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Foreword

Epigenetics is a novel dogma that regulates gene expression profiles in the cells and 
is known to be involved in cancer. Among numerous epigenetic factors, DNA and 
histone methylation has a unique feature that this covalent modification is stable 
compared to other covalent modifications, thereby its reversibility had been 
unknown until recently. The significant advance of epigenetics has also occurred in 
methylation. Histone methylation was revealed to be reversible by the discoveries of 
histone demethylases, and DNA demethylation pathway was elucidated by the dis-
covery of DNA oxidases.

This book focuses on DNA and histone methylation in epigenetics and describes 
how it is involved in the molecular mechanisms responsible for the development of 
cancer. Each chapter summarizes the current knowledge of the molecular basis of 
DNA and histone methylation to explain its involvement in cancer, and describes 
the features of DNA and histone methylation associated with a particular type of 
cancer, the current diagnostic/therapeutic applications, and future directions of 
study on DNA and histone methylation as cancer targets.

Yu-ichi Tsukada
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DNA and Histone Methylation in Epigenetics 

Hengbin Wang, Jinrong Min, and Trygve Tollefsbol

Abstract Epigenetics, the mechanism that defines gene expression patterns without 
changing the DNA sequence, has far-reaching consequences on normal and patho-
logical development including but not limited to cell fate determination, maintenance 
of tissue differentiation, and cancer occurrence. Methylation of DNA and histones, the 
two components of chromatin, constitutes important epigenetic mechanisms that gov-
ern chromatin-based nuclear processes. In this chapter, we briefly summarize the key 
enzymes involved, mechanisms, and function of these two modifications. We envision 
that DNA and histone methylation will increasingly become important targets for 
cancer treatment.

Keywords Epigenetics • DNA methylation • Histone methylation

1  Introduction

Epigenetics refers to mechanisms that control gene expression patterns across cell 
generations but do not involve changes in the DNA sequence [1]. Since virtually all 
somatic cells contain the same DNA sequence, epigenetic mechanisms must lie out-
side of the DNA sequence. Specific to eukaryotes, the genomic DNA is associated 
with a set of highly conserved histone proteins that form the structure of chromatin. 
Compared to the linearly organized genetic information in the DNA sequence, which 
is identical in virtually all somatic cells, chromatin adapts distinct local 
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conformation, permissive or repressive to protein factor binding, allowing gene 
expression at programs specific to each cell type. Therefore, the organized informa-
tion in chromatin constitutes an additional layer of mechanisms that control the use 
of genetic information (Fig. 1). This organized information is unique to each cell 
type and also specific to any given cellular functional status. As the physical carrier 
of epigenetic regulation, chromatin integrates signals from endogenous development 
and the exogenous environment to define the functional output of the underlying 
DNA sequences. It is due to the epigenetic mechanism that eukaryotes can have 
many different cell types, which corresponds to distinct gene expression programs 
(the so-called epigenomes), from a single genome. This fundamental function 
endows essential roles of epigenetics in normal development as well as disease 
progression.

Studies in the past decades have revealed multiple mechanisms that modulate 
chromatin structure and affect the functional output of chromatin. These mecha-
nisms include, but are not limited to, DNA methylation, ATP-dependent chromatin 
remodeling, posttranslational histone modifications, and non-coding RNAs [1]. Of 
these mechanisms, both DNA and histone methylation involve the addition of a 
methyl group, a single carbon metabolite, to the essential components of chromatin. 
Both DNA and histone methylation may profoundly affect the chromatin conforma-
tion and functional output of the underlying DNA sequence. While the mechanism 
that mediates the transmission of DNA methylation from mother cells to daughter 
cells has been revealed, the mechanism that mediates the transmission of histone 
methylation remains largely obscure. Although the formation of C-C bond in DNA 
methylation and N-C bound in histone methylation render these modifications rela-
tively stable, recent studies reveal the reversibility of both modifications. The stabil-
ity as well as the plasticity of both modifications entitles important regulatory 
functions of both modifications in chromatin conformation during cell proliferation 
and differentiation. Both DNA and histone methylation are tightly regulated to 
ensure proper cellular function during normal development. Deregulation of either 
modification system, including mutations in the enzymes catalyzing DNA and his-
tone methylations, dysregulation of proteins binding to and mediating the function 
of DNA and histone methylation, and even histone protein itself are frequently 

DNA Gene Genetic 
information 

Chromatin 

Gene
Highly expressed
Medium expressed 
Repressed Genetic information +

Chromatin conformation 
information  

Fig. 1 Genetics vs epigenetics. Genetic information is stored in the DNA sequence while chroma-
tin contains organized structural information in addition to the genetic information. This epigenetic 
mechanism allows genes to be expressed at different levels according to requirement

H. Wang et al.
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observed in many human diseases including cancers. Therefore, both DNA and his-
tone methylation are appealing targets for cancer treatment.

2  DNA Methylation

2.1  DNA Methylation in Mammals

Of the four nucleotides that make up the DNA, adenosine, thymine, cytosine, and 
guanine, both adenine and cytosine can be methylated; however, methylated cyto-
sine is mainly detected in mammals [15]. The methyl group is added to the 5 posi-
tion of the pyridmidine ring to form the 5-methylcytosine (5mC). The methyl group 
is positioned in the major groove of the DNA and this methylation does not interfere 
with the Watson-Crick pairing of cytosine and guanine. Therefore, cytosine meth-
ylation by itself does not affect the stability of DNA double helix. In mammals, 
DNA methylation occurs predominantly in a CpG dinucleotide context, where cyto-
sine is positioned 5′ to a guanine nucleotide. 60–90% of CpGs are methylated and 
methylation is generally evenly distributed in mammals. In contrast, CpG methyla-
tion is often grouped into clusters in invertebrates.

In mammals, unmethylated CpGs are often clustered together and form the so- 
called CpG islands [5]. CpG islands are often located upstream of transcription 
initiation sites of protein coding genes and modulate the expression of downstream 
genes. These DNA sequences destabilize nucleosomes and recruit proteins that help 
establish a transcriptionally permissive chromatin status. When these CpGs are 
methylated, methylated DNA binding proteins (MBDs) are often recruited. These 
MBDs may complex with histone deacetylases and chromatin remodeling factors 
and create a chromatin status that is repressive to gene transcription. In many human 
diseases including cancer, CpGs are aberrantly methylated at many gene promoters. 
CpG methylation may result in the repression of many important genes that regulate 
cell cycle, apoptosis, DNA repair, etc. The silencing of these genes causes the dam-
aged DNA unrepaired in daughter cells and may preposition these cells for cancer 
progression. Alterations in DNA methylation patterns have been recognized as an 
important feature of cancer development. On the other hand, a decrease of DNA 
methylation (so called hypomethylation) is linked to chromosome instability, due to 
essential roles of DNA methylation in repressing repetitive DNA sequences at 
 pericentromeric regions. Genome instability also constitutes an important compo-
nent of cancer development. Therefore, both DNA hyper- and hypo-methylation 
may contribute to the development of cancers.

DNA methylation undergoes dynamic changes during development [6]. 
Genomic DNA methylation is greatly reduced as the zygote develops into the 
gastrulation stages of embryos. During this process, DNA methylation in the 
female genome is passively removed by dilution as cells undergo division, 
whereas it is erased in the male genome by a faster, active DNA demethylation 
process. As a result, embryos at gastrulation stages have low levels of DNA meth-

DNA and Histone Methylation in Epigenetics



4

ylation. DNA methylation is re- established via de novo DNA methylation during 
successive cell divisions as the gastrulation stage of embryos initiates differentia-
tion and further develops into the next stages. DNA methylation is usually 
h eritable through mitotic cell division and some methylation is also heritable 
through the specialized meiotic cell division that creates egg and sperm cells, 
resulting in genomic imprinting.

DNA methylation can be offset by the activity of ten-eleven translocation (TET) 
methylcytosine dioxygenase family of proteins [11]. Instead of direct removal of 
methyl groups, TET family of proteins hydroxylates the methyl group to form the 
5-hydromethylcytisine (5hmC). The 5hmC can be further oxidized and finally removed 
from DNA sequence by the demethylation DNA repair system. This allows for the 
removal of the DNA methylation. Both DNA methylation and demethylation are 
tightly regulated. Misregulation of either process can result in dysregulation of gene 
expression that leads to increased susceptibility to human diseases such as cancer.

2.2  DNA Methyltransferase

The enzyme that catalyzes DNA methylation is DNA methyltransferase (DNMT) 
[17]. DNMT uses S-adenosyl methionine (SAM) as the methyl group donor to 
methylate cytosine at the 5 position of the pyrimidine ring. In mammals, there are 
four members of DNMTs that share the same catalytic domains: DNMT1, DNMT2, 
DNMT3a, and DNMT3b (Fig. 2). One additional protein, DNMT3L, although con-
taining the ATRX domain that is also present in DNMT3A and DNMT3B, does not 
contain an active catalytic domain. Based on the function of these DNMTs in DNA 
methylation, DNMTs can be divided into two subgroups: maintenance DNMT and 
de novo DNMT.

DNMT1 is the maintenance DNA methyltransferase (Fig. 2A). Through mul-
tiple regions, DNMT1 interacts with the replication fork, and uses the methylated 
cytosine from the parental strand as hemimethylated templates to methylate cyto-
sine in the newly synthesized daughter strand during DNA replication. Therefore, 
this enzyme is required for preserving the DNA methylation pattern during 
s uccessive cell division. Without the function of this enzyme, the replication 
machinery would produce daughter strands that are unmethylated, leading to pas-
sive DNA demethylation as cells undergo division. Deletion of DNMT1 results in 
genome-wide loss of DNA methylation. However, DNMT1 can only methylate 
DNA when one strand is methylated and cannot initiate DNA methylation when 
there is no methylated cytosine in either strand. DNMT3A and DNMT3B are the 
enzymes that initiate DNA methylation without the dependence on preexisting 
methylated cytosine (Fig. 2B). These two proteins are responsible for setting up 
the DNA methylation patterns during early embryonic development. After fertil-
ization, the male genome is actively demethylated and the female genome is pas-
sively demethyated as the embryos develop to the blastocyst stages. At this stage, 
the majority of genome DNA methylation is removed except for the imprinting 

H. Wang et al.
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regions. As embryos further develop and progress into the next stage, the DNA 
methylation pattern is re-established and DNMT3A and DNMT3B are responsi-
ble for the establishment of the DNA methylation pattern during this development 
stage. These two proteins may be partially redundant, as only deletion of both 
DNMT3A and DNMT3B in mouse leads to a failure to initiate de novo methyla-
tion after implantation.

DNMT2 also contains the catalytic domain for DNA methylation (Fig.  2C); 
however, the substrate for DNMT2 is not DNA but is the cytosine 38 in the antico-
don loop of aspartic acid transfer RNA (tRNA-Asp) [8]. Methylation of tRNA-Asp 
increases its affinity for aspartyl-tRNA synthetase and therefore controls the synthe-
sis of a group of proteins containing poly-Asp sequences. Although DNM3L itself 
does not have DNA methylation activity (Fig. 2C), this protein can interact with the 
de novo DNMT 3A and 3B and contribute to the establishment of DNA methylation 
patterns. Interaction with DNMT3L increases the binding affinity of these two 
DNMTs to DNA and stimulates the methyltransferase activity.

2.3  Methylated DNA Binding Protein

DNA methylation may affect the conformation and function of chromatin through 
several ways [9]. First, the methyl group on cytosine itself may physically impede the 
binding of transcription factors or other proteins to the underlying DNA template. 
Second, a group of proteins, named methylated DNA binding proteins (MBDs), can 

A. 

DNMT1
(1616 aa)

Nuclear 
localization

signal
HRX-like

Cys-rich region
KG(5)
linker

Active 
site PC

B. 
DNMT3A
(912 aa)

Active 
site PC

PWWP

ATRX-like
Cys-rich 

region

DNMT3B
(853 aa)

C. 

Active 
site PC

DNMT2
(391 aa)

DNMT3L
(387 aa)

Fig. 2 Mammalian DNA methyltransferases. (a) Maintenance DNA methyltransferase DNMT1. 
(b) De novo DNA methyltransferases DNMT3A and DNMT3B. (c) Proteins sharing sequence 
homologues with DNA methyltransferase. Functional domains are denoted
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specifically recognize the methylated DNA. The binding of these MBDs can block 
the binding of transcription factors or other protein factors to the underlying DNA 
template. Third and more generally, these MBDs recruit histone deacetylases 
(HDACs) and other chromatin remodeling proteins to methylated DNA regions. 
These enzymatic activities modify local chromatin conformation through histone 
deactylation and chromatin remodeling, leading to the formation of a repressive 
chromatin environment. This repressive chromatin environment inhibits transcrip-
tion and other processes that require access to the underlying DNA template.

There are five members of proteins, MeCP2 and MBD1-4 that can specifically 
recognize methylated CpGs in mammals (Fig. 3) [9]. These proteins bind to the 
methylated CpGs through a methyl-CpG-binding domain (MBD). The MBD 
domain contains 75 amino acids and adapt to a structural fold of four beta strands, 
three loops and one alpha helix, forming the interfacial surface with methylated 
DNA. The interaction occurs in the major groove of the double DNA helix. The 
interaction is through hydrophilic and hydrophobic interactions. Of these MBDs, 
MeCP2 appears to be specifically important for the normal function of nerve cells. 
Mutations of the MeCP2 gene are the cause of most cases of Rett syndrome, a pro-
gressive neurologic developmental disorder and one of the most common causes of 
mental retardation in females. In addition to the MBD domain, the MBD1 protein 
contains two to three cysteine-rich (CXXC) type zinc finger domains, and an addi-
tional transcriptional repression domain (TRD). MBD1 not only represses tran-
scription from methylated promoters but also repress unmethylated promoter 
activity through the variation of the CXXC domain. MBD2 has been reported to 
interact with HDAC1/2, MBD3, and Sin3, and mediates the repressive function of 
DNA methylation, by histone deacetylation. MBD3 is a subunit of the NuRD, a 
multisubunit complex containing nucleosome remodeling and histone deacetylase 
activities. MBD3 has been reported to interact with MTA2, HDAC1/2, and MBD2, 
and mediates the repressive function of DNA methylation. In addition to the MBD 
domain, MBD4 also contains a DNA glycosylase domain at its C-terminus. MBD4 
can also bind to the deamination derivatives of CpG G:U and G:T base pairs, and 
function in the initial step of base excision repair. MBD4 can specifically remove T 
and U paired with guanine (G) within the CpG sites, and contributes to the stability 

MeCP2

MBD1
TRDCXXC

MBD

MBD2
GR repeat

MBD3

MBD4
glycosylase

POZ Zinc fingers
KAISO

Fig. 3 Methyl DNA binding proteins. Functional domains are denoted
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of CpG at promoters. In addition to these MBD proteins, mammals also contain a 
KAISO protein. This protein exhibits bimodal DNA-binding specificity. KAISO 
binds to methylated DNA and also to the non-methylated DNA within the 
TCCTGCNA sequence. KAISO can recruit the N-CoR repressor complex, which 
contains the histone deacetylation activity and helps form the repressive chromatin 
structures in target gene promoters.

2.4  Function of DNA Methylation

Although methylated cytosine can be further hydroxylated to form 5hmC, DNA 
methylation is often stable and therefore the effects of DNA methylation on gene 
expression are normally permanent and unidirectional. The stable nature of DNA 
methylation helps the maintenance of the gene expression program specific to each 
cell type and prevents cells from reverting to stem cells or trans-converting into dif-
ferent cell types. The function of DNA methylation in mammals includes transcrip-
tion silencing, X chromosome inactivation, genome stability, as well as in many 
other biological processes [6, 13].

DNA methylation has been generally associated with transcription repression. 
Through the recruitment of HDACs and chromatin remodeling complexes, methyla-
tion of DNA often results in a compact chromatin conformation and transcription 
silencing. One special case of DNA methylation-mediated gene silencing is gene 
imprinting. Gene imprinting refers to a phenomenon where the expression of a 
given gene depends on which allele the gene is located on, i.e., only one allele from 
either the paternal (sperm derived) or maternal (egg-derived) genome is expressed. 
DNA methylation on imprinted genes escapes the global DNA demethylation after 
fertilization. One of the best characterized examples of gene imprinting is the 
insulin- like growth factor Igf2/H19 genes. These two genes are located 70 kb away 
in human chromosome 11. The Ifg2 gene is preferentially expressed from the pater-
nal allele while the H19 gene is preferentially expressed from the maternal allele. 
This allele-specific expression is controlled by a region located upstream of the H19 
gene. This region is methylated in the paternal allele, which recruits MBDs to form 
a closed chromatin conformation, and represses the expression of H19 gene. In this 
case, the tissue-specific enhancer interacts with the promoter of the Igf2 gene and 
allows the expression of this gene from the paternal allele. In contrast, this region is 
not methylated in maternal allele, which recruits CTCF to form an open chromatin 
conformation, allowing the expression of H19 gene only from maternal allele. The 
engagement of tissue-specific enhancer with the H19 gene prevents the expression 
of Igf2 gene from the maternal allele. Gene imprinting prevents the reproduction of 
organisms from unfertilized eggs and contributes to the stability and variability of 
species. The gene imprinting system is often disrupted in congenital malformation 
syndromes, tumors, or cloned animals.

Another important function of DNA methylation is X inactivation. In female 
mammals, one of the two X chromosomes is silenced to achieve equal gene doses 
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between male and female individuals. The silencing is achieved by packaging the 
entire X chromosome into a highly compact inactive structure called  heterochromatin. 
This chromosome-wide phenomenon has long been considered a paradigm for the 
study of the effect of heterochromatin formation and DNA methylation on gene 
expression in mammals. The inactivated X chromosome contains high levels of 
DNA methylation, which may contribute to the packaging of the X chromosome 
into the highly compacted inactive status. The inactivation process consists of three 
components—initiation, spreading and maintenance. DNA methylation may play a 
role in all three of these processes; however, the exact mechanism remains unclear.

DNA methylation is also required for the establishment of heterochromatic 
regions such as the centromere and telomere regions. These heterochromatic regions 
play important roles in genome stability. The centromere is required for proper seg-
regation of mitotic chromosomes to daughter cells. Malfunction of the centromeric 
region is often accompanied by inappropriate partition of genetic materials into two 
daughter cells. DNA methylation may also be responsible for maintaining telomere 
integrity through indirect regulation. DNMT knockout mice exhibit increased telo-
meric recombination and variations in telomere length. One particular example of 
DNA methylation in affecting genome stability is the ICF (immunodeficiency, cen-
tromere instability, facial anomalies) syndrome. The majority of ICF patients carry 
mutations in the de novo DNA methyltransferase DNMT3B.  Of these patients, 
hypomethylation is observed in centromeric heterochromatic regions, which may 
account for the genomic instability in ICF syndrome patients. Genome instability 
arising from aberrant DNA methylation particularly contributes to cancer initiation 
and development. DNA methylation has appeared as an appealing target for cancer 
treatment. Currently, small inhibitors for DNA methylation have undergone clinical 
trials for certain cancer treatment and have been approved by the FDA.

3  Histone Methylation

3.1  Methylation Sites

As the building block of chromatin, nucleosomes are subject to a variety of 
 modifications that modulate the dynamics and metabolism of chromatin. Once 
thought merely as a static structural component for DNA packaging, histones are 
now  recognized as important regulators for nucleosome function. Histones, particu-
larly the N-terminal tails, are modified by a variety of posttranslational m odifications. 
These modifications include, but are not limited to, methylation, acetylation, phos-
phorylation, and ubiquitination [16]. These modifications regulate the interaction 
between DNA and histones within the nucleosome, the interaction between adjacent 
nucleosomes, and even the interaction between nucleosomes from different chromo-
somes. Among these modifications, histone methylation is a prevalent modification 
and can modulate gene expression in either a positive or negative manner.

H. Wang et al.
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Of the four histones, histones H3 and H4 are predominately methylated (Fig. 4). 
Both histone lysine (K) and arginine (R) residues, which contain the free amino 
groups on their side chains, can be modified by methylation. The prominent methyla-
tion sites on histone H3 include R2, K4, K9, R17, R26, K27, K36, and K79 (Fig. 4). 
The prominent sites on histone H4 include R3 and K20 (Fig. 4). Furthermore, lysine 
residues can be methylated to mono-, di-, and tri-methylation status. Meanwhile, the 
arginine residue can be mono- and di- methylated, and based on the location of the 
methyl groups, arginine methylation can occur in symmetrical or asymmetrical man-
ners. While methylation of arginine is generally linked to gene activation, lysine 
methylation can lead to both gene activation and repression, depending on the spe-
cific amino acids being modified and the methylation status. It should be pointed out 
that the advance of the mass spectrometry technology and the development of the 
specific software allow more methylation sites being identified.

