga et al.  2015 ), or 
by enzymatic production of cofactor analogs in situ from corresponding methionine 
analogs, which show superior wall penetration properties (Wang et al.  2013 ; Singh 
et al.  2014 ).     
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  Fig. 4    Cofactor-independent methyltransferase-directed sequence-specifi c derivatization of 
DNA. ( a ) Transformations of a target cytosine catalyzed by DNA C5-MTases. Biological methyla-
tion by C5-MTases occur via an S N 2 reaction between an activated cytosine intermediate (ACI) and 
cofactor AdoMet, yielding 5-methylcytosine (5mC) (biological C5-methylation). The ACI can 
undergo nucleophilic addition reaction with short aliphatic exogenous aldehydes, which in the case 
of formaldehyde yields hmC (C5-hydroxymethylation). In the reverse reaction, hmC residues can 
be converted to unmodifi ed cytosines in DNA by the enzyme (dehydroxymethylation of hmC). 
Similarly, 5-carboxycytosine (caC) can be converted to cytosine (decarboxylation of caC). hmC 
residues, including those naturally occurring in DNA, can undergo further methyltransferase- 
directed condensation with thiol or selenol reagents to give stable 5-alkyl chalcogenomethyl deriv-
atives (5-thioalkylation of hmC). Modifying reagents are shown in  red  and  green  (thiol), and 
C5-MTase and its catalytic moieties are shown in  blue . ( b ) MTase-directed covalent amino 
derivatization and labeling of hmCG dinucleotides in DNA with biotin (shown as a ball)       
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