The formation of N-C bond in histone methylation renders the stable nature of 
this modification. Once thought to be a unidirectional modification, histone meth-
ylation has now been recognized as a reversible modification [10]. Two families of 
proteins targeting lysine methylation have been identified, and both employ an oxi-
dation mechanism. The lysine-specific demethylase 1 (LSD1) is a flavin-dependent 
monoamino oxidase, which coverts mono- and di- methylated H3K4 or H3K9 to 
unmethylated lysine residues. The JmjC domain-containing protein family  catalyzes 
lysine demethylation with Fe(II) and α-ketoglutarate as cofactors. In contrast to 
LSD1, JmjC domain-containing demethylase can remove all three lysine methyla-
tion states and constitutes the larger family of histone demethylases. As compared 
to lysine demethylation, arginine methylation is reversed in a different way. While 
the enzymes for demethylation of arginine residues remains to be identified, a dimi-

H3

H4

H2BK4 K9

R17

R2

K27

R26

K36 K79

R3K20

H2A

Fig. 4 Histone methylation sites. Repressive histone methylations are marked with red while 
active histone methylation sites are marked with green. Both lysine and arginine methylation are 
indicated
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nase PADI4 can convert the methylated arginine to citrulline residue and thus antag-
onize the effects of arginine methylation. However, PADI4 can also convert 
non-methylated arginine residues to citrulline residue, rendering the specificity of 
this enzyme in antagonizing the function of arginine methylation in question.

3.2  Histone Methyltransferases

The enzymes that catalyze histone methylation are histone methyltransferases 
(HMTs). Based on specific residues targeted by these enzymes, HMTs can be fur-
ther divided into different subgroups [14]. HMTs that specifically target the arginine 
residues are protein arginine methyltransferases (PRMTs) [7]. All PRMTs contain 
the conserved catalytic core, with signature motif I, post-I, II, III, and the THW loop 
(Fig. 5). The catalytic core adapts a doughnut-like head-to-tail homodimer. Each 
monomer contains an active site that binds the methyl group donor SAM and the 
targeted peptide or protein substrate. A pair of highly conserved glutamate residues 
in the active core uses its negative charge to coordinate the positively charged gua-
nidino group of the arginine residue into the correct orientation for methylation.

HMTs that specifically catalyze the methylation of lysine resides can be further 
divided into two subgroups [14]. One subgroup contains a conserved SET (stands 
for Su(var)3-9, Enhancer of Zeste, Trithorax) domain, a pre-SET domain, and a 
post-SET domain (Fig. 6). The structures involved in the methyltransferase activity 
are the SET domain, which is composed of approximately 130 amino acids, the pre- 
SET, and the post-SET domains. The pre-SET domain often contains cysteine resi-
dues and forms zinc clusters to bind zinc ions. The SET domain is enriched in 
β-strands, which together with the β-sheets in pre-SET domain, forms the catalytic 
core. For methylation, the catalytic core binds to both the SAM and the substrate 

PRMT1 (361 aa) 

PRMT2 (433 aa) 
SH3

I II IIIpI
THW
loop

Zn+

PRMT3 (531 aa) 

PRMT4 (606 aa) 

PRMT5 (637 aa) 

TIM 
Barrel

PRMT6 (375 aa) 

PRMT7 (692 aa) 

PRMT8 (394 aa) 

PRMT9 (845 aa) 

Tri 
TPR

Fig. 5 Protein arginine methyltransferases. Functional domains are denoted
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histone tail and orients them in a proper position. A tyrosine residue in the catalytic 
core then deprotonates the ε-amino group of the lysine residue allowing the lysine 
chain to make a nucleophilic attack on the methyl group on the sulfur atom of the 
SAM molecule and thereby transferring the methyl group to the lysine side chain. 
This family of HMTs constitutes the largest family of histone methyltransferases. 
The variations of the SET domain structure allow these SET domain methyltrans-
ferases to target many different residues and perform different degrees of methyla-
tion. Interestingly, some of the HMTs targeting lysine methylation do not contain 
the SET domain. The only enzyme in this family of HMTs is Dot1 or Dot1L in 
humans. Dot1 or Dot1L methylates histone H3 at K79 that is at its globular region. 
The active site of Dot1 is at its N-terminal. The methyl group donor SAM binds to 
a loop linking the N-terminal catalytic domain and the C-terminal domain. The 
C-terminal is important for the substrate specificity and Dot1 binding to DNA. The 
structural constraints define that Dot1 can only methylate histone H3.

3.3  Methylated Histone Binding Protein

Although methylation does not change the overall charge of the residue, each 
replacement of the proton from the ε-amino decreases the possibility of hydrogen 
bound formation and increases hydrophobicity. Therefore, methylation of histones 
by itself could affect the interactions of protein factors with the chromatin template. 
More generally, methylation of histones provides a binding platform for other 
downstream proteins [12]. The diverse function of histone methylation in chromatin 
regulation is largely attributed to the various binding proteins for lysine residues 
modified at different sites and different states (Fig. 7).

Domains that specifically recognize methylated lysine residues include the plant 
homeodomain (PHD), the Royal family domains, CW domain and some WD40 
domains, such as those of WDR5 and EED. The Royal family includes the Tudor, 
plant agent, chromo, PWWP, and malignant brain tumor (MBT) domains. The PHD 
finger constitutes a large family of proteins that specifically bind to methylated 

SUV39H1(412 aa) 
Chromo

Pre-
SET

Post-
SETSET

SET7/9(366 aa) 

SET1(1709 aa) 

G9a(1210 aa) 

EZH2 (746 aa) 

N-SETRRM

CXCSANT SANT

ANK

Fig. 6 Selected Histone lysine methyltransferases. Functional domains are denoted
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H3K4. The PHD fingers of ING family proteins bind to H3K4me3 through aromatic 
side chains of Y215 and W238 residues. The binding of H3K4me3 stabilizes the 
association of mSin3a-HDAC1 complex, where ING2 is a core subunit, to chroma-
tin. The association results in histone deacetylation and formation of repressive 
chromatin conformation in response to DNA damage. On the other hand, the PHD 
finger in the BPTF protein recognizes H3K4me3 through the anti-parallel β-sheet 
and the H3K4me3 is inserted into the deep packets on the BPTF surface. Since 
BPTF is a component of the ATP-dependent chromatin remodeling complex, the 
binding may contribute to chromatin remodeling during transcription activation. 
The PHD finger in RAG2 proteins can influence V(D)J recombination through rec-
ognition of H3K4me3. Another big family of proteins that recognize methylated 
lysine residues is the “Royal family” domain. The chromodomains in HP1 and PC 
recognize methylated H3K9 and H3K27, respectively. The binding may help trigger 
the formation of heterochromatin and/or recruitment of downstream of repressive 
complexes. The Tudor domain has high degrees of structural and functional diver-
sity. Similar to the chromodomain, the Tudor domain recognizes methylated lysine 
through an hydrophobic packet formed by 2–4 aromatic amino acids. The tandem 
Tudor domain in 53BP1 and JMJD2A has been implicated in the binding of methyl-
ated histones. In this case, the tandem Tudor domain of 53BP1 has been implicated 
in binding of H4K20me2. The two Tudor domains in JMJD2A are interdigitated 
and form the binding surface of H3K4me3 and H4K20mes. Many MBT domain 
proteins belong to the Polycomb protein family. This domain shows structural simi-
larity to the “Royal family” of histone binding domains. However, MBT domain 
may bind to methylated lysine with low methylation level (e.g. mono- and di-).

H3

H4

H2BK4 K9

K27

K36

K20H2A

BPTF
CHD1
ING2 HP1

CRB2
JMJD2

EAF3

Fig. 7 Proteins bound to methylated lysine residues in histones
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A subgroup of Tudor domains, such as those in the SMN, SPF30 and TDRDs, can 
specifically recognize arginine methylation [2, 3]. Yet, it is difficult to predict which 
Tudor domain recognizes methylated lysine or arginine just based on the protein 
sequences. Tudor domain proteins that bind to methylarginine are often linked to 
RNA metabolism. For example, both SMN and SPF30 are involved in regulation of 
pre-mRNA splicing, and many members of the TDRD family of proteins regulate 
small interference RNA (siRNA) silencing pathway through recognition of methyl-
ated arginine residues. Interestingly, the expression of most TDRD proteins is par-
ticularly high in the germ cells, which might implicate their involvement in the 
piRNA pathway during gametogenesis. TDRD3 is the only known Tudor protein that 
was shown to recognize arginine-methylated histones. TDRD3 preferentially recog-
nizes H3R17me2a and H4R3me2a mark and promotes transcription.

3.4  Function of Histone Methylation

Although histone methylation does not alter chromatin function directly, methyla-
tion can affect the binding of protein factors, in turn repressing or activating tran-
scription (Fig. 4, repressive marks are colored red and permissive marks are colored 
green) [14]. Furthermore, different degrees of histone methylation can have differ-
ent functional outputs. For example, methylation of H3K4 at di- or tri-methylated 
status usually locates on the promoter regions of active genes. Methylation of H3K4 
at mono- methylated status often locates at enhancer regions. These methylation 
events are believed to activate transcription, directly or indirectly. Indeed, the 
enzymes that catalyze H3K4 methylation are associated with actively transcribed 
RNA polymerases and add these histone marks as transcription occurs. These meth-
ylation events may help establish chromatin status for the next round of transcrip-
tion. In contrast, methylated H3K36 is localized in gene coding regions. This mark 
is deposited on chromatin by association of the enzymes with elongating form of 
RNA polymerases. This mark may help contribute to the stability of nucleosomes 
after transcription and may also modulate the pre-mRNA splicing processes. 
Methylation of H3K79 is also located in gene coding regions. Both H3K4 and 
H3K79 methylation are controlled by H2B ubiquitination and ongoing transcrip-
tion. In addition to these lysine modifications, H3R2, H3R16, and R26 are also 
correlated with gene activation. Methylation of these three arginine residues is 
c arried out by the co-activator CARM1. Arginine methylation may enhance the 
h istone acetylation and contribute to gene activation. Similarly, H4R3 can also be 
methylated, and this methylation facilitates downstream histone acetylation and 
positively contributes to gene activation.

Histone methylation sites that are linked to gene repression include H3K9, 
H3K27, and H4K20 methylation (Fig. 4). These modifications may contribute to the 
closed chromatin conformation and transcription repression, directly or indirectly. 
Methylations of H3K9 di- and tri- status are involved in heterochromatin formation 
and thus gene repression. These modifications are mediated by SUV39H1 and are 
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particularly enriched at percentermatic regions. These modifications recruit the HP1 
proteins and serve as seeding sites for heterochromatin spreading. This modification 
is important in the formation of constitutive heterochromatic structure and thus 
genomic stability. In contrast, H3K9 di- and tri- methylation in eurochromatic 
regions is mediated by G9a. This modification facilitates the formation of faculta-
tive heterochromatin and transcription repression. Methylation of H3K27 is cata-
lyzed by Polycomb repressive complex 2 and therefore this modification is believed 
to create a binding site for downstream PRC1. Therefore, H3K27 methylation is 
specifically linked to polycomb group protein-mediated gene silencing. Methylation 
of H4K20 is also associated with a closed chromatin status and may function in 
DNA damage repair. In this case, H4K20 methylation is recognized by 53BP1 pro-
tein and helps localize 53BP1 to damaged DNA foci, in conjunction with H2AK15 
ubiquitination. Although histone demethylases have been identified, histone 
 modifications are generally stable and can be passed down to progeny with the 
mechanism remains to be elucidated.

4  Perspective

Methylation of DNA and histones are important components of the epigenetic 
machinery. These two modifications, together with other epigenetic regulatory 
mechanisms, contribute to the stable expression of gene expression program spe-
cific to a given cell type. The epigenetic mechanism is particularly important as 
cells undergo normal programming during development and undertake reprogram-
ing to acquire a cancerous phenotype. Compared to gene mutation and deletion, 
epigenetic mechanisms are reversible and can be targeted by small molecule inhibi-
tors, and thus epigenetics has appeared as an appealing target for cancer treatment.

As important components of epigenetics, both DNA and histone methylation 
depends on the availability of methyl group donor SAM. In humans, there are three 
major resources of methyl group donor: methionine (~ 10 mmol of methyl/day), one 
carbon metabolism via methylfolate (~5–10 mmol of methyl/day), and choline (~30 
mmoles methyl/day). The three methyl group donors can compensate each other; 
however, when severely depleted from diet, methylation of DNA and histones can 
be affected. Since proper methylation of DNA and histones may be important for 
normal cell functions, scientists recommend adequate methyl donors in the diet 
such as green tea, red wine, spinach, walnuts, and pomegranate [4]. This diet may 
be of benefit in repressing the expression of harmful genes.

Since the epigenetic system plays a key role in the cell gene expression program, 
this system has to undergo profound reprograming as cells revert to acquire uncon-
trolled proliferative features. As important components of epigenetics, there has 
been a wealth of literature that both DNA and histone methylation undergo signifi-
cant changes during the carcinogenesis processes. Consequently, DNA methylation 
inhibitors have been used in certain cancer treatments, in conjunction with other 
treatments. The specific effects on cancer cells are enhanced by the relatively rapid 
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division of these cells vs normal somatic cells. Along this line, a number of novel 
inhibitors for HMTs are under way for clinical trial. One side effect for these inhibi-
tors and possibly all inhibitors targeting epigenetic revenue is that epigenetics are 
also essential for normal cell function. How to specifically target these inhibitors to 
cancer cells may be a long way for future studies. However, strong basic science and 
mechanism-based clinical trials will overcome the issue.
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Abstract In mammals, cytosine in CpG sequences in genomic DNA is often methylated 
at the 5th position. DNA methylation acts as a regulator of gene expression, and is crucial 
for development, especially in higher eukaryotes. Three DNA (cytosine- 5)-
methyltransferases, Dnmt1, Dnmt3a, and Dnmt3b, have been identified. Dnmt3a and 
Dnmt3b are mainly responsible for establishing DNA methylation patterns in the genome. 
Factors interacting with Dnmt3a or Dnmt3b, histone modifications, and their timing of 
expression act as determinants for sites to be methylated. Once DNA methylation pat-
terns are established, the patterns are maintained by Dnmt1, which favors methylation of 
hemi-methylated DNA (where only one DNA strand is methylated) after DNA replica-
tion and repair. For maintenance DNA methylation, interacting factors and histone modi-
fications are also necessary in vivo. In this chapter, the function of DNA methylation and 
the molecular mechanisms to establish and maintain DNA methylation are described.
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1  Introduction

DNA methylation is a covalent functional modification of genomic DNA, provid-
ing a layer of information in addition to the nucleotide sequence [15]. In mam-
mals, DNA methylation mainly occurs at the C-5 position of cytosine, mostly 
within CpG sequences [15], though recently N6-methyladenine has also been 
reported [197]. In the human and mouse genomes, about 4% of cytosine residues 
are methylated in differentiated tissues. 5-methylcytosine (5mC) is widespread 
throughout the mammalian genome and observed on about 80% of CpG dinucleo-
tides. 5mC is thought to contribute to the formation of heterochromatin at pericen-
tromeric regions, transcriptional repression of the inactive X chromosome in 
females, and expression regulation at imprinting control regions in a parent-of-
origin specific manner [162]. CpG-rich regions of approximately 1 kb, known as 
CpG islands, are found in more than half of genes, and are often observed in or 
near promoter regions [52]. 5mC in CpG islands is negatively correlated with gene 
expression, and this correlation contributes to cell type-specific gene expression 
patterns [77]. In contrast, DNA methylation in gene bodies is generally associated 
with high expression levels [174, 70]. Levels of DNA methylation are higher in 
exons than introns in diverse organisms [56]. While DNA methylation has only a 
minor influence on the regulation of splicing of constitutive exons, it has a major 
effect on alternative exon splicing [97].

In mammals, global DNA methylation is reduced during the early stages of germ 
cell development, and re-established in gonocytes in males and growing oocytes in 
females [149]. The expression of roughly 100 autosomal genes, referred to as 
imprinted genes, is differentially regulated between the two parental genomes. 
Imprinted genes are characterized by distinct DNA methylation regions in the male 
and female genomes, termed differentially methylated regions (DMRs). The DMR 
methylation states are established in germ cells at the same time as global DNA 
methylation [81, 160].

After cell differentiation, DNA methylation is thought to be a stable epigen-
etic signal; however, DNA methylation patterns are changed during biological 
and pathological processes [142, 11]. Several relationships between DNA meth-
ylation and disease have been reported. Hypermethylation of tumour suppressor 
genes is often associated with transcriptional silencing [41]. Changes of DNA 
methylation are associated with other diseases such as rheumatoid arthritis [110] 
and neuronal disorders [34, 114, 130]. Moreover, DNA methylation can be peri-
odically changed in a strand-specific manner during transcriptional cycling of 
the p52/TFF1 gene promoter upon activation by oestrogens on a time scale as 
short as 1 h [116, 83].

DNA methylation drifts in an age-specific manner, in which global hypomethyl-
ation and local hypermethylation are observed [78]. Dynamic changes in DNA 
methylation are also critical in the consolidation of contextual fear-conditioned 
memories [117]. In summary, DNA methylation contributes to many biological 
phenomena mainly by regulating gene expression.
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2  DNA Methylation and Gene Silencing

Generally, DNA methylation on promoter regions represses gene expression. Genes 
that are tissue-specifically expressed are generally heavily methylated and in a con-
densed chromatin state in tissues that are not expressing the genes. It has also been 
reported that methylation contributes to the silencing of transposons, which occupy a 
significant proportion of mammalian genomes. The level of DNA methylation increases 
in proportion to the size of the genome. This could be due to the fact that the numbers 
of transcriptional factors does not increase in proportion to genome size in higher 
eukaryotes. Except for a small number of transcription factors such as SP1 [67], many 
transcription factors such as CTCF [10, 66], E-box-binding transcription factor c-Myc 
[134], and Ets transcription proteins [183], are inhibited in their binding to target DNA 
sequences due to target sequence methylation. Repression of binding of transcriptional 
factors by DNA methylation could contribute to the efficient utilization of a limited 
number of transcription factors to manage the increased genome size.

In addition to this direct effect of DNA methylation on the recognition of transcrip-
tion factors, methylated DNA is recognized by several methylated DNA- binding pro-
teins, which form complexes or associate with co-repressor complexes such as NuRD, 
Sin3A, or NCoR, by coupling histone modifications and chromatin states [33].

3  DNA Methyltransferases in Mammals

DNA methylation is established and maintained by the coordinated activity of DNA 
methyltransferases [13] (Fig. 1). DNA methylation patterns are established by the de 
novo methyltransferases Dnmt3a and Dnmt3b. One member of the Dnmt3 family, 
Dnmt3L, does not possess DNA methylation activity, but the protein is indispensable 

Fig. 1 Schematic illustration of mouse Dnmts. RFTS, CXXC, BAH, PWWP, ADD, and catalytic 
domain are indicated by yellow, purple, gray, light green, red, and pink, respectively. Conserved 
motif I, IV, VI, VIII, IX, and X in catalytic domain is shown by blue. In Dnmt1, lysine-glycine 
repeats are followed by catalytic domain
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for DNA methylation for global genomic regions in germ cells [69]. As Dnmt1 pref-
erentially methylates hemimethylated DNA in which only one of the two strands is 
methylated, Dnmt1 maintains the established DNA methylation patterns through the 
cell cycle. Dnmt2 was found to be another DNA methyltransferase [203];  however, 
the enzyme has turned out to catalyze tRNA methylation [57].

3.1  Proposed Mechanism of Methylation Reaction

The reaction of DNA methylation is a two-substrate reaction involving S-adenosyl- 
L-methionine (SAM) as a methyl-group donor and cytosine bases in DNA as a 
methyl-group acceptor (Fig. 2). The SH group of cysteine at the catalytic center of 
DNA methyltransferase nucleophilically attacks the 6th carbon in the pyrimidine 
ring of cytosine, and forms a covalent bond to cytosine. This activates the 5th carbon 
and promotes the transfer of a methyl-group from SAM.  Finally, the enzyme is 
released from the DNA [92].

The sequence responsible for the catalytic reaction comprises ten motifs that are 
conserved in prokaryotes and eukaryotes. Among these motifs, six, i.e. I, IV, VI, 
VIII, IX, and X, are conserved in all cytosine methyltransferases. Motif I is respon-
sible for the binding of SAM, and the Cys of the Pro-Cys sequence in motif IV 
covalently binds to the carbon at the 6th position to become the intermediate of the 
methylation reaction, as described above. The sequence between motifs VIII and IX, 
which exhibits no homology among the enzymes, is called the “target recognition 
domain (TRD)”, and specifies the catalysis target sequence for methylation [92]. In 
fact, the TRDs of Dnmt1 and bacterial methyltransferase show clear differences in 
their structures derived from x-ray crystallography (Fig. 3).

Dnmt

CH3

C 5mC

SAM SAH

CH3

Fig. 2 Cytosine methylation. By transferring methyl group from s-adenosyl methyonine (SAM) 
to 5th position of cytosine (C), with DNA methyltransferase (Dnmt), cytosine is converted to 
5-methyl cytosine (5mC). After the transfer, S-adenosyl-homocysteine (SAH) is produced
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3.2  Establishment of DNA Methylation Patterns

3.2.1  Properties of the de novo Methyltransferases Dnmt3a and 3b

In mammals, two of the three cytosine DNA-methyltransferases, Dnmt3a and Dnmt3b, 
are responsible for establishing methylation patterns with their de novo- type DNA 
methylation activity [123, 2]. Both Dnmt3a and Dnmt3b knockout mice show severe 
defects in establishment of DNA methylation patterns at early stages of embryogene-
sis, and consequently do not develop normally [123], indicating that Dnmt3a and 
Dnmt3b play crucial roles in creating DNA methylation patterns. Double knockout 
mice, in which Dnmt3a and Dnmt3b genes are simultaneously removed, show a more 
severe phenotype during development compared to single knockout of either gene. 
Thus, Dnmt3a and Dnmt3b are partially redundant for the establishment of DNA 
methylation.

Several phenotypes of Dnmt3 mutants have been reported. Centromeric hetero-
chromatin regions are prominent, specific methylation sites of Dnmt3b [123]. 
Knockout or mutation of the Dnmt3b gene induces hypomethylation in the centro-
meric hetrochromatin region, which is a cause of the autosomal recessive disorder, 
immunodeficiency-centromeric instability-facial anomalies (ICF) syndrome [123, 65, 
199]. Induced hypomethylation in a pericentric region can induce genome instability. 

TRDTRD

Catalytic center
(PCQ sequence)

Catalytic center
(PCQ sequence)

Fig. 3 Disposition of motifs within catalytic domain of Dnmt1. The comparison of the catalytic 
domain of mouse Dnmt1 (left panel; PDB ID: 3AV4) and bacterial methyltransferase, M.HhaI, 
(right panel; ID: 1MHT). Motif I, IV, VI, VIII, IX and X in catalytic domain in both Dnmt1 and 
Hha I are indicated by red, blue, purple, yellow, pink, and cyan, respectively. TRD region is indi-
cated by green. These catalytic center (PCQ sequence) are showed by stick model, respectively. 
TRD region Dnmt1 and M. HhaI is 1398–1547 and 189–271 amino acids, respectively
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Recently, a mutation in the Dnmt3a gene was found to be a major cause of acute 
myeloid leukemia [99]. In addition, both Dnmt3a and Dnmt3b are  upregulated in 
cornu ammonis 1 (CA1) of hippocampus, and blocking their methyltransferase activ-
ity prevents neuronal memory consolidation [117]. Together, Dnmt3a and Dnmt3b 
play essential roles in normal development and regulation of the nervous system.

The expression patterns of Dnmt3a and Dnmt3b are independently regulated. 
Dnmt3a is ubiquitously expressed in somatic cells, although the expression level is 
low. Exceptionally, an isoform named Dnmt3a2 (de novo type DNA methyltransfer-
ase) that is missing roughly 200 amino acid residues found at Dnmt3a’s amino- 
terminus is highly expressed during germ cell development and in early embryos 
(Fig. 1) [22, 194, 150, 151]. In contrast to Dnmt3a, the expression of Dnmt3b is 
strictly regulated. Dnmt3b is highly expressed in pluripotent stem cells and progeni-
tor cells at the stage of pre- and post-implantation [192].

Recently, the genome-wide localization of both Dnmt3 genes has been analyzed 
in ES cells [9]. Dnmt3a and Dnmt3b localize to methylated, CpG-dense regions in 
mouse stem cells, but are excluded from active promoters and enhancers. Dnmt3b 
selectively binds to the bodies of transcribed genes, which leads to their preferential 
methylation, and its targeting to transcribed sequences requires SETD2-mediated 
methylation of lysine 36 on histone H3 [9].

Many alternative splicing isoforms have been reported for Dnmt3b [143, 126]. 
Most of the Dnmt3b isoforms have a deletion in the C-terminal catalytic region and 
thus exhibit no DNA methylation activity. Among the translation products, only 
Dnmt3b1 and Dnmt3b2 possess DNA methylation activity [2]. Recently, a new 
splicing isoform that skips exon 6 has been reported to be highly expressed in in 
vitro fertilized embryos and shows relatively low DNA methylation activity, leading 
to low DNA methylation in these embryos [71]. A major isoform, Dnmt3b3, which 
lacks the exon of the middle part of the catalytic domain, exhibits no DNA methyla-
tion activity [2]. Dnmt3b3 has also been reported to play a role in modulating DNA 
methylation [195, 186].

3.2.2  Structural Properties of Dnmt3

Both Dnmt3a and Dnmt3b have similar domain arrangements: a Pro-Trp-Trp-Pro 
(PWWP) domain, Atrx-Dnmt3-Dnmt3L (ADD) domain (also known as the plant 
homeodomain (PHD)), and C-terminal catalytic methyltransferase domain (Fig. 1). 
An amino-terminal region, which is located ahead of the PWWP domain, is unique 
to the long isoform of Dnmt3a and exhibits DNA-binding capability [171, 135], and 
is reported to bind to the silenced Oct4 promoter region in mouse embryonic stem 
cells [87]. The PWWP domain is reported to bind DNA in vitro [135, 137]. The tar-
geting of Dnmt3b to transcribed sequences requires a functional PWWP domain of 
Dnmt3b [9]. The ADD domain interacts with various proteins, such as HDAC1 (his-
tone deacetylase) and Ezh2 (histone H3K27 methyltransferase) [48, 189]. Ezh2 binds 
to the amino- terminal region of Dnmt3a, in addition to its ADD domain [189].
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A dimer of the Dnmt3a catalytic domain with Dnmt3L (described in detail in 
following section) shows a “butterfly” structure (Fig. 4a) [75]. The distance of cata-
lytic pockets in the dimer is 40 Å, which corresponding to single turn of DNA helix 
[75]. Similar periodic DNA methylation patterns are observed for the frequency of 
CpG sites in the DMRs of 12 maternally imprinted mouse genes [75]. Thus, peri-
odic methylation in the genome is proposed to be created by Dnmt3a [75]. ADD 
domain structure of Dnmt3a is similar to that of the ADD domains of DNMT3L and 
ATRX [4, 125], and is composed of two C4-type zinc fingers [127]. Recently, the 
co-crystal of truncated DNMT3a (ADD and catalytic region) and histone H3 amino- 
terminal peptide has been solved [63] (Fig. 4b). DNMT3A exists in an autoinhibi-
tory form, as the ADD domain inhibits DNA binding activity of the catalytic domain. 
ADD domain of Dnmt3a specifically binds to unmodified histone H3 [127], and its 
binding is clearly visible in the crystal structure [63]. In addition, the histone H3 

Dnmt3a-Dnmt3a interface

Dnmt3a-Dnmt3L interface
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A

Histone H3 (1-12) 
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Dnmt3L 
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B 

Fig. 4 Structure of Dnmt3a and Dnmt3L. (a) Co-Crystal of Dnmt3a catalytic domain and 
Dnmt3L. Dnmt3a catalytic domain and Dnmt3L are shown as red and blue, respectively. SAM is 
shown by stick model (yellow). (b) The activation mechanism of Dnmt3a by the orientational 
change of Dnmt3a ADD domain. Catalytic domain and ADD of Dnmt3a, and Dnmt3L are shown 
by red, green, and blue, respectively. The H3 peptide was drown by stick model (light-blue)
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N-terminal tail stimulates its activity in a Dnmt3L-independent manner, when the 
H3 tail interacts with the ADD domain, causing a positional change (Fig. 4b) [63]. 
Thus, recent extensive studies have opened a window on the relationship between 
function and domain structure of Dnmt3.

3.2.3  Sequence Specificity of de novo Methyltransferases

Using whole-genome bisulfite sequencing methylome analyses, non-CpG methyla-
tion was observed in human and mouse ES cells, human induced pluripotent stem 
cells and mouse brain [107, 93, 141], and mouse oocyte [159], but is not present in 
most somatic cells,. The major methylation target sequence of Dnmt3a and Dnmt3b 
is CpG sequence, however, Dnmt3a and Dnmt3b cause non-CpG methylation of 
CpA, and CpC and CpT, respectively, in vitro [2, 167].

Knockout of the maintenance methyltransferase Dnmt1 induces little effect on non-
CpG methylation in mouse ES cells [3]. Dnmt3a deficiency and knockout reduced 
non-CpG methylation in ES cells [3, 114], oocytes [159] and neurons [62]. In addition, 
deletion of the DNMT3b gene results in a dramatic reduction of non- CpG methylation 
in human ES cells [3, 103], and knockdown of Dnmt3b following DNMT3a shows a 
further reduction of non-CpG methylation in human ES cells [210]. Non-CpG meth-
ylation is therefore dependent on both Dnmt3a and Dnmt3b, and each is able to par-
tially compensate for loss of the other’s methylation activity. Most non-CpG 
methylation is observed at CpApG sequences in human ES cells [93, 107].

In particular, 25% of total methylated cytosines are in a non-CpG context in human 
ES cells [107]. Non-CpG methylation is generally lower in promoters [93, 107] and 
more abundant in gene bodies, compared to intergenic regions [108, 198]. Intragenic 
non-CpG methylation is closely correlated with gene expression [108, 198]. Lister 
et al. reported that non-CpGs are not methylated on both strands, but rather only on 
the antisense strand [108]. Although the localization of non-CpG methylation is clear 
in some cells, its function in mammals is still elusive.

It was also reported that Dnmt3a and Dnmt3b likely recognize adjacent nucleo-
tides of CpG sites: Dnmt3a prefers CpG sites flanked by pyrimidines (Y) over those 
flanked by purines (R) [104]. Furthermore, Dnmt3a and Dnmt3b prefer RCGY, and 
disfavor YCGR [64]. However, such sequence specificity is not sufficient for target-
ing of methylation to specific genomic regions. Thus, either Dnmt3a or Dnmt3b are 
recruited to target methylation regions by other factors, or the state of chromatin 
structure may determine the methylation regions.

3.2.4  Factors that Guide Dnmt3 to Target Sites for Methylation

Sequence-specific DNA-binding proteins are involved for the targeting of Dnmts. 
Dnmt3a binds the co-repressor complex of PR48/HDAC1 or proto-oncogene c-Myc 
through the ADD domain [48, 19]. Both Dnmt3a and Dnmt3b cooperate with EVI1 
(oncogene product) to bind and methylate the expression-controlling region of 
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miRNA 124-3 [155]. Recently, noncoding RNA is reported to be involved in target-
ing of Dnmt3b to de novo methylation sites. pRNA, which binds the promoter of 
rRNA coding genes and forms a DNA:RNA triplex, recruits Dnmt3b for DNA 
methylation [153]. On the contrary, Ross et al. have reported that the DNA:RNA 
heteroduplex inhibits the de novo methylation activities of both Dnmt3a and 
Dnmt3b in vitro [145].

In addition, guiding by factors that bind to sequence-specific DNA-binding pro-
teins has been reported. ZFP57, which is one of the KRAB zinc-finger proteins, 
plays crucial roles in the establishment and maintenance of imprinted gene methyla-
tion specifically through interaction with Trim28 (KAP1 or TIF1β) [138, 139], to 
which Dnmt3a and Dnmt1 bind [211]. The KRAB zinc-finger protein family, which 
comprises more than 300 genes, determines target regions [111]. Trim28 contributes 
as a scaffold for guiding Dnmts to a variety of target sequences using sequence- 
specific KRAB zinc-finger proteins. In a similar category, NEDD8, which is an 
ubiquitin-like small protein modifier, acts as a tag in guiding Dnmt3b to NEDDylated 
proteins [156]. The main target of NEDDylation is Cullin protein, which plays a role 
in heterochromatin formation. Dnmt3b is reported to be tethered to centromeric and 
pericentromeric heterochromatin regions through interaction with CENP-C [58].

Contrarily, the recruitment of Dnmt3a is not coupled with introduction of methyla-
tion. Dnmt3a can be recruited to target sequences by Ezh2, a component of polycomb 
repressive complex 2 (PRC2) [148], MBD3, an intrinsic component of the co-repres-
sor complex NuRD, Brg1, an ATPase subunit of Swi/Snf chromatin remodeling factor 
[31], or p53 [190]; however, the recruitment does not affect the DNA methylation 
state. Thus, while proteins that interact with Dnmt3s, either directly or indirectly, have 
been identified, the regulation of de novo methylation still remains elusive.

3.2.5  Function of Dnmt3L in Establishing DNA Methylation Patterns

Dnmt3a and Dnmt3b also strongly interact with Dnmt3L, whose sequence is similar 
to that of Dnmt3a or Dnmt3b, but has no catalytic activity [72]. The expression of 
Dnmt3L is not observed in differentiated somatic cells, and its expression is 
restricted to germ cells and very early stage embryos. The expression of Dnmt3L in 
germ cells is necessary for global DNA methylation as well as the DMRs of 
imprinted genes [69]. The C-terminal half of Dnmt3L directly interacts with Dnmt3a 
or Dnmt3b and thereby enhances their DNA methylation activity [168, 25]. In male 
germ cells in gonocytes at 14–18 day postcoitum (dpc) when global methylation 
occurs, Dnmt3L and Dnmt3a2 show high expression levels [150]. Loss of Dnmt3L 
also causes overexpression of retrotransposons and defects in synaptonemal com-
plex formation required for mature meiotic spermatocytes, leading to meiotic catas-
trophe and spermatogenic arrest [18, 193].

Biochemical analysis showed that the activity of Dnmt3a2 is more sensitive to 
salt conditions compared with Dnmt3a, in vitro, and thus cannot exhibit DNA meth-
ylation activity under physiological salt conditions; however, it is resistant to salt in 
the presence of Dnmt3L [169]. Dnmt3L interacts with the polycomb complex 
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PRC2 in competition with Dnmt3a and Dnmt3b to maintain low methylation levels 
in chromatin regions enriched with lysine 27 tri-methylated histone H3 (H3K27me3). 
It has been proposed that, in ES cells, Dnmt3L counteracts the activity of de novo 
DNA methylation to maintain hypomethylation at promoters of H3K27-methylated 
genes [120].

3.2.6  Chromatin Structure and Establishment of DNA Methylation

Biochemical studies showed that the DNA in nucleosome core regions is a poor 
substrate for Dnmt3a or Dnmt3b [144, 178, 179]. Dnmt3b, however, weakly but 
significantly methylates DNA in the nucleosome core region [178]. Dnmt3b is the 
major DNA methyltransferase that contributes to global DNA methylation at an 
early stage of embryogenesis [123, 191]. Thus, the ability of Dnmt3b to methylate 
the nucleosome core region may contribute to this global methylation. In addition to 
nucleosome structure, the effect of the linker histone (histone H1) on Dnmt3 has 
been investigated. Dnmt3a and Dnmt3b preferentially methylate a naked linker por-
tion, which is inhibited by the binding of linker histone H1 (H1) [178, 179]. 
Interestingly, however, in vivo, H1 is necessary for the maintenance of methylation 
in Arabidopsis with the aid of a chromatin remodeling factor [205]. Since it has 
been reported that the half-life of H1 at the same position is less than 10 min [20], 
the replacement of H1 may provide a naked linker to Dnmt3a for de novo methyla-
tion. DNA methylation occurs mainly in the linker region not only in ES cells [182] 
but also in HeLa cells [46], while it is also reported that nucleosome position- 
dependent DNA methylation distribution is not detected by methylome mapping 
[140]. Histone H1 promotes epigenetic silencing at the H19 and Gtl2 imprinting 
loci in mouse ES cells, by either direct interaction between H1 and DNMT3B as 
well as DNMT1, leading to their recruitment to DNA, or by interfering with binding 
of the SET7/9 methyltransferase to chromatin, leading to inhibition of methylation 
of H3K4  in nucleosomes [201]. However, direct interaction between H1 and 
DNMT3a has not been observed, and interaction of H1 with DNMT1 or DNMT3b 
differs between H1 isoforms [201]. Furthermore, the effect of nucleosome remodel-
ing on the activity of Dnmt3 has been studied. The Swi/Snf-type chromatin remod-
eling factor Lsh associates with Dnmt3a or Dnmt3b in embryonic cells [209]. 
Knockout of Lsh induces hypomethylation in the genome [209]. Similar to this, 
DDM1, which is an Arabidopsis Lsh ortholog, also contributes to global DNA 
methylation [205]. Dnmt3a and Dnmt3b are reported to be in complexes with the 
remodeling factor Brg1 [31]. Considering these observations, it is reasonable that 
the regulation of exposure of naked DNA is an important step for de novo DNA 
methylation.

The PWWP domain of Dnmt3a and Dnmt3b is reported to be a motif for DNA bind-
ing [137, 135], and to bring Dnmt3a or Dnmt3b to heterochromatin [24, 55]. Thus, the 
PWWP in the amino-terminal half of Dnmt3a or Dnmt3b is one of the determinants for 
targeting of methylation sites. It is not known yet, however, how the PWWP of Dnmt3a 
or Dnmt3b selectively recognizes heterochromatin. Such recruitment of Dnmt3a or 
Dnmt3b to specific regions is strongly correlated with the chromatin state.
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Lysine 44 (K44) of the amino-terminal domain of Dnmt3a is dimethylated by 
G9a, a histone H3K9 methyltransferase, and is important for interactions with G9a 
and/or EHMT1 (also called GLP) [21]. The interaction between Dnmt3a and G9a is 
necessary for the DNA methylation of some loci, such as the OCT3 promoter, which 
is involved in embryonic stem cell pluripotency. Many reports have shown that 
Dnmt3a recognizes both modified and unmodified histone tails. Trim28, which is 
reported to interact directly with Dnmt3a [211], also interacts with Setdb1, a histone 
H3K9 methyltransferase, and HP1, which recognizes di- and tri-methylated K9 of 
histone H3 (H3K9me2,3). The PWWP domain of Dnmt3a recognizes tri- methylated 
lysine 36 of histone H3 (H3K36me3) to enhance DNA methylation activity [36], 
and the ADD domain binds unmethylated lysine 4 of histone H3 (H3K4) [127, 101] 
and enhances DNA methylation activity [101]. Tri-methylation at Lys 4 of histone 
H3 (H3K4me3) inhibits DNA methylation by Dnmt3a, and the inhibition is more 
effective compared with H3K9me3 [206, 101]. Dnmt3L, which lacks methylation 
activity, also contains an ADD domain and recognizes an unmethylated state of 
H3K4 [125]. As H3K4me3 is the hallmark of open, transcriptionally-active chroma-
tin, it is reasonable that an un-methylated form of H3K4 recruits a de novo methyl-
transferase complex including Dnmt3a and Dnmt3L.  In addition, symmetric 
di-methylation of arginine 3 of histone H4 (H4R3me2S) is a target of Dnmt3a via 
the ADD domain for DNA methylation [208]. From screening with a peptide array, 
H3K36me2,3 was shown to be directly recognized by Dnmt3a, and its activity is 
repressed by histone modification [36]. Genome-wide analysis also indicates that 
SERD2-mediated H3K36me3 can guide DNMT3 binding and de novo methylation 
at transcribed gene bodies in mouse ES cells [9]. The amino-terminal portion of 
Dnmt3b, which includes its PWWP domain, specifically interacts with Hela mono-
nucleosomes containing histone K36me3 [9].

Recently, a study using oocytes in which DNA methylation patterns are estab-
lished has elucidated relationships between histone modifications and DNA meth-
ylation. Reduction of DNMT3a2 and HDAC2 levels in sin3a−/− oocytes leads to 
decreased DNA methylation of imprinting control regions of specific genes, and 
DNMT3a2 co-immunoprecipitated with HDAC2  in mouse ES cells. The authors 
proposed that DNMT3a2-HDAC2 complex is essential for establishment of genomic 
imprinting [113]. Methylome profiling of mouse oocytes deficient for H3K4 demeth-
ylase shows that H3K4 methylation is crucial for proper DNA methylation establish-
ment at CGI [165]. Thus, histone tail modifications recruit de novo-type Dnmt3a or 
Dnmt3b to the site of DNA methylation, leading proper mouse development.

In plants, a DNA methyltransferase CMT (chromomethylase) of Arabidopsis, 
which methylates the CpHpG and/or CpHpH sequence, also recognizes methylated 
histone H3 (H3K9me) with its chromodomain [166]. Similar to CMT, DNA meth-
yltransferase Dim2 of Neurospora crassa also contains a chromodomain and is 
guided to H3K9me [181]. Therefore, CMT and Dim2 show H3K9me-dependent 
methylation of DNA.  Although mammalian Dnmts do not directly recognize 
H3K9me, the Dnmts are reported to interact with heterochromatin protein 1 (HP1) 
[49, 161, 40], which specifically recognizes H3K9me2,3. Because of this, H3K9 
methylation is proposed to be a cause and/or result of DNA methylation.
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3.3  Maintenance DNA Methylation

Once genome methylation patterns are established in an early stage of embryogenesis, 
the patterns are faithfully propagated to the next generation via replication in a cell 
lineage-dependent manner. By virtue of the fact that CpG dinucleotides are symmetri-
cally methylated, the modification plays roles to maintain parental DNA methylation 
patterns on the daughter strand during semiconsevative DNA replication. Dnmt1 is the 
first identified DNA methyltransferase [13], and preferentially methylates hemi-meth-
ylated DNA in vitro [188]. Due to this preference, it was expected that Dnmt1 is 
responsible for maintenance DNA methylation during replication, at which stage hemi-
methylated DNA is present on both daughter strands. Dnmt1−/− mice show global 
DNA demethylation during development, and do not survive past mid-gestation, dem-
onstrating that Dnmt1 is responsible for the maintenance DNA methylation [100].

3.3.1  Structure and Properties of Dnmt1

Dnmt1 is a large protein with many subdomains. Mouse Dnmt1 contains 1620 amino 
acid residues (Fig. 1). The replication foci targeting sequence (RFTS) domain, the 
CXXC motif that contains two Zn-finger-like motifs, two bromo- adjacent homology 
(BAH) domains, and the C-terminal catalytic domain, follows the amino-terminal 
independently-folded domain. These motifs are folded independently, and the RFTS, 
CXXC, and two BAH domains surround and interact with the catalytic domain [180] 
(Fig. 5a).

The amino-terminal domain (1–243) is also folded independently [170], and 
binds many factors such as DMAP1, which is a factor that represses transcription in 
concert with histone deacetylase HDAC2 and binds Dnmt1 at replication foci to 
help maintain the heterochromatin state [147], and proliferating cell nuclear antigen 
(PCNA), which binds DNA polymerase δ, is a prerequisite factor for replication, 
and helps Dnmt1 in maintaining the methylation profile of the daughter DNA [29]. 
Dnmt1 interacts with the de novo DNA methyltransferases Dnmt3a and Dnmt3b 
[84], H3K9me2,3 binding protein HP1β [49], H3K9 methyltransferase, G9a [161], 
cyclin-dependent kinase-like 5 (CDKL5) [80], and casein kinase [172]. Dnmt1 can 
also bind directly to DNA itself [170].

The amino-terminal region of Dnmt1 (119–197 amino acids) binds to DNA, and 
preferentially binds to the minor groove of AT-rich sequences. We hypothesized that 
this DNA-binding activity of the domain contributes to the localization of Dnmt1 to 
AT-rich genome regions such as LINE1, satellite, and the promoters of tissue- 
specific silent genes, to maintain the fully methylated state of repaired regions that 
are non-replicatively hemi-methylated [170]. As the DNA binding domain of Dnmt1 
overlaps with the PCNA-binding motif, the entire amino-terminal independent 
domain may act as a platform for factors that regulate Dnmt1.

The kinase CDKL5, which specifically phosphorylates the amino-terminal 
domain of Dnmt1, is reported to be a causative kinase for Rett syndrome. Rett syn-
drome is known to be caused by a mutation in the MeCP2 gene, whose product  
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Fig. 5 Structural properties of Dnmt1. (a) The crystal structure of mouse Dnmt1 (291-1620). The 
domains in mouse Dnmt1 structure, which are RFTS, BAH1, BAH2, and catalytic domain are 
indicated by purple, green, yellow, and red, respectively. The connective helix between BAH1 and 
BAH2 showed by light-green. (b) Structural Change of RFTS. The comparison of RFTS orienta-
tion depending on the structural property of α-helix which connects the two halves of the RFTS 
domain. The α-helix in hDnmt1 (495–519 residues, green) is a straight conformation. On the other 
hand, the α-helix in mDnmt1 (502–524 residues, orange) is kinked. The dotted-line showed the 
interface between RFTS and catalytic domain. (c) Superimposition of CXXC-BAH1 regions. 
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specifically binds to methylated DNA and is a component of the co-repressor 
 complex. We expect that the interaction between Dnmt1 and CDKL5 may contribute 
to the pathogenic process of Rett syndrome [80]. We have also identified another 
kinase, casein kinase 1, that interacts with the amino-terminal domain of Dnmt1. 
Phosphorylation by casein kinase 1 inhibits the DNA-binding activity of the amino- 
terminal domain [172]. Thus, the ability of the amino-terminal domain to act as a 
platform for regulatory factors of Dnmt1 seems to be regulated by different types of 
kinases [43, 94].

The Molecular Basis of DNA Methylation



32

Induced structure by 
DNA binding

BAH1 BAH2

CD

RFTS

BAH1 BAH2

CDTransfer of substrate
Hemi-methylated DNA

SRA
active Dnmt1

Uhrf1

Inactive Dnmt1
(masked)

DNA Open up

D

E

Fig. 5 (continued) The structural comparisons between three reported states of Dnmt1. The region 
of CXXC, CXXC- BAH1 loop, and BAH1 are shown in magenta, blue, and green color, respec-
tively. The structure of CXXC-BAH1 loop in the auto-inhibition state (3PT6, 3PTA) is disordered, 
and surrounded along DNA, which is indicated with orange. The structure in non-substrate struc-
ture (3AV4) is shown in left panel. (d) Conformational change of BAH2 loop by DNA binding. 
The structure of mDnmt1 without DNA (blue; 3av4), and that of hDNMT1 with DNA (brown; 3 
pt6 (active form), or purple; 3PTA (autoinhibited form)) is superimposed. (e) The release of RFTS 
from DNA binding pocket in exchange for DNA binding. The speculative conformational change 
of Dnmt1 is expected to be induced by substrate DNA. RFTS is competitively released form the 
catalytic domain (CD), in conjunction with a substrate DNA binding

The RFTS domain is responsible for tethering Dnmt1 to replication foci [96].  
In mouse ES cells, the truncation of DNMT1’s RFTS region leads to aberrant DNA 
methylation, corresponding to depletion of DNMT1 activity at replication foci [53]. 
The RFTS domain occupies the DNA binding pocket of the enzyme in the absence 
of DNA [175, 180]. Thus, the RFTS domain strongly inhibits DNA binding and 
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methylation [175] and increases the methyltransferase reaction’s activation energy 
[180]. This could be due to the evidence that the RFTS domain binds to the catalytic 
domain via several hydrogen bonds in mDnmt1 (291-1620) (E531, D532, D554, 
and L593  in RFTS and K1597, K1576, S1495, T1505  in the catalytic domain) 
[180]. In addition to mDnmt1, a similar hydrogen bond network is also found in 
hDNMT1 [207]. In hDNMT1, a unique hydrogen bond between D583 and K1535 
is observed, which cannot exist in mDNMT1 because the residue corresponding to 
hDNMT1’s D583 is substituted with alanine. Two additional associations between 
the RFTS domain and the catalytic domain are water-mediated hydrogen bonds 
(between D547’s side chain and both the amide nitrogen of M1533 and the side 
chain hydroxyl group of Y1514) are identified in hDNMT1 [207]. In mouse, E553 
interacts with M1535 and Y1615. Other structural differences in the RFTS domain 
between human and mouse Dnmt1 have also been reported. The main conforma-
tional difference between mDnmt1 (291–1620) and hDNMT1 (351-1600) is the 
amino-terminal half of the RFTS domain, despite possessing conserved folds [180, 
207]. The α-helix (residues 495–519 in hDNMT1) that connects the two halves of 
the RFTS domain is a straight conformation, but is kinked within residues 502–
524 in mDnmt1 (291-1620) (Fig. 5b). Consequently, the orientation of the first half 
of the RFTS domain relative to the rest of the protein deviates by 19° between the 
mouse and human structures [207]. It is interesting that, for mDnmt1 dimerization, 
both bipartite interfaces in the RTFS domain (310–409 and 476–502) are located on 
the amino-terminal subdomain of RFTS [47].

The CXXC domain specifically binds unmethylated CpG sites [132]. The func-
tion of the CXXC domain’s DNA binding activity is controversial. Binding of 
unmethylated CpG sites to the CXXC domain prevents their methylation, because 
truncated Dnmt1 containing an intact CXXC domain shows a higher preference for 
methylation of hemimethylated over unmethylated substrates (17 fold) than shorter 
Dnmt1 not containing the CXXC domain that shows only a 2.2-fold preference 
[163]. In contrast, full-length Dnmt1 carrying mutations in the CXXC domain, 
which leads complete loss of DNA binding activity in the recombinant CXXC 
region, does not affect DNA substrate specify [8].

The CXXC motif sequence (694–705 amino acids in mDnmt1) forms an α-helix in 
crystal structure without DNA [180]. On the other hand, the structure reported by Song 
et al., in which RFTS deleted, is complexed with non-methylated DNA interestingly 
showed a unfolded loop structure (Fig.5c) [164]. Between the CXXC and BAH1 
domains, a highly acidic sequence (D703-D711 in hDNMT1) is reported to negatively 
regulate de novo methylation [164]. The helical linker between CXXC and BAH1 in 
mDnmt1 binds to RFTS via hydrogen bonding. Two BAH domains, which are con-
nected by an alpha helix and form a dumbbell-like configuration in all determined 
Dnmt1 structures (Fig. 5a) [163, 164, 180, 207], are linked to the catalytic domain via 
a (Lys-Gly)n linker (Fig. 1). A conformational change in the BAH2 loop is induced by 
binding to DNA, in which the loop moves towards DNA along with the target recogni-
tion domain (TRD) (Fig.  5d) [164]. The region is disordered in both DNA-free 
mDnmt1 (291-1620) and in the autoinhibited mDnmt1-DNA complex [163, 180]; 
thus, the interaction between the phosphate backbone of DNA and the amino acids in 
the loop (K985, Y983 and S981 in hDNMT1) support the conformation.
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In contrast to other methyltransferases, Dnmt1 possesses a unique substrate 
specificity that favors methylation of hemi-methylated CpG-containing DNA. This 
unique catalytic property can be achieved by two BAH and catalytic domains, 
because bacterial methyltransferases do not contain BAH domains [163, 164]. The 
BAH2 domain loop (V956-E993 in mDnmt1) is anchored to the TRD of the meth-
yltransferase domain, as well as hDNMT1 [180]. The main catalytic domain con-
tains two subdomains, the TRD and the catalytic core, which are separated by a 
large cleft in the protein, which in turn is occupied with DNA. A co-crystal structure 
of the catalytic domain of Dnmt1 (721-1602) and short hemi-methylated fluorocytosine- 
containing DNA, in which the 5th position of the target methylation site is fluorinated, 
revealed that the TRD inserts into the major groove [164]. The catalytic site cysteine 
in the PCQ loop of mouse Dnmt1 undergoes a conformational change in response to 
AdoMet binding [180], while human DNMT1 (351-1600) does not [207]. Following 
the PCQ loop, a straight helix from residues 1243 to 1261 is observed in a productive 
Dnmt1 (721-1602) complex with DNA [164], while the helix is kinked in both Dnmt1 
(291-1620) alone and the autoinhibited Dnmt1 complex with DNA [163, 180], indi-
cating that the catalytic domain structure could be changed during catalysis. In 
mDnmt1 (291-1620), F1238, Y1243, and F1246 in the helix that follows the PCQ-
loop form hydrophobic interactions with F631, F634, and F635 in the linker region 
between the RFTS domain and CXXC motif, and the interactions contribute to nar-
rowing the entrance of the DNA-binding pocket and to anchoring the RFTS domain to 
the DNA-binding pocket, and consequently the catalytic center is completely masked 
(Fig. 5e) [180]. In the bacterial DNA methyltransferase M. HhaI-DNA complex, the 
target cytosine is no longer buried within the double helix, but rotates on its flanking 
sugar-phosphate bonds and leads to base flipping and projection into the catalytic 
pocket [26, 85]. In contrast to bacterial methyltransferase, not only the target cytosine 
but also a base on the opposite strand located at the neighboring CpG site are flipped 
out in hDNMT1(731-1602) [164]. Further investigations and integrating with the 
reported properties could elucidate the molecular mechanism of maintenance meth-
ylation and species-specific differences in reaction mechanism.

3.3.2  Factors Necessary for Maintenance DNA Methylation

In the process of DNA replication, Dnmt1 methylates hemi-methylated CpG sites that 
are generated at the replication fork. Dnmt1 methylates hemi-methylated DNA in a 
processive manner even in the absence of the amino-terminal domain containing the 
PCNA-binding sequence [188]. However, the fidelity as to maintenance of full-meth-
ylation patterns seems to be surprisingly low, being about 95% in vitro [188]. Since the 
fidelity in vivo is reported to be more than 99% [184], other factor(s) may help to 
maintain DNA methylation patterns. Dnmt1 binds to PCNA, which forms a ring 
shaped trimer, and PCNA clamp-bound DNA is methylated more efficiently by Dnmt1 
than free DNA [73]; thus, PCNA promotes DNA methylation processivity in vivo.

Uhrf1 (Ubiquitin-like, containing PHD and RING finger domains, 1), also known 
as Np95 in mouse and ICBP (Inverted CCAAT box Binding Protein) in human, is 
required for the propagation of methylation patterns to the next generation (mainte-
nance methylation) in vivo [157, 17]. Uhrf1 knockout mice show similar phenotypes 
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to Dnmt1 null mice including genomic DNA hypomethylation and developmental 
arrest at embryonic day 9.5 [157, 100]. Uhrf1 contains a domain called SET and 
Ring finger Associated (SRA), which specifically binds hemi- methylated DNA and 
flips the methylated cytosine out of double-stranded DNA [5, 7, 68]. Since the RFTS 
domain of Dnmt1 is reported to be necessary for Dnmt1localization to replication 
foci [96], it is reasonable to expect that the RFTS and SRA domains functionally 
interact during maintenance methylation. The direct interaction of the RFTS domain 
of Dnmt1 with the SRA domain of Uhrf1 is necessary for faithful propagation of 
methylation patterns to the next generation in vivo. In addition, Uhrf1 increases 
Dnmt1’s activity and specificity in vitro [12, 8]. As hemimethylated DNA is not 
simultaneously recognized by SRA and the catalytic domain of Dnmt1, the DNA 
substrate is expected to be transferred from SRA to Dnmt1 (Fig. 5e); the correspond-
ing molecular mechanism has yet to be elucidated.

Dnmt1 selectively binds to the di-ubiquitylated Lys23 of histone H3 (H3K23ub2) 
to perform maintenance methylation [121]. Abrogation of the interaction between 
RFTS and catalytic domain rather results in non-ubiquitinated H3 binding by using 
Xenopus lysate [118]. Interestingly, the Ring-finger motif of Uhrf1, which is a pre-
requisite factor for maintenance methylation, is involved in the ubiquitylation as an 
E3 ligase. In mouse ES cells, H3K18 instead of H3K23 is identified as the ubiquiti-
nation target on H3 by Uhrf1 using mass spectrometry, and the modification is rec-
ognized by the ubiquitin interaction motif of Dnmt1’s RTFS domain [136]. Qin et al. 
also reported that RFTS recognizes H2AK119Ub [136]. Further, the tandem tudor 
domain and the PHD finger of Uhrf1 are readers of H3K9me3 and unmethylated 
H3R2 [6], and mutations that inhibit recognition of H3K9me3 also partly inhibit 
maintenance DNA methylation [146]. Recognition of histone H3R2, H3K9me3 and 
hemimethylated DNA by Uhrf1 is necessary for DNA methylation by Dnmt1 [136]. 
Thus, Uhrf1 exerts a multifaceted influence on maintenance DNA methylation, in 
concert with histone modifications.

Nucleosomal structure also regulates Dnmt1 activity [59, 124, 144, 154]. When 
mononucleosomes that were reconstituted with unmodified histones and DNA con-
taining several hemimethylated sites is used as a substrate, DNMT1 is able to meth-
ylate a number of CpG sites even when the DNA major groove is oriented toward 
the histone surface [124]. However the ability of DNMT1 to methylate nucleosomal 
sites is highly dependent on the DNA sequence, because nucleosomes containing 
the Air promoter are refractory to methylation irrespective of target cytosine loca-
tion, whereas ones reconstituted with the H19 imprinting control region are more 
accessible [124]. Robertson et al. showed that the steady-state activity of Dnmt1 
towards mononucleosomes is similar to that towards naked DNA, but Km values for 
mononucleosomes are increased [144]. Gowher et al. reported that Dnmt1 can effi-
ciently methylate nucleosomal DNA without dissociation of the histone octamer 
from the DNA. In addition, Schrander et al. recently reported that nucleosome struc-
ture inhibits Dnmt1 activity [154]. The effect of nucleosome structure on Dnmt1 
activity is controversial, and remains to be elucidated.

DNMT1 also interacts with the hSNF2H chromatin remodeling enzyme [144]. 
Addition of hSNF2H increases the binding affinity of DNMT1 for mononucleo-
somes in in vitro assays; however, the activity of Dnmt1 is not stimulated by hSNF2H 
[144]. Another recent report shows that Dnmt1 activity towards oligonucleosomes 
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reconstituted with hemimethylated DNA is stimulated by the chromatin remodeling 
factors Brg1 or ACF [154]. Thus, chromosome structure and histone modifications 
could regulate site-specific DNA methylation.

3.3.3  Exceptional Expression of Dnmt1 and Its Localization

Expression of Dnmt1 is regulated in a cell cycle-dependent manner. The localiza-
tion of Dnmt1 in nuclei is changed throughout the cell cycle, reflecting the contribu-
tions of both the PCNA binding motif during S phase and RFTS domain-mediated 
heterochromatin association during late S and G2 phase [39]. Dnmt1 is stable in 
proliferating cells and during S phase. Its half-life becomes short when cells are 
terminally differentiated or outside of S-phase [109]. This makes sense in light of 
Dnmt1’s main role in methylating hemi-methylated DNA produced during replica-
tion. As exceptions, however, the expression levels of Dnmt1 in oocytes and neu-
rons, which are not proliferating and post-mitotic, respectively, are quite high, and 
Dnmt1 is localized outside of nuclei [115, 74] in these cell types. In mouse oocytes, 
an oocyte-specific Dnmt1 isoform missing the amino-terminal 118 amino acid resi-
dues is expressed, and Dnmt1 is excluded from nuclei [115, 54]. This localization 
contributes to the global demethylation observed in early-stage embryos prior to 
implantation. As DNA methylation in neurons is dynamically regulated, and Dnmt1 
mutants lead to neurological disorders such as cerebellar ataxia, deafness, and nar-
colepsy [196], the localization of Dnmt1 outside of nuclei in a large quantity might 
function as a pool for occasional writing of DNA methylation patterns for establish-
ing or erasing memory.

Since Dnmt1 null mice die as early embryos and Dnmt1 is crucial for mainte-
nance of established DNA methylation patterns, it has been hard to reconcile the 
fact that that milder phenotypes, such as disease, are caused by mutation of Dnmt1. 
Recently, however, point mutations in Dnmt1 that cause autosomal neuropathy were 
reported by independent groups [196, 129]. All the mutations that cause neuronal 
diseases are located in the RFTS and on the interaction surface to the catalytic 
domain. As the diseases caused by these mutations are of late onset, Dnmt1 is likely 
to have interesting post-developmental roles.

3.4  Cross-Talk Between de novo- and Maintenance-Type DNA 
Methyltransferases

Establishment of DNA methylation patterns is mainly performed by the de novo 
DNA methyltransferases, Dnmt3a and Dnmt3b, while Dnmt1 maintains methyla-
tion patterns during replication, as described above. However, for maintaining the 
methylation of repetitive elements, it was reported that both Dnmt1 and Dnmt3a 
and/or Dnmt3b are necessary [102]. In Dnmt3a and Dnmt3b double-knockout ES 
cells, which are expected not to establish novel DNA methylation patterns, DNA 
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methylation gradually decreases during cell culture [23]. DNA methylation gradually 
decreases in mouse embryonic fibroblasts due to Dnmt3b but not Dnmt3a deletion 
[37]. These reports indicate that not only Dnmt1 but also de novo-type DNA methyl-
transferases Dnmt3a and/or Dnmt3b contribute to the maintenance of DNA methyla-
tion. Consistent with this, there has been a report that Dnmt3a and Dnmt3b interact 
with Dnmt1 at the amino-terminal region [84]. It is unlikely, however, that Dnmt3a 
and Dnmt3b co-exist 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 [1].

As for the establishment of DNA methylation patterns, it was expected that 
Dnmt1 would exhibit de novo methylation activity in vivo [28]. In fact, Dnmt1 
exhibits a significant level of de novo-type DNA methylation activity in vitro [45, 
188]. Ectopically overexpressed Dnmt1 introduces de novo DNA methylation [176, 
187, 14]. In Dnmt3a and Dnmt3b knockout embryonic stem cells, ectopically intro-
duced DNA [112] as well as endogenous regions [3], received de novo DNA meth-
ylation. This could be due to the fact that Dnmt1 apparently favors de novo 
methylation near pre-existing methylation sites [188, 3].

4  Modifications of Dnmts

It has been reported that Dnmts are post-translationally modified by methylation, 
phosphorylation, acetylation, sumoylation, and that some of these modifications 
alter their activity and stability. SET7 is a large family of lysine methyltransferases 
containing a SET domain [43]. Although the major target of SET7 is histone H3 
lysine 4, which promotes a euchromatin state, lysine 142 of Dnmt1 is also methyl-
ated by SET7 during S and G2 phase [43]. Methylated Dnmt1 is less stable, because 
the modification facilitates proteasome-mediated degradation. Mono-methylated 
lysine 142 on Dnmt1 is recognized by PHF20L1, and its binding blocks protea-
somal degradation of Dnmt1 [42]. Methylation on Dnmt1 is removed by lysine 
specific demethylase (LSD) [133], implying that a balance between SET7 and LSD 
may finely tune the expression level of Dnmt1.

Adjacent to lysine 142, serine 143 on Dnmt1 is phosphorylated by AKT kinase 
[43]. Phosphorylation of this residue blocks SET7 methylation of peptides in vitro, 
and the phosphorylated Dnmt1 displays increased half-life compared with methyl-
ated Dnmt1 [43]. Because Dnmt1 contains an AKT1 target sequence, the overex-
pression of AKT1 leads to increased phosphorylation levels of Dnmt1, and the 
AKT1 inhibitor causes Dnmt1 degradation and DNA hypomethylation [43]. In addi-
tion, S515 located in the RFTS domain is phosphorylated, and exogenously added 
peptides phosphorylated at S515 inhibit Dnmt1 activity to a greater extent than 
unmodified peptide, in vitro [60].

Recently, USP7 was shown to bind to KG repeats on DNMT1, and this interac-
tion is required for USP7-mediated stabilization of DNMT1 [27]. Acetylation of KG 
repeats impairs the DNMT1-USP7 interaction and promotes degradation of DNMT1 
[27]. In addition, DNMT1 is destabilized by acetylation by the acetyltransferase, 
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Tip60, as acetylation-triggered ubiquitination by the E3 ligase UHRF1 targets 
DNMT1 for proteasomal degradation [38]. In contrast, histone deacetylase 1 
(HDAC1) and herpes virus-associated ubiquitin-specific protease (HAUSP) protect 
DNMT1 from degradation by deacetylation and deubiquitination, respectively [38]. 
Dnmt1 binds to Ubc9, a member of the E2 family, as well as SUMO-1, and is 
sumoylated at several lysine residues throughout the protein. The sumoylation sig-
nificantly enhances DNA methylation activity of Dnmt1 [95].

In addition to Dnmt1, Dnmt3a and Dnmt3b are also posttranslationally modified. 
Sumoylation on Dnmt3a occurs in its PWWP domain [106, 82]. The sumoylation of 
Dnmt3a disrupts the interaction between Dnmt3a and HDACs, allowing abolish-
ment of transcriptional repression [106]. The amino-terminal region of Dnmt3b is 
also sumoylated, but the function is not elucidated [82].

Two amino acid residues (S386 and S389) in the PWWP domain of Dnmt3a are 
phosphorylated by CK2, and the phosphorylation represses the methylation activity 
of Dnmt3a [35]. CK2 phosphorylation modulates CpG methylation of several 
repeats, and is required for localization of Dnmt3a to heterochromatin [35]. ERK2 
interacts with L373 and/or L637 in human DNMT3a and this interaction supports 
the efficient phosphorylation of S255A in mesenchymal cells [91]. The ERK and 
Dnmt3a interaction and phosphorylation attenuates binding of DNMT3a to SOX9 
promoters, which contributes to cell signaling in these cells [91].

5  DNA Methylation and Aging

Global levels of 5mC are reduced in senescent cells, compared with actively divid-
ing cells [30]. Age-associated DNA methylation alterations have been reported in 
blood, brain, kidney and muscle tissue, and both common and unique methylation 
alterations between different tissues are identified [32]. Aging-associated DNA 
methylation alteration is also observed in sperm [122].

Since the function of the hematopoietic system declines and autoimmune and 
inflammatory disorders with age are increased, it is important to analyze epigenetic 
modification and gene expression in hematopoietic stem cells in young and older ani-
mals. Recently, whole genome bisulfite sequencing in hematopoietic stem cells from 
4 and 24 month old mice unearthed a small increment in global DNA methylation in 
older mice and hypomethylation of specific genes [173]. The hematopoietic stem cell-
specific genes, Gata2 and Hinga2, are hypomethylated and upregulated in older mice, 
while the binding sites for a transcription factor associated with differentiation, Pu.1, 
are hypermethylated [173]. The change of methylation could misregulate gene expres-
sion by regulating the targeting of transcriptional factor(s). To understand the epigen-
etic changes during aging, detailed epigenetic maps will be required. Further insights 
into the epigenetics of aging may hold great promise in the treatment of aging and 
aging-related diseases.
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6  Inhibitors of Dnmts

The pharmacological inhibition of DNA methylation represents an attractive strategy 
for treatment of the cancer patient [44], because DNA methylation, as well as genetic 
mutations, contributes to tumorigenesis [131]. Among the several potential DNA 
methyltransferase inhibitors, the nucleotide analogues 5-azacytidine and 5-aza-2′- 
deoxycytidine (decitbine) are the most well-known. The cytosine analogues in which 
the carbon atom in position 5 is replaced by a nitrogen atom, and the analogies cause 
covalent trapping and subsequent depletion of Dnmts, after incorporation into DNA 
[152, 89]. Substantial cellular and clinical toxicity of azanucleotide has led to the 
development of a number of substances to inhibit Dnmt1. Following the azanucleo-
tides, other analogues such as 5,6-dihydro-5-azacytidine and 5-fluoro-2′-deoxycytidine 
have also been synthesized and examined for inhibition activity. In addition to the 
nucleotide analogues, sinefungin is reported to act as a SAM or SAH analogue to 
inhibit Dnmt [105]. Future study of drugs to regulate the activity of Dnmt enzymes, 
and to reduce side effects, will contribute to cancer treatments and for manipulating 
stem cell aging. Site-specific introduction of DNA methylation activity could also 
play a role in treatment or delay of disease. Recently, an oxime compound has been 
identified as binding to the 5mC pocket of Uhrf1 [119]. The compound reduces the 
interaction between Dnmt1 and Uhrf1 in vivo, and reduces the global DNA methyla-
tion level to around half of the level in wild type cells.

7  DNA Demethylation

CpG methylation is physiologically removed through both active and passive mech-
anisms. Active demethylation is dependent on enzymatic process, while passive 
demethylation happens as a result of semiconservative DNA replication. In active 
demethylation, hydroxymethylated cytosine (5hmC) is noted to be an intermediate 
[88, 158]. The TET (ten-eleven translocation) enzymes successively oxidize 5mC to 
5hmC, 5-formyl C (5fC), and 5-carboxyl C (5caC), in an Fe(II) and 2-oxoglutarate- 
dependent oxidization reaction [88]. 5hmC is the most abundant among the 5mC 
oxidants, and 0.67% of 5mC is hydroxymethylated in human brain [98]. Specific 
roles for 5hmC in gene expression control through chromatin regulation have been 
recently shown [158], leading to 5hmC’s designation as the “6th base”. The level of 
5hmC in cancers of the breast, liver, lung, pancreas, and prostate is dramatically 
lower than that in surrounding noncancerous tissues, and the reduction of 5hmC is 
associated with the declining expression of TET proteins [90]. Further oxidized 
methylcytosine derivatives, 5fC and 5caC are processed by thymine-DNA glycosyl-
ase (TDG) followed by base excision repair, completing the active DNA demethyl-
ation process [86]. Deamination of 5hmC by AID/APOBEC can also promote the 
decrease of 5hmC, as the resulting 5-hydroxymethyluracil (hmU) is excised by 
TDG, SMUG1 or MBD4 glycosylases [61].
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On the other hand, 5hmC also contributes to passive demethylation. As 5hmC is 
not strongly recognized by Dnmt1, and the SRA domain of Uhrf1only weakly binds 
to hemi-hydroxymethylated DNA [185, 128], 5hmC at hemi-hydroxymethylated 
CpG sites leads to the addition of unmodified cytosines on the daughter strand during 
DNA replication and repair. Recently, 5hmC has been shown to accumulate locally 
at damaged DNA when mammalian culture cells or primary neurons are treated with 
DNA-damaging compounds, laser microirradiation, UV, or γ-rays [76, 79]. Deficiency 
of Tet enzymes was further shown to elicit chromosome segregation defects in mouse 
embryonic stem cells treated with aphidicolin [79], and telomere fusions were shown 
to result [202] from misregulated subtelomeric methylation due to combined defi-
ciency for Tet1 and Tet2. Therefore, 5hmC likely functions in aspects of chromosome 
biology, including DNA repair, in addition to its roles in DNA methylation and gene 
expression. With the recent advance of techniques to analyze 5hmC in genomic DNA 
at single-base resolution [204, 16, 177, 50, 51], the contribution of 5hmC to DNA 
demethylation and other process will be unraveled in the near future.

8  Perspective

By genome-wide analysis, the patterns of DNA methylation and histone modification(s) 
have been collected, and the correlation and functional interaction(s) is proposed. 
Dnmts directly and indirectly recognize histone tail peptides carrying specific modifi-
cations. The molecular mechanism(s) underlying establishment of DNA methylation 
pattern has elucidated. In spite of recent advances, how Dnmts recognize the modifica-
tions on nucleosome structure is not clear. A full understanding of the molecular 
mechanisms regulating DNA methylation awaits future biochemical, structural, and 
functional studies. These molecular-level analyses will help us to figure out the detailed 
function and/or regulatory mechanism(s) of DNA methylation in vivo.
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The Molecular Basis of DNA Demethylation

Miao Shi and Li Shen

Abstract DNA methylation is a key epigenetic modification in mammalian 
genomes and is dynamically regulated in development and diseases. While enzymes 
catalyzing DNA methylation have been well characterized, those involved in 
demethylation have remained elusive until recently. Mounting evidence now sug-
gests that the TET proteins, a family of AlkB-like Fe(II)/α-ketoglutarate-dependent 
dioxygenases, initiate active DNA demethylation by oxidizing 5-methylcytosine 
(5mC) to generate 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 
5-carboxylcytosine (5caC). In this chapter, we discuss the molecular basis of DNA 
demethylation in mammalian genomes, focusing on TET proteins and TET-mediated 
oxidative DNA demethylation. Other potential DNA demethylation pathways are 
also summarized.

Keywords DNA methylation • DNA demethylation • TET proteins • Dioxygenase • 
5-methylcytosine • 5-hydroxymethylcytosine • 5-formylcytosine • 5- carboxylcytosine 
• TDG

1  Introduction

The chromatin of a multicellular organism stores a vast quantity of information that 
defines the complex gene expression patterns in diverse cell types, and is indispens-
able for growth and development. This information is stored both genetically in 
DNA sequences and epigenetically through DNA and histone modifications [1–4]. 
However, nearly all cells in an organism (except gametes and some immune cells) 
contain the same genomic sequences as the zygotic genome and therefore, it is the 
epigenetic information residing in chromatin that determines a cell’s identity and its 
corresponding gene expression profiles [5]. Generally, epigenetic information is 
faithfully propagated to each progeny cell upon division to maintain cell identity, 
but epigenetic states can also undergo dynamic changes during lineage specification 

M. Shi • L. Shen (*) 
Life Sciences Institute, Zhejiang University, Hangzhou 310058, China
e-mail: li_shen@zju.edu.cn

mailto:li_shen@zju.edu.cn


54

or upon certain environmental stimuli [6]. Aberrant alterations of epigenetic 
information, such as DNA and histone modifications, are frequently associated with 
the onset of various human diseases, including cancers [7].

DNA methylation, in particular, is the most common covalent modification of 
DNA.  The best-studied form of DNA methylation is 5-methylcytosine (5mC), 
which is generated by S-adenosyl-L-methionine (SAM)-dependent DNA methyl-
transferases (DNMTs), and does not interfere with Watson-Crick base pairing [8, 9]. 
In mammals, this enzymatically introduced DNA methylation exists predominantly 
in the CpG dinucleotide context (a cytosine followed by a guanine) and carries epi-
genetic information typically required for long-term gene silencing. Notably, over 
70% of CpGs in somatic mammalian cells are methylated, therefore 5mC has long 
been the focus of compelling biochemical and genomics studies. In addition to 
5mC, other forms of DNA methylation also exist. However, it is important to note 
that not all DNA methylation is the carrier of epigenetic information. For example, 
methylation can be introduced by endogenous or exogenous methylation agents- 
mediated DNA damage [9]. These methylated bases, such as N1-methyladenosine 
(m1A) and N3-methylcytosine (m3C), are considered cytotoxic or mutagenic as 
they tend to block or alter Watson-Crick base pairing. In the following sections, we 
will focus on the demethylation of 5mC, and will use the term DNA methylation to 
refer to 5mC only.

2  DNA Methylation Machinery

In mammals, three enzymatically active DNMTs, namely DNMT1, DNMT3A and 
DNMT3B, catalyze the transfer of a methyl group from SAM to the carbon-5 posi-
tion of cytosine residues in DNA, generating 5mC [8]. DNMT1 preferentially meth-
ylates hemimethylated DNA [10], and in the presence of its cofactor UHRF1 (also 
known as NP95) [11, 12], DNMT1 is mainly responsible for copying DNA meth-
ylation patterns to the daughter strands during DNA replication (maintenance meth-
ylation). In contrast, DNMT3A and DNMT3B are the main enzymes to establish 
initial DNA methylation patterns during early embryonic development (de novo 
methylation), and do not show any preference for hemimethylated DNA [13]. 
Nevertheless, both maintenance and de novo methylation activities are required for 
normal development as depletion of DNMT1 or DNMT3B in mice results in embry-
onic lethality, and Dnmt3a-knockout mice die 4–8 weeks after birth [13, 14].

Structurally, the methyl group of 5mC is located in the major groove of DNA 
double helix, and is involved in either attracting or repelling many DNA binding 
proteins [15]. For example, three of the methyl-CpG binding domain (MBD) con-
taining proteins, MeCP2, MBD1, MBD2, and a transcriptional regulator KAISO, 
have been shown to preferentially bind to methylated DNA and recruit repressor 
complexes to methylated promoters, leading to subsequent chromatin condensation 
and gene silencing [16]. On the contrary, DNA methylation can also prevent binding 
of some transcription factors (TFs), such as YY1 and CTCF [17, 18], to their  specific 
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recognition sites. DNA methylation has been demonstrated to play critical roles in 
various of cellular processes such as genomic imprinting, X-chromosome inactiva-
tion, retrotransposon silencing as well as maintenance of cell identity, supporting its 
general transcription repression function and heritable nature [15].

3  Passive and Active DNA Demethylation

While most histone modifications are readily reversible [19], DNA methylation has 
been generally viewed as a relatively stable epigenetic mark. Indeed, there is a dedi-
cated maintenance enzyme, DNMT1, to faithfully copy DNA methylation patterns 
to daughter strands during DNA replication; in addition, the methyl group on 5mC 
is connected to the base through a C-C bond which exhibits high chemical stability 
under physiological conditions; furthermore, no DNA demethylase could be identi-
fied by 2009 when a large number of histone demethylases had been discovered. 
Nevertheless, studies in the past decade have indicated that DNA methylation is not 
as static as once thought. Loss of DNA methylation, or DNA demethylation, has 
been reported in various biological contexts and can be achieved through either pas-
sive or active mechanisms.

As illustrated in Fig. 1, passive DNA demethylation, or replication-dependent 
dilution of 5mC, refers to loss of 5mC instead of semi conservatively replicating 
methylation patterns during DNA replication. In the absence of functional mainte-
nance methylation machinery, i.e., DNMT1 and UHRF1, successive cycles of DNA 
replication can result in gradual dilution of 5mC to achieve global DNA demethyl-
ation. Passive DNA demethylation has been demonstrated to play a major role in 
maternal-genome demethylation of zygotes [20–22], and in the whole-genome 
demethylation of primordial germ cells (PGCs) [23–25].

By contrast, active DNA demethylation refers to direct removal of the methyl 
group from 5mC, or an enzymatic process that removes or modifies 5mC with regen-
eration of unmodified cytosine. Processes that are initiated with active modification 
(AM) of 5mC can be further divided into two forms by whether the modified 5mC is 
converted to unmodified cytosine through passive dilution (PD) or active restoration 
(AR). Similar to passive DNA demethylation, the AM-PD pathway may be well suited 
for large-scale DNA demethylation events observed in PGCs and zygotes, which we 
will discuss in Sect. 4.4. However, the AM-AR pathway and direct removal of the 
methyl group or the 5mC base may take place rapidly, and are implicated in locus-
specific demethylation which requires rapid response towards environmental stimuli. 
For example, rapid active DNA demethylation was observed at the interleukin-2 (IL-
2) promoter-enhancer region in activated T lymphocytes within 20 minutes upon 
stimulation [26], at the promoter of brain-derived neurotrophic factor (BDNF) in KCl-
stimulated postmitotic neurons without DNA replication [27], at several other specific 
genomic loci in response to nuclear hormone and growth factors [28–30]. Thus, these 
studies suggest that active DNA demethylation could function in the dynamic regula-
tion of genes that require rapid responses to specific environmental stimuli.
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4  TET-Mediated Oxidative DNA Demethylation

4.1  TET Family Dioxygenases

While passive DNA demethylation has long been understood and accepted, the 
mechanism of active DNA demethylation was not understood until recently, follow-
ing the discovery that TET (ten-eleven translocation) proteins can convert 5mC to 
its oxidized forms, namely 5-hydroxymethylcytosine (5hmC), 5-formylcytosine 
(5fC), and 5-carboxylcytosine (5caC). Interestingly, the names of TET genes trace 
back to the involvement of the human TET1 gene in the ten-eleven translocation 
[t(10;11)(q22;q23)] in rare cases of acute myeloid leukemia (AML), which fuses 
the TET1 gene on chromosome 10 with the mixed-lineage leukemia gene (MLL; 
also known as KMT2A) on chromosome 11 [31, 32]. Along with TET1, two addi-
tional genes in this protein family, TET2 and TET3 are also identified based on their 
sequence homology. Sequence comparison and structural studies have shown that 
TET proteins are a distinct family of the Fe(II)/α-ketoglutarate (αKG)-dependent 
dioxygenase superfamily [33, 34], members of which also include JmjC domain 
containing histone demethylases and AlkB family DNA/RNA repair proteins.
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Fig. 1 Major mechanisms of passive and active DNA demethylation in the mammalian genome. 
DNA methylation patterns are established by DNMT3 proteins and maintained by DNMT1 dur-
ing DNA replication, and passive DNA demethylation occurs when DNMT1 is inhibited. TET 
proteins can oxidize 5-methylcytosine (5mC) to generate 5-hydroxymethylcytosine (5hmC), 
5- formylcytosine (5fC), and 5-carboxylcytosine (5caC), which are inefficient substrates for 
DNMT1 and are passively diluted during DNA replication. This form of active DNA demethyl-
ation is termed as active modification followed by passive dilution (AM-PD). Among the three 
5mC oxidation derivatives, 5fC and 5caC can be excised by TDG to form abasic sites, which are 
further repaired by base excision repair (BER) pathway to complete DNA demethylation. This 
form of active DNA demethylation is termed as active modification followed by active restoration 
(AM-AR)
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Similar to most Fe(II)/αKG-dependent dioxygenase superfamily members, TET 
proteins share a conserved DSBH fold (or jelly-roll fold) in their catalytic domains, 
consisting of eight antiparallel β-strands (I–VIII) and an iron-binding motif (Fig. 2). 
Unique characteristics are also present in the catalytic domain of TET proteins, 
such as a cysteine-rich domain adjacent to the N terminus of the DSBH fold, and a 
large non-conserved low-complexity region between conserved β-strands IV and V 
[33, 35, 36]. Although the low-complexity region’s function is not clear, the 
cysteine- rich domain has been shown to stabilize substrate DNA by wrapping 
around the DSBH core, and is essential for the enzymatic activity [37]. Outside of 
the catalytic domain, a CXXC (Cysteine-X-X-cysteine) domain is present at the N 
terminus of both TET1 and TET3. Indeed, TET1 is also known as CXXC6 (CXXC 
zinc finger 6) and LCX (leukemia-associated CXXC protein). Both in vitro DNA 
binding assay and structural analyses have revealed that TET proteins’ CXXC 
domain strongly binds to unmethylated DNA [38]. However, the catalytic domains 
of TET proteins alone can also bind to DNA and oxidize 5mC without the help of a 
CXXC domain [39]. Therefore, the catalytic domains of TET proteins may possess 
a non-sequence- specific DNA-binding capacity whereas the CXXC domain may 
increase the sequence selectivity to facilitate and regulate binding of TET proteins 
to their genomic targets [38, 40, 41]. Surprisingly, TET2 does not possess a CXXC 
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Fig. 2 Schematic diagrams of the TET proteins. Three conserved domains are indicated in mouse 
TET proteins, including CXXC zinc finger, cysteine-rich region (Cys-rich), and the double- 
stranded β-helix (DSBH) fold of the Fe(II)/α-ketoglutarate (αKG)-dependent dioxygenases. 
Locations of Fe(II) and the αKG-binding sites in the conserved DSBH fold are shown in the topol-
ogy diagram. Also presented are the domain structures of three other enzymes in the super family: 
Trypanosoma brucei JBP1, JBP2, and Escherichia coli AlkB. Note that TET3 has a shorter form, 
which starts at amino acid 136, that does not contain the CXXC domain
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domain, which was suggested to be lost during evolution, and is now encoded by a 
separate, neighboring gene IDAX (also known as CXXC4)[41]. It is worth noting 
that TET3 has three isoforms, among which only the full-length form contains the 
CXXC domain [42]. The full-length TET3 was reported to bind to 5caC at CCG 
sequences through its CXXC domain, and promote DNA demethylation by acting 
as a regulator of 5caC removal by base excision repair [42].

4.2  TET-Mediated Iterative Oxidation of 5mC

The finding that TET proteins can convert 5mC of DNA to 5hmC by oxidation 
was a great advance in understanding the mechanisms of DNA demethylation 
[34]. This finding was initially inspired by the biosynthesis of glucosylated 
5- hydroxymethyluracil (base J) in the genome of Trypanosoma brucei, a parasite 
causing African sleeping sickness. Base J synthesis involves oxidation of thy-
mine to 5-hydroxymethyluracil (5hmU) by J-binding proteins 1 and 2 (JBP1 and 
JBP2), two enzymes of the Fe(II)/αKG-dependent dioxygenase superfamily [43]. 
Because of the structural similarity between 5mC and thymine, mammalian 
homologs of JBP proteins were thought to possess 5mC oxidation activity, and 
TET family proteins were identified as the mammalian homologs of JBP proteins 
[33, 34]. Interestingly, the presence of TET genes in animals seems to coincide 
with the presence of 5mC in the genome [33, 36]. It was then convincingly dem-
onstrated by in vitro biochemical experiments that TET proteins can oxidize 5mC 
to 5hmC [34]. Moreover, 5hmC is relatively abundant in mouse embryonic stem 
cells (ESCs) where both TET1 and TET2 are highly expressed, and its presence 
is TET dependent [34, 39], providing in vivo evidence that 5hmC is generated by 
TET-mediated oxidation of 5mC.

Fe(II)/αKG-dependent dioxygenase-mediated oxidation reactions typically con-
sist of two stages: dioxygen activation and substrate oxidation (Fig. 3). The dioxy-
gen activation stage is a four-electron process, where Fe(II) and αKG may each 
contribute two electrons to activate a dioxygen molecule first into bridged peroxo 
and then into the Fe(IV)-oxo intermediate. In the following substrate oxidation 
stage, the inert C-H bond of the substrate can be oxidized by the highly active 
Fe(IV)-oxo species, and finally Fe(IV) is reduced back into Fe(II) to complete the 
catalytic cycle [44]. During the whole process, four electrons, two from αKG and 
another two from the substrate C-H bond, are consumed to fully reduce a dioxygen 
molecule. The two oxygen atoms of the dioxygen molecule are incorporated into 
the succinate (the oxidized and decarboxylated product of αKG) and the oxidized 
product (Fig. 3).

Interestingly, some Fe(II)/αKG-dependent dioxygenase are capable to iteratively 
oxidize the substrate methyl group to carboxyl group. For instance, the thymine- 7- 
hydroxylase, a Fe(II)/αKG-dependent dioxygenase in the thymidine  salvage 
 pathway, is known to catalyze a three-step oxidation of thymine to generate 
5- carboxyluracil (isoorotate), where the methyl group of thymine is sequentially 
oxidized to hydroxymethyl group, formyl group, and finally to the carboxyl group, 
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which is subsequently removed by an isoorotate decarboxylase (IDase) to generate 
uracil [45]. Enlightened by this example, it was proposed that TET proteins might 
oxidize 5mC not only to 5hmC, but also to 5fC and 5caC [46]. This hypothesis was 
soon experimentally proved both in vitro and in vivo [47, 48], and was further sup-
ported by a structural study that TET2’s active cavity could recognize CpG dinucle-
otide regardless of its methylation/oxidation status [37].

4.3  TDG-Mediated Excision of 5fC/5caC

Because 5mC can be converted to 5hmC, 5fC and 5caC, these modified bases 
are naturally considered to be involved in DNA demethylation. However, unlike the 
N-methyl group in m1A, m3C and methylated histones, which is unstable on the 
C-N bond and go through spontaneous hydrolytic deformylation upon enzymatic 
oxidation (i.e., direct removal of the oxidized methyl group) [19], the methyl 
group of 5mC is connected through a highly stable C-C bond to the rest of the 
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base, and therefore the oxidized 5-substituents remain stable under physiological 
conditions [9]. Interestingly, although the 5-substituents seem not to be directly 
removed from 5mC oxidation derivatives, emerging evidence suggests that once 
converted to 5fC and 5caC, the modified cytosine base can be entirely removed 
from DNA by thymine- DNA glycosylase (TDG) [48, 49]. DNA demethylation is 
then completed by replacing the resulting abasic site with unmodified cytosine 
through the base excision repair (BER) pathway, similar to the active DNA 
demethylation mechanism in plants [50]. This TET-TDG-BER-mediated DNA 
demethylation process may take place rapidly, and seems a perfect candidate for 
locus-specific demethylation which requires rapid response towards environmen-
tal stimuli.

TDG belongs to the uracil-DNA glycosylase (UDG) superfamily. It has been 
well established that TDG can excise pyrimidine moiety from G/U and G/T 
mispairs in dsDNA by a base-flipping mechanism [51]. Interestingly, TDG also 
excises properly base-paired cytosine bases with 5-position substituents that 
destabilize the base-sugar bond (N-glycosidic bond), such as 5-fluorocytosine, 
indicating that the stability of the N-glycosidic bond contributes to TDG’s sub-
strate specificity [52]. More recent studies further demonstrated that TDG can 
recognize and remove 5fC and 5caC, but not 5mC, 5hmC, and unmodified cyto-
sine, from DNA duplex when paired with guanine [48, 49]. Indeed, computational 
analyses suggest that 5fC and 5caC form a more labile N-glycosidic bond com-
pared to unmodified cytosine, 5mC, 5hmC, and even 5-fluorocytosine [53]. 
Consistently, TDG has a slightly higher binding affinity towards G/5fC and 
G/5caC pairs than to G/U and G/T mismatches [49]. When co-overexpressed in 
HEK293 cells [48, 54], TDG efficiently depletes TET-generated 5fC and 5caC; 
and in contrast, TDG knockdown in mouse ESCs results in a 5–10-fold increase 
of endogenous 5fC and 5caC [55, 56], providing in vivo evidence that TDG is 
responsible for 5fC/5caC removal.

Intriguingly, among the four enzymes with UDG activity in mammals (i.e., 
TDG, UNG, MBD4, and SMUG1), only TDG is required during mouse embryonic 
development [57–60], where global DNA methylation reprogramming takes place, 
implicating that the DNA glycosylase activity of TDG is essential for DNA demeth-
ylation. Compared with the other UDGs, the active site of TDG is indeed uniquely 
configured to accommodate 5fC/5caC and facilitate its cleavage, as revealed by the 
crystal structure of human TDG in complex with 5caC-containing dsDNA [61]. 
Consistently, both Tdg-null-mutant and Tdg-catalytic-mutant mice exhibit abnor-
mal DNA methylation and die around embryonic day (E)12.5 [57, 58], confirming 
a crucial role of the TET-TDG-BER axis in DNA demethylation during embryonic 
development.
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4.4  Replication-Dependent Dilution of 5mC Oxidation 
Derivatives

TET mediated 5mC oxidation not only initiates the TET-TDG-BER demethylation 
pathway, but also generates DNA demethylation intermediates (i.e., 5hmC, 5fC, 
and  5caC) that can be passively diluted in a replication-dependent manner. 
Mechanistically, hemi-modified CpGs carrying 5hmC, 5fC or 5caC (XG:GC, where 
X = 5hmC/5fC/5caC) have been demonstrated to be significantly less efficient in 
being methylated by DNMT1 compared with hemimethylated CpGs (i.e., 
5mCG:GC) [62–64], therefore, TET-mediated 5mC oxidation can block the mainte-
nance methylation machinery, facilitating replication-dependent DNA demethyl-
ation. Because this DNA demethylation process starts with active modification of 
5mC, it has been suggested to be regarded as active DNA demethylation (Fig. 1)
[65]. The replication-dependent active DNA demethylation has been observed in 
the paternal genome (to a less extent in the maternal genome) of zygotes and in 
developing PGCs [21, 22, 66, 67]. However, it is worth noting that global DNA 
demethylation in zygotes could be largely achieved without 5mC oxidation due to 
the inhibition of DNMT1 at this stage. Therefore, 5mC oxidation probably only 
facilitates, but is not indispensable for, replication-dependent whole genome DNA 
demethylation. The extent to which 5mC oxidation is required for demethylation 
may depend on the genomic context of the DNA sequence.

4.5  Other Potential TET-Initiated Active DNA Demethylation 
Pathways

In addition to the two major TET-mediated DNA demethylation pathways discussed 
above (i.e., the TET-TDG-BER axis and the replication-dependent dilution of 5mC 
oxidation derivatives) which have been extensively supported by recent biochemi-
cal and genetic studies [65], evidence for the existence of other TET-initiated DNA 
demethylation pathways, in which 5mC oxidation derivatives act as demethylation 
intermediates, have also been reported.

Firstly, the 5-carboxyl group on 5caC might be removed by a putative decarbox-
ylase to complete DNA demethylation. This mechanism was proposed under the 
inspiration of the thymidine salvage pathway that we discussed above [46], where 
the thymine-7-hydroxylase oxidizes the methyl group of thymine to a carboxyl 
group that is subsequently removed by an isoorotate decarboxylase to convert thy-
mine to uracil [45]. Although the idea of decarboxylation is more energy-efficient 
compared with the TET-TDG-BER pathway, only one study reported weak 5caC 
decarboxylase activity in mouse ESC extracts [68]. In addition, the pronounced 
increase of endogenous 5caC upon TDG depletion has already indicated that TDG 
is the major enzyme for 5caC removal [55, 56]. Therefore, whether a 5caC decar-
boxylase exists remains to be explored.
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Secondly, the 5-position substituents may be directly removed by DNMTs. It has 
been reported that both bacteria and mammalian DNMTs could remove the 
5-hydroxymethyl group of 5hmC and the 5-carboxyl group of 5caC in vitro to gen-
erate unmodified cytosine in the absence of SAM, the methyl donor in a DNMT- 
mediated DNA methylation reaction [69–71]. However, given that SAM is present 
in all cell types as a general methyl donor of many other essential biochemical 
reactions, whether DNMT-mediated 5-position substituent removal of 5hmC/5caC 
can take place in vivo remains questionable.

Thirdly, 5hmC deamination followed by BER has also been implicated in active 
DNA demethylation. AID (activation-induced deaminase)/APOBEC (apolipopro-
tein B mRNA editing enzyme, catalytic polypeptide) family of cytidine deami-
nases typically target unmodified cytosine in single-strand DNA or RNA to generate 
mutations, which are required for the generation of antibody diversity in B cells, 
RNA editing, and retroviral defense [72]. Interestingly, one study showed that AID/
APOBEC deaminases might deaminate 5hmC to produce 5hmU in HEK293 cells 
and in the mouse brain [73], indicating a TET-AID/APOBEC-BER axis for active 
DNA demethylation. But this potential pathway has been questioned due to the 
following reasons: 1) AID only acts robustly on single-strand DNA but not on 
double- strand DNA [74]; 2) AID/APOBEC deaminases exhibit no detectable 
in  vitro deamination activity on 5hmC [54, 75]. Therefore, further evidence is 
required to support this potential active DNA demethylation mechanism.

5  Potential TET-Independent Active DNA Demethylation 
Mechanisms

While TET proteins have been widely accepted as major players for active DNA 
demethylation, many other proteins were also historically proposed to play direct 
roles in demethylating DNA [46, 76]. Here we list some of the putative mechanisms 
that are independent of TET proteins, however, due to lack of direct evidence or 
conflicting observations, these demethylation mechanisms must be reexamined to 
confirm their biological relevance.

Firstly, despite the difficult nature of breaking a C-C bond, enzymatic removal of 
the 5-methyl group from 5mC is the simplest way to achieve DNA demethylation. 
The first protein reported to possess this activity is the methylated DNA binding 
protein MBD2. It was shown that MBD2-mediated 5-methyl group excision could 
take place in vitro without any cofactors [77]. However, this observation could not 
be reproduced by other laboratories and MBD-null mice were viable with normal 
DNA methylation patterns [78], raising the certain whether MBD2 could serve as a 
functional DNA demethylase in vivo. In addition to MBD2, elongator complex pro-
tein3 (ELP3) was also proposed to achieve DNA demethylation by breaking the 
C-C bond through a radical SAM mechanism [46]. While ELP3 bears a Fe-S radical 
SAM domain, and was reported to play a role in the paternal genome demethylation 
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in mouse zygotes [79], direct biochemical evidence demonstrating its enzymatic 
activity is still lacking. Interestingly, an in  vitro study has showed that, in the 
absence of SAM, the mammalian DNMTs (i.e., DNMT3A, DNMT3B, and DNMT1) 
themselves could also remove the 5-methyl group from 5mC [80], but the physio-
logical relevance of this observation remains unclear due to the widespread pres-
ence of SAM in all cell types as discussed above.

Secondly, the entire 5mC base can be erased by a DNA glycosylase to form an 
abasic site, followed by BER DNA repair pathway to complete active DNA demeth-
ylation. In plants, compelling biochemical and genetic evidence has validated this 
mechanism with the discovery of a family of specialized DNA glycosylases respon-
sible for 5mC excision, namely Demeter (Dme) family proteins [81]. While no 
obvious mammalian orthologues of Dme family proteins have been identified, two 
mammalian DNA glycosylases, TDG and MBD4, were reported to have incision 
activity against 5mC [82, 83]. However, 5mC incision activity of the two enzymes 
is about 30 times lower compared with that against G/T mismatches. In addition, 
Mbd4-null mice were viable and exhibit normal DNA methylation patterns [59]. 
Although Tdg-deficient mice exhibit abnormal DNA methylation and die around 
E12.5 [57, 58], the phenotype is more likely to be attributed to the loss of 5fC/5caC 
incision activity of TDG required in the TET/TDG-mediated DNA demethylation 
as discussed in Sect. 4.3. Thus, whether BER of 5mC by a DNA glycosylase can 
contribute to DNA demethylation in mammals has yet to be determined.

Thirdly, active DNA demethylation may also be achieved through deamination 
of 5mC to generate thymine, followed by BER to replace this mismatched thymine 
to unmodified cytosine. As discussed earlier, AID/APOBEC family proteins show 
no detectable in vitro deamination activity on 5hmC, however, these deaminases do 
deaminate 5mC in the context of single-strand DNA in vitro, despite at a 10-fold 
slower rate compared with that towards their canonical substrate cytosine [54, 75, 
84]. Indeed, several lines of evidence has suggested that AID/APOBEC family 
deaminases play a role in active DNA demethylation, including studies in zebrafish 
embryos [85], in mouse PGCs [86], in promoting pluripotency in somatic nuclei 
after fusion with ESCs [87], and in reprogramming of somatic cells to induced plu-
ripotent stem cells (iPSCs) [88]. Nevertheless, due to conflicting observations and 
the fact that these deaminases only act robustly on single-strand DNA, further 
mechanistic studies are required to clarify the function of AID/APOBEC proteins in 
active DNA demethylation. Interestingly, DNMTs, in addition to AID/APOBEC 
proteins, have also been shown to deaminate 5mC in the absence of SAM in vitro 
[29]. But again, the physiological relevance of DNMTs’ in vitro deamination activ-
ity is uncertain as depletion of SAM is unlikely in living cells.

Fourthly, nucleotide excision repair (NER), which typically repairs bulky DNA 
lesions generated by exposure to chemicals and radiation, has also been implicated 
in active DNA demethylation. Multiple lines of evidence have shown that GADD45 
(growth arrest and DNA-damage-inducible 45) family proteins could stimulate 
active DNA demethylation via NER in frog, zebrafish, and mammals [85, 89–91]. 
However, evidence to the contrary also exists [92, 93]. More importantly, the exact 
underlying mechanism is still unclear. Therefore, the role of GADD45 family pro-
teins and NER in DNA demethylation remains to be elucidated.
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6  Regulation of TET-Mediated DNA Demethylation

Precise control of DNA methylation is critical to the maintenance of genome stabil-
ity as well as cell-type- and developmental-stage-specific gene expression. 
Therefore, proper regulation of both DNA methylation and demethylation is 
required in many biological processes, such as development and the onset of dis-
eases. Compared with the regulation of DNA methylation, which has been exten-
sively studied [8, 15], the regulation of DNA demethylation has just begun to be 
understood. Because TET-mediated 5mC oxidation has become the most accepted 
mechanism of active DNA demethylation [9, 94], we only discuss factors involved 
in the regulation of TET-mediated DNA demethylation in the following sections.

6.1  Regulation of TET Expression

Regulation of enzyme abundance is a common way to control its activity in cells. In 
mouse E10.5 PGCs, transient conversion of 5mC to 5hmC can be readily detected 
together with a dramatic TET1 upregulation [67, 95, 96], indicating that regulation 
of TET expression is an important way to regulate DNA demethylation. Indeed, the 
three TET genes exhibit different expression patterns in a cell-type- and 
developmental- stage-specific manner: TET1 shows a high-level of expression spe-
cifically in mouse E10.5–12.5 PGCs, the inner cell mass (ICM) of blastocysts, as 
well as ESCs [39, 95]; TET2 is highly expressed in ESCs, and is broadly expressed 
in various mouse adult tissues [39]; TET3 is the only TET family member that is 
highly expressed in mouse oocytes and zygotes [97, 98], although it also shows a 
broad expression pattern in mouse adult tissues.

The regulation of TET expression has been reported at different levels. At the 
transcriptional level, cell-type-specific transcription factors (TFs) may play a major 
role. For example, a large cluster of binding sites for core pluripotency TFs are pres-
ent in the upstream promoter of mouse Tet1 gene [99], in line with the rapid reduc-
tion of TET1 expression upon ESC differentiation [47, 100]. At the posttranscriptional 
level, it has been shown that an oncogenic microRNA miR-22 could negatively 
regulate TET family proteins in breast cancer development and in hematopoietic 
stem cell transformation [101, 102]. In addition, one study reported that the CXXC 
domain-containing protein IDAX could directly interact with the catalytic domain 
of TET2 to downregulate TET2 protein through caspase-mediated degradation [41]. 
Moreover, all three TET proteins are direct substrates of calpains, a family of 
calcium- dependent proteases. Specifically, calpain1 mediates TET1 and TET2 turn-
over in mouse ESCs, and calpain2 regulates TET3 level during differentiation [103]. 
Such multiple layers of regulation on TET expression provides a robust control of 
TET activity in cells.
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6.2  Regulation of TET Activity by Metabolites and Nutrients

Given the importance of precise regulation of DNA methylation in various biological 
processes, it is not surprising that TET activity can be regulated in multiple ways, 
including the metabolic states and the milieu of cells (e.g., nutritional and develop-
mental signals, stress, and chemical exposure). For example, both adenosine- 5′-
triphosphate (ATP) and hydroquinone were reported to stimulate TET-mediated 5mC 
oxidation [48, 104]. More importantly, the five-carbon dicarboxylic acid αKG, which 
is part of the tricarboxylic acid (TCA) cycle, is an essential co-factor for TET-mediated 
5mC oxidation (as discussed in Sect. 4.2,). Therefore, metabolic states of cells, which 
affect intracellular αKG levels, may influence TET activity. Indeed, it has been 
reported that global 5hmC levels were rapidly increased together with αKG levels in 
mouse livers within 30 min after glucose, glutamine or glutamate injection [105].

In contrast, another five-carbon dicarboxylic acid, 2-hydroxyglutarate (2HG), 
which is chemically analogous to αKG, has been shown to inhibit TET activity by 
competing with αKG [106, 107]. Cellular accumulation of 2HG is often caused by 
tumor-associated mutations in the NADP+-dependent isocitrate dehydrogenase genes 
(IDH1/IDH2), which encode enzymes that normally produce αKG in the cell. These 
tumor-associated IDH1/IDH2 mutations (R132 of IDH1 and R140/R172 of IDH2) 
impair αKG production, and obtain an enzymatic activity to convert αKG to 2HG 
[108, 109], which inhibits TET activity. Consistently, co-expression of mutant IDH 
enzymes and TET proteins inhibits TET-mediated 5mC to 5hmC conversion [106, 
107]. It was hypothesized that the substitution of the keto group on αKG to a hydroxyl 
group on 2HG might interfere with Fe(II) binding and stabilize the reaction interme-
diate. In line with this hypothesis, another two metabolites, fumarate and succinate, 
which also share structural similarity with αKG, both function as competitive inhibi-
tors of Fe(II)/αKG-dependent dioxygenases, including TET proteins. Similar to 2HG, 
these metabolites are accumulated in a subset of human cancers with inactivation 
mutations of fumarate hydratase (FH) and succinate dehydrogenase (SDH), respec-
tively [110]. Thus, multiple intracellular metabolites may regulate TET-mediated oxi-
dative DNA demethylation, at least under certain pathological conditions.

Ascorbate (also known as vitamin C), an essential nutrient for humans and certain 
other animal species, has also been demonstrated to positively regulate TET activity 
[111–113]. In wild-type, but not Tet1/Tet2 deficient mouse ESCs, ascorbate signifi-
cantly increases the levels of all 5mC oxidation products, particularly 5fC and 5caC 
by more than an order of magnitude, leading to a global loss of 5mC (~40%) [111, 113]. 
Ascorbate uniquely interacts with the catalytic domain of TET enzymes, enhancing 
their catalytic activities likely by promoting their folding and/or  recycling of Fe(II) 
[111]. Intriguingly, ascorbate-induced demethylation has stronger effect on the DNA 
sequences that gain methylation in cultured ES cells compared to blastocysts, which 
are typically methylated only after implantation in vivo [113]. These studies suggest 
that ascorbate is a positive modulator of TET activity and may play a critical role in 
regulating DNA methylation during development. Further studies are needed to eluci-
date the sequence specificity of ascorbate-mediated stimulation of TET activity.
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6.3  Regulation by TET-Interacting Proteins and DNA-Binding 
Proteins

In addition to the overall TET activity in cells, the specific targeting of TET pro-
teins, and the regulation of their processivity (i.e., why TET-mediated 5mC oxida-
tion tends to stall at 5hmC, and only proceed to 5fC and 5caC at specific loci) 
provide another important layer of demethylation control. Emerging evidence indi-
cates that the genomic targeting, activity, and processivity of TET enzymes can be 
modulated by their interacting proteins and some DNA-binding proteins. The 
O-linked N-acetylglucosamine (O-GlcNAc) transferase OGT, has been reported to 
directly interact with, and also GlcNAcylate TET proteins [114–118]. Although 
OGT binding and GlcNAcylation appear not to regulate the enzymatic activity of 
TET proteins [115], OGT regulates the subcellular location of TET3 by promoting 
its nuclear export in high-glucose conditions [118]. Moreover, depletion of OGT in 
mouse ESCs decreases the association of TET1 with chromatin and alters 5hmC 
enrichment at certain loci [116, 117], suggesting that OGT plays a specific role in 
targeting and stabilizing TET proteins to the chromatin. In addition to OGT, the 
CXXC domain protein IDAX was shown to interact with TET2 and was suggested 
to recruit TET2 to promoters and CpG islands [41]. Recently, a sequence specific 
transcription factor WT1 (Wilms tumor protein 1) has also been shown to physically 
interacts with and recruits TET2 to its target genes to activate their expression [119]. 
Furthermore, PGC7 (also known as STELLA or DPPA3), a maternal factor essen-
tial for early development, was demonstrated in one-cell zygotes to protect maternal 
genome and the imprinting control regions (ICRs) in paternal genome by inhibiting 
TET activity through direct interaction [97, 120, 121]. These findings suggest an 
important role of TET interacting partners in targeting and restricting TET activity 
in the cell.

In addition to TET interacting proteins, some DNA binding proteins can also 
regulate DNA demethylation. For example, one study showed that knockdown 
of methyl-CpG binding domain protein 3 (MBD3), which also binds to 5hmC, 
caused a strong reduction in global 5hmC level in mouse ESCs [122]. In another 
study, UHRF2 was identified as a 5hmC-specific binding protein in neuronal 
progenitor cells, and was shown to be capable of stimulating the processivity of 
TET1 when co-overexpressed with the catalytic domain of TET1 in HEK293T 
cells [123]. These observations demonstrate that proteins bound to the substrate 
DNA of TET enzymes may regulate the enzymes’ activity and processivity, 
therefore implying a role of DNA binding proteins in controlling DNA 
demethylation.
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7  Concluding Remarks

Ever since the discovery of 5mC oxidation by TET family proteins, there has been 
tremendous progress in understanding the molecular basis of DNA demethylation. 
Accumulating biochemical and genetic studies have demonstrated that TET family 
proteins play a critical role in active DNA demethylation during dynamic regulation 
of DNA methylation patterns in development and diseases. While the TET-TDG- 
BER pathway and replication-dependent dilution of 5hmC/5fC/5caC have been 
generally accepted as the major forces of active DNA demethylation, other potential 
active DNA demethylation mechanisms have also been reported. It is worth noting 
that most of those observations were made before knowing the existence of 
5hmC/5fC/5caC, and by immunostaining of 5mC or bisulfite sequencing that do not 
distinguish 5mC from 5hmC or unmodified cytosine from 5fC and 5caC [9]. 
Therefore, with many new technologies recently developed to map various new 
modifications in the genome, historically reported active DNA demethylation path-
ways should be revisited to further advance this exciting field by revealing a more 
comprehensive understanding on how DNA methylation is dynamically regulated.
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Abstract Although cancer is a genetic disease, broad changes in epigenomic pro-
files are a key observation in many distinct cancer types that can be diagnostic, 
reflect altered signalling/gene regulatory networks and may directly contribute to 
the disease state. In this short review we will focus on how DNA modification 
changes have contributed to our understanding of cancer progression and the 
hypothesis that cancer cells have an epigenome reflecting altered dependencies 
compared to the tissue of origin.

Keywords DNA methylation reprogramming • 5-hydroxymethylcytosine land-
scapes • Cancer diagnostics • Tet-1/2/3 enzymes

1  Introduction

The concept of ‘epigenetics’ was originated by Conrad Waddington to resolve a 
potential paradox of cellular differentiation; how can embryological cells with simi-
lar genetic material differentiate into multiple and distinct cell types [1, 2]. 
Importantly, whatever the epigenetic mechanism is, it had to incorporate the idea of 
inheritance of altered gene expression states during subsequent divisions of com-
mitted cells, even after the signals that initiated epigenetic changes may have long 
ceased [2–5]. This concept runs in parallel with the idea that signalling pathways 
and gene regulatory networks organise the development of an organism from a fer-
tilized egg through embryogenesis and adulthood, a fundamentally genetic basis of 
development and disease [6–8]. Waddington’s illustrative ‘epigenetic landscapes’ 
are bedded on the action of genes, which influence the epigenetic states adopted by 
differentiating cells [1, 9]. In Waddington’s landscape, as the cell progresses down 
the valleys, its genetic information becomes modified (but not lost) which restricts 
its developmental potential. Subsequent molecular analysis identified chromatin- 
centred mechanisms which can promote the selective gene silencing and activation 
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profiles that are characteristic of cell types [10]. However, the ability to transdif-
ferentiate cells with core transcription factors offers strong evidence for gene regu-
latory networks (GRN) as the dominant mode of development specification and it is 
within this context that epigenetic mechanisms operate [11]. One question that then 
arises, can embryo development or cancer transformation occur without active epi-
genetic pathways? Understanding the potential roles of epigenetic processes in can-
cer is predicated on comprehending their role in development, how and why they 
are altered during cellular transformation and what are the functional consequences 
of these alterations [12, 13]. It is becoming increasingly clear that disruption of the 
“epigenome” as a result of alterations in epigenetic regulators is a fundamental 
mechanism in cancer, which has implications for both molecular diagnostics and 
small molecule cancer therapies.

2  DNA Methylation Machinery

A core feature of ‘epigenetics’ is that developmental potential is linked with changes 
in gene activity independently of genetic alterations. This concept has driven the 
identification of DNA and chromatin modifying activities which participate in regu-
lating gene expression profiles in development and disease states [9, 10]. However, 
the targeting of many of these activities depends on a classical transcriptional mech-
anism, where DNA-binding proteins recruit chromatin/DNA-modifying activities in 
concert with the transcriptional machinery [7].

In mammals, DNA methylation is the best studied epigenetic mark in develop-
ment and disease contexts, especially in cancer studies [14]. This is partly due the 
relatively simple models that correlate changes in chromatin function with altered 
DNA methylation profiles, efficient data generation and sophisticated bioinformat-
ics analysis [15–20]. It is well established that CpG Island (CGI) methylation can 
provide strong and heritable repression of transcription, and that ectopic de novo 
methylation of CGI’s associated with tumour suppressor genes can potentially con-
tribute to establishing the cancer state [21–23]. However, there is still strong debate 
as to whether observed promoter methylation alterations are a cause or consequence 
of gene inactivation in cancer, as much of the analysis relies on correlative evidence 
[21, 22]?

The maintenance methyltransferase Dnmt1 and its cofactors have been classi-
cally considered responsible for the perpetuation of DNA methylation during cell 
divisions, whereas de novo DNA methylation is initially established in development 
by a combination of Dnmt3A and Dnmt3B acting in concert with the cofactor 
Dnmt3L [24–27]. Dnmt3L itself is essential during germ cell development to ensure 
that endogenous retrotransposons are inactivated [28]. Somatic patterns of DNA 
methylation participate at multiple levels (locus specific, genome stability and indi-
rectly) in most epigenetic mechanisms, including X-chromosome inactivation, 
ensuring genomic imprinting, retrotransposon silencing and gene repression [16, 
29–32]. 5-methyl cytosine (5mC) is enzymatically generated on mammalian DNA 
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by the addition of a methyl group to the carbon-5 position of the pyrimidine ring of 
cytosine, mostly in the context of the dinucleotide CpG [33]. Both DNA strands are 
symmetrically methylated at CpGs and during replication hemi-methylated DNA is 
potent substrate for the maintenance DNA methyltransferase, Dnmt1; perpetuating 
the parental pattern [33]. Genome-wide profiling demonstrate that methylated CpG 
(MeCpGs) are pervasive throughout mammalian genomes, with the exception of 
discrete non-methylated CGI which feature as regulatory landmarks, as they are 
mostly associated with gene promoters [34–38]. Changes in DNA methylation pro-
files and content are indicative of an altered cellular state, as first exemplified in 
early cancer studies [39–42]. This has been replicated many times culminating in 
nucleotide resolution modification maps of cancer cell lines and tumours, for exam-
ple colon cancer, which exhibit characteristic alterations [19, 43]. DNA methylation 
data from many cancer genome consortia are being continuously incorporated with 
comprehensive resources of somatic mutations in human cancer to improve defini-
tions of disease types at presentation, remission and reoccurrence [44]. DNA meth-
ylation profiling has also been used extensively in reprogramming and disease 
studies to chart changes in cell state, which can also be linked to physiological 
processes, such as ageing and metabolism [45–51].

The attraction of DNA methylation as an epigenetic mark was the observation 
that symmetrically methylated DNA is relatively stable in the originating cell and 
the patterns can be propagated through cell division by the DNA methylation 
machinery, which integrates with DNA replication pathways [23, 52]. In general, 
the occurrence of DNA methylation at regulatory regions such as enhancers or 
active CGI promoters is associated with induced transcriptional repression, which 
may be mediated by direct inhibition of Transcription Factor (TF) binding or by 
attracting chromatin silencing activities [13, 16]. Differentially methylated promot-
ers associated with gene inactivation in different tissues types have been identified, 
but these may correspond to a remarkably small number of genes that are normally 
expressed in the germline [29, 30]. Most silent non-methylated CGI genes are asso-
ciated with a histone repressive modification profile that is dependent on Polycomb 
Repressive Complex’s 1 and 2, which are responsible for adding a ubiquityl moiety 
to histone H2A at Lys119 (H2AK119ub1; PRC1)) and the addition of one to three 
methyl groups to histone H3 at Lys27, leading to H3K27me1, H3K27me2 and 
H3K27me3 (PRC2) respectively [53, 54]. It is the H3K27me3 mark that is reso-
lutely associated with gene repression.

DNA methylation undergoes extensive reprogramming during early embryo 
development and in primordial germ cell (PGC) progression (PGCs), which have 
been linked with signal induced pathways that shift DNA methylation profiles in 
mouse ES cells [32, 50, 55–58]. Similar developmental changes have been observed 
in other somatic cell contexts [59, 60]. Until recently it was unclear what the molec-
ular mechanisms were that underpinned ‘DNA demethylation’ pathways, whose 
disruption could account for the altered patterns of hyper- and hypo-DNA methyla-
tion observed in many cancers [61–63].
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3  DNA De-methylation

Two basic mechanisms leading to DNA demethylation can be considered; (A) a 
passive mechanism in which re-methylation of hemi-methylated substrates during 
DNA replication is prevented, thus leading to progressive loss of 5mC in concert 
with cellular proliferation and (B) active processes that remove the modification or 
modified bases from DNA [64–69]. 5mC marks can be converted back to an unmod-
ified state via methylcytosine dioxygenase enzymes known as the Ten-Eleven- 
Translocases (TETs 1, 2 & 3) that can generate intermediates in a potential DNA 
demethylation pathway; 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) 
and 5-carboxylcytosine (5caC) [70–72] (Fig. 1). 5hmC has gathered much interest 
in recent years as its stable relative abundance predicts that it may have biological 
functions in addition to its role as a DNA demethylation intermediate [72–75]. The 
presence of oxidation derivatives may also lead to passive demethylation because 

Fig. 1 Overview of the DNA methylation cycle. DNA modification occurs largely at CpG 
(cytosine- phosphodiester-guanine) dinucleotides in the mammalian genome. The bulk of CpGs are 
modified by methylation (5m–CpG). Recent reports reveal that these methylated cytosines can be 
converted to 5-hydroxymethylcytosine (5hm-CpG) through the actions of the TET enzymes. 5hmC 
is relatively stable but can be further converted into 5-formylcytosine (5f–CpG) and 
5- carboxylcytosine (5Ca–CpG) which are rapidly removed by base excision repair, resulting in an 
unmodified CpG dinucleotide. Relative amounts of each modification are suggested through the 
font size of the CpG text. The presence of 5hmC in the genome can dampen the activity of DNA 
methyltransferases (DNMTs) leading to passive hypomethylation via DNA replication
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they are not properly recognized by the methylation maintenance machinery, for 
example DNMT1 is not active on hemi-hydroxymethylated DNA [76]. Another 
possibility is that 5hmC, 5caC, or 5fC trigger erasure by DNA glycosylases such as 
thymine DNA glycosylase (TDG), followed by base excision repair [77–79]. 
However oocyte-specific Tdg conditional knockout gives rise to normal offspring 
which do not exhibit altered levels of zygotic 5hmC [80]. This result may indicate 
the existence of as-yet-unknown demethylation mechanisms downstream of 5mC 
oxidation [81].

TET enzyme conversion of 5-methyl modified cytosine bases to 5- hydroxymethyl 
marked bases by oxidation occurs in an iron and α-ketoglutarate (αKG) dependent 
manner [70, 71]. Changes in TET activity is linked with altered 5mC patterns in 
many cancers [82–87]. Although less abundant in absolute terms than 5mC 
(between 0.1% and 0.7% of all cytosines) the levels of 5-hydroxy-marked cytosines 
are far greater than the downstream DNA demethylation modifications; 5fC and 
5caC; the more abundant 5hmC may also have a functional role throughout the 
genome [69, 74].

The patterns of the modifications vary greatly between tissue and cell types – to 
the extent that 5hmC profiling can be used as an exquisite identifier of cell state or 
tissue type [49, 59, 88, 89] (Fig. 2). A consensus view is such that 5hmC modified 

Fig. 2 DNA modification patterns act as identifiers of cell state. Both 5mC and 5hmC patterns are 
unique to given cell types and are strongly altered in cancer. Understanding how these epigenetic 
changes relate to transcriptional outcomes for a given cell is important for understanding their 
significance in cancer
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CpGs are generally depleted over the majority of promoter elements but are enriched 
over the bodies of transcriptionally active genes and enhancer elements as well as a 
small number of transcriptional starts sites associated with silenced genes [90, 91]. 
This contrasts with 5mC profiles which are present genome wide and enriched at 
satellite and repeat DNA sequences [90]. Proximal enrichment of 5hmC at enhanc-
ers upstream of annotated transcriptional start sites (TSS) suggests a role for these 
regions in the regulation of gene expression [92]. Histone modification profiles 
around genes strongly overlaps with peaks of 5hmC in normal tissues, for example 
active enhancer marks, H3K4me1/H3K27ac, are associated with 5hmC at regions 
flanking transcription start sites (TSS) [59, 93]. The fact that 5hmC profiles are 
related to the transcriptional landscape means that it is a far more dynamic modifi-
cation than 5mC – which is typically thought of as a stable lock on inactive chroma-
tin states.

4  DNA Modification Perturbations in Cancer

Disruption of epigenetic landscapes, including 5hmC and 5mC patterns, is a hall-
mark of cancer [93–97] (Fig. 3). Although the underlying mechanisms of cancer- 
specific methylation changes are still largely unclear, it is apparent that they can 
occur early in both cancer initiation and progression [98]. Focal hypermethylation 
of specific regions of the genome was first reported in 1986 and inactivation of the 
RB1 gene in retinoblastoma cells by de novo methylation of its CGI was reported in 
1989 [99, 100]. Subsequently causation, mechanism, scope, and the potential for 
experimental artefacts were addressed in multiple studies investigating the relation-
ship between alterations in genomic methylation patterns and carcinogenesis [12, 
14, 101]. Accumulative evidence suggests that DNA methylation patterns are often 
drastically different in cancer compared to those found in the normal healthy tissue, 
which can create altered epigenetic dependencies [23]. Three major epigenetic 
alterations are frequently observed: (A) global DNA hypo-methylation in cancer 
across large domains and affecting repetitive DNA sequences, (B) global hypo- 
hydroxymethylation across the majority of the genome including over promoters 
and gene bodies, and (C) discrete gene-specific hypermethylation of CGIs, CGI 
shores and enhancer elements affecting hundreds of loci [82, 101–104]. Given the 
dynamic interplay that 5mC and 5hmC exhibit, the observed changes in each modi-
fication throughout cancer are dynamically linked [87, 105, 106].

5  Discrete Hyper-Methylation Events in Cancer

Recent evidence suggests that disruption of the normal DNA methylation/demeth-
ylation cycle during carcinogenesis may be one mechanism that is responsible for 
aberrant CGI hyper-methylation events [87, 93, 97, 99, 102, 103] (Figs. 1 and 2). 
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Mutations in the TET1 gene are associated with hematopoietic malignancy where 
loss of 5hmC and/or gain of 5mC on promoters in tet1−/− cells may result in down-
regulation of expression and derailment of the differentiation process [107]. Of 
interest is the observation that oncogenic KRAS can inhibit TET1 expression via 
the ERK-signalling pathway; restoration of TET1 expression by ERK pathway inhi-
bition or ectopic TET1 reintroduction in KRAS-transformed cells reactivates a 
select number of target genes [85]. This indicates a dichotomy between signalling 
induced regulation of methylation of a discrete number of CGI target genes and 
generalised tissue determined CGI methylator profiles that are variable within 
tumour types [3, 97]. In the latter case, de novo methylation occurs predominantly 
at already silenced genes (passenger genes) and therefore does not affect their 
expression status while in the former silencing by DNA methylation of select target 
genes is dependent on an active signalling pathway and therefore is not strictly epi-
genetic in character [85, 96]. Oncogenic RAS or BRAF is required for both initia-
tion of the pathway and maintenance of repression via the activation of pathway 
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Fig. 3 Schematic for 5hmC and 5mC patterns across the genome in normal and cancer cells. 
Coloured plots show typical 5hmC and 5mC patterns across the genome. Typically 5hmC is found 
enriched over enhancers, promoter proximal and genic regions, whilst 5mC is found at enhancer, 
genic and repetitive elements (not shown). In cancer 5hmC is lost from promoter and enhancer 
regions contributing to aberrant hypermethylation events. In contrast, genic 5hmC loss accompa-
nies loss of 5mC. Dashed boxes indicate possible mechanisms for these two observations
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intermediates which can direct methylation at select target CGI genes [108–110]. 
This consideration leads to two questions; how do tumour suppressor genes become 
methylated and how is DNA methylation of tumour suppressor genes inherited 
through multiple generations [3]? One idea would be that DNA methylation at 
TSGs is not epigenetically inherited, but is maintained by an instructive transcrip-
tional mechanism that can potentially repress multiple genes [3]. In contrast, we 
have recently shown that the aberrant CGI hyper-methylation in several mouse 
models of liver cancer occurs at sites marked by a unique chromatin state in the 
healthy liver [87]. The promoter proximal sites destined to become hyper- methylated 
in liver cancer were found to be rich in 5hmC and associated with “bivalently” 
marked histone tail modifications (H3K27me3 and H3K4me3), which are typically 
associated with a transcriptionally poised but not active expression states. We 
observe loss of 5hmC occurs at these sites prior to accumulation of 5mC and this is 
related to a reduction in the levels of the TET1 enzyme, which has previously been 
shown to bind preferentially to CGIs. Loss or reduced binding of TET1 from these 
CGIs would ultimately result in a loss of active, ‘protective’ DNA demethylation 
and acquisition of 5mC (Fig. 3). The activity of TET enzymes can also be reduced 
by tumour hypoxia in human and mouse cells, which occurs independently of 
hypoxia-associated alterations in TET expression and depends directly on oxygen 
shortage [86]. This can result in increased hypermethylation at gene promoters 
in vitro, patients exhibit markedly more methylated at selected promoters in hypoxic 
tumour tissue, independently of proliferation, stromal cell infiltration and tumour 
characteristics. Increased hypoxia in mouse breast tumours also increases hyper-
methylation, while restoration of tumour oxygenation abrogates this effect.

Hyper-methylation at CGIs is often invoked as a mechanism of transcriptional 
inactivation of tumour suppressor genes that directly drives the carcinogenic pro-
cess, however many of the genes associated with hyperethylated CGIs in cancer are 
already silent in the host tissue to begin with [12, 87, 96, 97, 111–113]. Recent data 
suggests that changes in 5mC profiles over enhancer elements may instead be 
related to the phenotypic and transcriptomic changes observed during cancer pro-
gression [93]. Enhancers are consistently the most differentially methylated regions 
during the progression from normal tissue to primary tumours and subsequently to 
metastases, compared to other genomic features. Changes in the 5mC levels at these 
loci have been linked to cancer type as well as the overall patient outcome [93, 103]. 

The anti-cancer effects of DNA methyltransferase inhibitors has been linked 
with upregulation of immune signalling in cancer through the viral defence path-
way, independently of CpG island methylator profiles [114, 115]. In these exam-
ples, upregulation of intergenic hypomethylated endogenous retrovirus (ERV) 
genes accompanies, and may drive, the response. This anti-viral response may 
underlie some of the anti-tumour activity of these drugs, e.g. 5-Azacytidine (AZA), 
as transfection of dsRNA derived from AZA-treated cells, but not control cells, 
induced an antiviral response in recipient cells. Interferon pathway genes were also 
upregulated by AZA, and this was correlated with increased expression of endoge-
nous retroviral transcripts rather than de-repression of interferon pathway transcrip-
tion factors [114, 115] (Fig. 4).
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6  Changes to the 5hmC Landscape in Cancer

Studies using immunohistochemistry, immuno-dot blot and mass spectroscopy, con-
sistently report a strong global loss of 5hmC in cancer cell lines and tumours [87, 
88, 104, 116–120] (Fig. 3). In concert with these reduced global levels of 5hmC, 
genome-wide patterns of 5hmC are also markedly altered between tumour samples 
and normal surrounding tissue [87, 93, 104, 120, 121]. In melanoma, there is both 
loss and gain of genic 5hmC at a large number of gene bodies: although the changes 
in 5mC are far more subtle than for 5hmC. These genes tended to be associated with 
melanoma related pathways, Wnt signalling components and not surprisingly, gen-
eral cancer progression. In lung and liver cancers the specific relationships between 
5hmC and sets of chromatin marks present in normal tissue is largely absent in 
tumours, which may drive or reflect altered regulation of gene expression [93]. In 
both mouse liver cancer and in human cancer cell lines, 5hmC is lost from a series 
of promoter regions, resulting in aberrant hyper-methylation event at such sites and 
reinforcing the reciprocity between these two marks in the regulation of DNA modi-
fication landscapes [86, 87, 122]. As well as genic and promoter regions, 5hmC is 
typically strongly enriched over promoter–proximal enhancer elements. In mouse 
ES cells, loss of TET enzymes results in hypermethylation at such enhancer ele-
ments and delays nearby gene induction during differentiation [123]. Similar results 
have also been observed in acute myeloid leukemia (AML) where loss of the TET2 
enzyme was linked to hypermethylation of ~25% of active enhancer elements [124]. 
These results indicate that the TET enzymes are fundamentally required to maintain 
normal epigenetic and transcriptomic landscapes in a given cell at least in part 
through the protection of key regulatory loci such as enhancers and promoter ele-
ments. This dysregulation can, in turn, provide the cell with a growth advantage 
through increases stem cell-like proliferation and silencing of tumour suppressor 
genes (Fig. 3). Studies comparing 5hmC changes between tumour types and sub-
types are essential to shed light on the molecular events associated with cancer 
progression, and to the identification of biomarkers for clinical use.

Fig. 4 Schematic of the molecular mechanisms of combined 5-Azacytidine and Vitamin C treat-
ment in generating an anti-tumour response. Loss of 5mC at multiple endogenous retrovirus (ERV) 
genes occurs through inhibition of DNMT1 by 5-Azacytidine and stimulation of active DNA 
demethylation through elevated TET enzyme activity following vitamin C treatment. This results 
in the induction of double stranded RNAs (dsRNAs) which are recognised by the cell and stimulate 
an interferon response, enhanced immune signalling resulting in reduced cell proliferation and 
ultimately apoptosis of tumour cells
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7  The Role of the TET Enzymes in Cancer

The TET methyl cystosine dioxygenase enzymes (TET1, 2 and 3) – as well as sev-
eral of their cofactors, are often mutated, transcriptionally downregulated or reduced 
at the protein level [86, 87, 125]. There is substantial amount of overlap in 5hmC 
deposition by the three members as Tet-1, -2 or -3 null mice are viable and that loss 
of 5hmC is not absolute in Tet1 null mouse livers [87, 126]. Short hairpin RNA 
(shRNA) reduction of each of the TET enzymes in human embryonic carcinoma 
cells has shown that loss of TET1 resulted in the greatest elevation of 5mC at pro-
moter elements as well as widespread reduction of 5hmC, while depletion of TET2 
and TET3 reduces 5hmC at a subset of TET1 targets suggesting functional co- 
dependence [122]. All TET mediated 5hmC can prevent hypermethylation through-
out the genome, particularly at CGI shores where loss of all three TETs was related 
to hypermethylation events [93, 104, 121]. Loss of 5hmC at enhancers in Tet2−/− 
mouse ES cells resulted in their hypermethylation and impacted on gene expression 
during early stages of ES cell differentiation [123].

Analysis of large numbers of human cancer studies (such as those recorded in the 
Catalogue of Somatic Mutations in Cancer – “COSMIC” – database) reveals a dif-
fering number of mutations across the three TET enzymes. TET2 is the most fre-
quently mutated of the three however such mutations are more or less exclusively 
found in haematopoietic and lymphoid cancers (14.18% COSMIC datasets). TET1 
and TET3 are by comparison only found mutated in a rare number of cases (both 
typically <0.5% of human cancers; TET3 mutated ~5% of skin cancers and 3% of 
colorectal cancers) [44]. Although specific mutations within the TET1 gene have 
not been directly associated with cancer progression, reduced transcriptional and/or 
protein levels of TET1 has been reported in colon, gastric, lung and liver cancers 
whilst TET2 transcription/protein levels are more typically reduced in leukaemia 
and melanoma [83, 105, 116, 120, 127–129]. TET1 downregulation has also been 
shown to promote malignancy in breast cancer and to act as a tumour suppressor 
that can inhibit colon cancer growth by de-repressing inhibitors of the WNT path-
way [83]. In addition, reduced levels of TET1 has also been shown to result in ele-
vated rates of metastasis in gastric cancer through the miss-regulation of downstream 
pathways required for tumour migration [128]. Interestingly TET1 is itself found 
both methylated and transcriptionally repressed in a series of cell lines and primary 
tumours of multiple carcinomas and lymphoma although, whether or not the meth-
ylation is itself causative or reflective of TET transcriptional inactivation is still to 
be fully elucidated [85, 127].

The activity of TET enzymes can be inhibited or stimulated by several cofactors, 
metabolites, and post-translational modifications. This is most evident in cancers 
harbouring gain-of-function mutations in the genes IDH1 and IDH2 – the Krebs 
cycle enzymes isocitrate dehydrogenase 1 and 2  – which results in the aberrant 
conversion of αKG into 2-hydroxyglutarate (2HG), a potent inhibitor of TET activ-
ity [105]. Mutations in two other Krebs cycle proteins; Fumarate hydratase (FH) 
and succinate dehydrogenase (SDH) are relatively common in a subset of human 
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cancers including Gastrointestinal stromal tumours (3–8% of SDH cases), Renal 
cell carcinomas (1–4% of SDH and 71–93% of FH cases) and Paraganglioma (12–
15% of SDH cases) [130–132]. Mutations in FH and SDH lead to an accumulation 
of fumarate and succinate which can inhibit multiple αKG-dependent dioxygen-
ases, including the TET family of enzymes. Loss of TET activity in tumour hypoxia 
was found to result in a loss of 5hmC and gain of 5mC over gene promoters and 
enhancer elements, once again reinforcing the “protective” role that these enzymes 
play at these loci in the normal cell [86].

In contrast, it has been shown that increasing the levels of ascorbic acid (vitamin 
C) stimulates TET protein enzymatic activity in both cultured cells as well as mouse 
tissues [49, 133]. The addition of vitamin C to low doses with AZA results in a 
synergistic inhibition of cancer-cell proliferation and increased apoptosis. These 
effects are associated with enhanced immune signals including increased expres-
sion of bidirectionally transcribed ERVs, increased cytosolic dsRNA, and activation 
of an IFN-inducing cellular response [134]. Many patients with hematological neo-
plasia are markedly vitamin C deficient, treatment of patients with hematological 
and other cancers with vitamin C may improve responses to epigenetic therapy with 
DNA methyltransferase inhibitors [134]. Treatment with DNA methylation inhibi-
tors to activate a growth-inhibiting immune response may also be an effective thera-
peutic approach for colon cancers [135]. Taken together, these results highlight the 
complex relationship between 5hmC disruption and cancer progression that is not 
only reliant directly on the transcriptional state of the TET enzymes but also the 
overall environment in the cancer cell [136].

8  Indirect Impact of DNA Methylation Reprogramming 
on Cancer Epigenomes

Two major differences can be observed between normal mammalian DNA methyla-
tion landscapes and those found in cancer cell lines and tumours, (i) as discussed 
above, many CGIs become aberrantly hypermethylated in cancerous cells whereas 
(ii) hypo-DNA methylation occurs at other genomic regions [137]. Genes that are 
subject to CGI promoter hypermethylation are frequently marked by PRC2- 
deposited H3K27me3  in early development [138, 139]. The persistence of 
H3K27me3 at these regions in normal cells and in development is dependent on the 
global 5mC content [50, 140–142]. Induced hypomethylation results in loss of 
H3K27me3 from previously unmethylated CGIs, which in a somatic cell context 
can lead to gene activation [142]. Importantly, DNA hypomethylation results in the 
accumulation of the PRC2 complex components and H3K27me3 to genomic loca-
tions that were previously DNA methylated, suggesting that dense DNA methyla-
tion prevents PRC2 binding to chromatin. In addition, TET1 is required for a 
significant proportion of PRC targeting in mouse ES cells, connecting this putative 
demethylation pathway to PRC recruitment [87, 143]. In this context it is formally 
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possible that delocalisation of PRC complexes in tandem with loss of demethylation 
activities makes CGI genes formerly marked by H3K27me3 susceptible to de novo 
methylation during the epigenomic reprogramming phase of carcinogenesis [18]. 
This brings the relationship between DNA methylation and the Polycomb system to 
the forefront of cancer epigenomics, and also has implications for genome regula-
tion [144]. An important inference is that reprogramming of DNA methylation pat-
terns in cancer could trigger mis-regulation of transcriptional programs through 
subsequent redistribution of the repressive activity of PRCs, that in addition also 
feeds back on ectopic targeting of de novo methylation to CGIs previously marked 
by H3K27me3 [18]. These targets include a large number of genes with key func-
tions in cell lineage decisions and the regulation of the cell cycle, which have a 
major impact on the development and progression of cancer [54]. Mutations result-
ing in histone variants in cancers that are resistant to modification can impact on 
diverse aspects of chromatin biology including DNA methylation and gene expres-
sion [20]. The functional interplay between DNA methylation and PRC pathways 
are also likely to be important in other biological systems, especially ageing [46, 
145]. In cancer, these mechanisms promote a transcriptome that facilitates cancer 
formation, plasticity, and progression; analysis of multiple cancer DNA methy-
lomes implies that altered TF binding occurs contributing to altered enhancer activi-
ties, which impacts on the transforming processes during carcinogenesis [87, 113, 
146]. The checkpoints that enable correct preservation of transcriptional circuits 
and metabolic programs are often absent in tumorigenic lesions, thus imparting 
cancer cells with the ability to generate novel transcriptional, metabolic and epigen-
etic dependencies [147].

9  Future Perspectives

Future studies should concentrate on dissecting the cause-consequence relation-
ships involved in cancer transformation, the role of epigenetic plasticity in driving 
tumour progression and identity, the epigenetics of cellular heterogeneity and 
exploring potential points of combinatorial therapeutic intervention. This will 
involve patient/tumour stratification by genetic, metabolic and epigenetic profiling, 
which in themselves may provide new markers for early diagnosis (Fig. 5).

The ability to identify DNA based markers for liquid biopsies of circulating 
tumour cells, may be effective in identifying origin of the tumour, especially during 
metastasis [148]. Regulation of the inhibitory immune receptor programmed cell 
death-1 (PD-1) is governed by cis-DNA elements, TFs, and epigenetic modifica-
tions [149, 150]. Of note is a report that PD-1 promoter methylation is an indepen-
dent prognostic biomarker for biochemical recurrence-free survival in prostate 
cancer patients, which may linked with immune surveillance [151, 152]. Finally the 
availability of new gene-editing tools may enable exquisite manipulation of cancer 
epigenetic profiles, including Tet gene function, that promote cell death rather that 
cell proliferation [13, 153].
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Misregulation of DNA Methylation Regulators 
in Cancer

Joyce J. Thompson and Keith D. Robertson

Abstract Epigenetic modifications at the DNA level play a central role in estab-
lishing the chromatin state and thereby influencing biological function. Several dis-
orders arise from aberrant epigenetic patterns on DNA, cancer being widely explored 
as an epigenetic disorder. In fact several cancers are associated with a hypermethyl-
ator phenotype, which essentially functions as a ‘driver’ of tumorigenesis. Aberrant 
DNA methylation patterns arise from disrupting the ‘writers’ or ‘erasers’ of the 
DNA methylation pathway, coordinately functioning to regulate DNA epigenetic 
marks. Cancer associated deregulatory mechanisms targeting functional disruption 
of the molecular components of the DNA methylation pathway, and their contribu-
tion to cancer initiation and progression are being increasingly appreciated. 
Understanding these mechanisms  of deregulation is central to identifying new 
 targets for therapeutic intervention, in both cancer prevention and treatment.
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GSC Glioblastoma Stem Cells
HIF Hypoxia inducible factor
HPC Hematopoietic presursor cells
HRE Hypoxia response element
HSC Hematopoietic stem cells
IDAX Inhibition of the Dvl and Axin Complex
IDH Isocitrate dehydrogenase
MBD Methyl binding domain
mCG CpG methylation
mCH Non-CpG methylation
MDS Myelodysplastic Syndromes
MLL Mixed-lineage leukemia
MPN Myeloproliferative Neoplasm
MTase Methyltransferase
PCNA Proliferating cell nuclear antigen
SDH Succinate dehydrogenase
TDG Thymine-DNA glycosylase
TET Ten-eleven translocation
UHRF Ubiquitin-Like with PHD and Ring Finger Domains
α-KG Alpha-ketoglutarate

1  Introduction

Cancer is a complex diseased state arising from impaired cellular homeostasis. 
Cellular homeostasis is essentially defined by the underlying dynamic transcrip-
tome, coding for the functional proteome, which is temporally modulated by intrin-
sic and extrinsic cues. However, the transcriptome is only an effector of the 
epigenetic changes occurring at the different components of chromatin – DNA, his-
tones, and nucleosomes, which essentially control the progression of central bio-
logical processes. At the DNA level, epigenetic information is carried in the form of 
cyclic modifications at the C5 position of cytosine, frequently but not exclusively 
within ‘CpG’ dinucleotides (cytosine preceding guanine). The primary modification 
at C5 is methylation, resulting in 5-methylcytosine (5mC), and is catalyzed by a 
family of enzymes, the DNA Methyltransferases (DNMTs). 5mC can be further 
oxidized by the Ten-elven translocation (TET) family of dioxygenases, sequen-
tially, to 5-hydroxymethyl cytosine (5hmC), 5-formyl cytosine (5fC), and lastly 
5-carboxyl cytosine (5caC), which can be viewed as secondary, tertiary, and quater-
nary modifications at C5. All four DNA marks carry distinct epigenetic information 
and functional implications, and are central to driving development, differentiation, 
and maintaining cellular homeostasis. In fact, aberrant patterns of these C5 modifi-
cations are associated with the initiation and progression of several cancers. 
Misregulation of the molecular components of the DNA methylation pathway forms 
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the basis of most, if not all cancers. This chapter will provide an overview on how 
the molecular components of the DNA methylation pathway are deregulated to 
facilitate cancer initiation and progression, and their mechanistic contribution to 
achieving the hallmarks of cancerous cells.

1.1  Molecular Components of the DNA Epigenetic Pathway: 
Establishment, Interpretation, and Turnover of DNA 
Modifications

As in all epigenetic pathways, the DNA methylation pathway has three major 
 components – writers, readers, and erasers. The DNMTs, which include three cata-
lytically active enzymes, DNMT1, 3A, and 3B, and a catalytically inactive DNMT3L 
(3-Like), function as the ‘writers’ of the DNA epigenetic pathway. The structurally 
homologous de novo DNMT3A/3B, along with the accessory DNMT3L, establish 
5mC patterns during early embryonic development and are implicated in develop-
ment [1], differentiation, and lineage commitment [2–4] while the maintenance 
DNMT1 faithfully maintains and propagates established 5mC patterns during DNA 
replication in somatic cells [5]. Both DNMTs 3A and 3B possess a variable 
N-terminal domain with a proline-tryptophan rich – PWWP domain, followed by the 
ATRX–DNMT3–DNMT3L (ADD) domain, which contains a CXXC zinc finger 
and an atypical plant homeodomain (PHD) finger domain, and lastly a catalytic 
methyltransferase (MTase) domain at their C-terminal end [6]. DNMTs 3A and 3B 
are highly expressed during early embryonic development and in differentiating 
cells, but are generally lowly expressed in terminally differentiated somatic cells. 
However, somatic cells do express catalytically inactive isoforms of the DNMT3 
enzymes [7], suggesting their pivotal role in non-epigenetic mechanisms. DNMT1 
has similar structural organization as the DNMT3s, with a C-terminal catalytic and 
N-terminal regulatory domain, but shares very little homology with the DNMT3s. 
DNMT1 has a 30- to 40-fold higher preference for hemi methylated DNA [8], and is 
recruited at the replication fork via its interactions with PCNA [9, 10] and UHRF1 
[11, 12], where it functions to copy and maintain DNA methylation patterns during 
replication.

DNA methylation patterns are interpreted by ‘readers’, which thereby affect 
local chromatin structure by recruiting histone modifying enzymes and chromatin 
remodeling complexes at these sites. The Methyl Binding Domain (MBD) family of 
proteins and the zinc-finger proteins ZBTB4, 33, and 38 are currently known to 
function as readers of DNA methylation [13–15]. The mammalian MBD-family has 
five members which recognize 5mC using a similar mechanism but with differing 
specificities. MeCP2, the first of the members to be identified, is highly expressed 
in neuronal tissue [16] and recognizes 5mC at specific genomic loci [17], whereas 
the other members are expressed more ubiquitously and exhibit a more general rec-
ognition pattern.  All MBD family members act as transcriptional repressors by 
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recruiting repressive epigenetic complexes at the 5mC sites recognized by them. 
The ZBTB readers belong to the BTB-POZ family of zinc-finger proteins, currently 
composed of 49 structurally homologous members, most of which are implicated in 
driving B-cell and T-cell function, primarily through transcriptional repression. All 
ZBTB family members possess an N-terminal BTB domain, which mediates inter-
actions with other transcriptional co-regulators, (e.g. N-CoR, SMRT, HDACs, 
SIN3), C-terminal C2H2-type zinc fingers (2-14 in number) which enable sequence- 
specific DNA binding, and in some cases an AT-hook domain that mediates binding 
by non-specific interactions with the minor groove in A-T rich DNA sequence bind-
ing, which include centromeric satellite repeats [18]. Of the entire family, just three 
members, ZBTB4, 33, and 38 are known to function as 5mC readers. Of these, 
Kaiso (ZBTB33) has been widely studied and is capable of recognizing both 
unmethylated and methylated Cs, at different recognition motifs [19, 20], however, 
its ability to recognize 5mC in vivo has been questioned [21].

Finally, the TET family of O2, Fe2+, and α-ketoglutarate dependent demethylases, 
TETs 1, 2, and 3, erase 5mC through step-wise oxidation to 5hmC, 5fC, and 5caC 
which are diluted during replication passively diminishing epigenetic marks on 
DNA, or are actively replaced by the base-excision repair pathway, specifically by 
thymine DNA glycosylase (TDG), to cytosine [22, 23]. The TET genes are believed 
to have arisen from segmental duplication of a single gene. The three family mem-
bers share a great degree of homology at their carboxyl terminal catalytic domain, 
which consists of a cysteine-rich region and a His-Xaa-Asp/Glu signature motif in 
the double stranded B-helix (DSHB) fold. However, the TETs differ at their amino- 
terminal ends, with TET1 and TET3 possessing the CXXC motif, which is absent in 
the TET2 enzyme [22, 23]. The TET2 associated CXXC domain is carried on a 
separate gene, owing to an evolutionary gene inversion event, the IDAX (CXXC4) 
gene. The CXXC domains are capable of binding DNA and their function in the 
TETs is speculatively to direct the enzymes to their target sites [23, 24], though the 
catalytic domain is capable of non-specific DNA binding by itself [23].

DNA methylation signatures are cell type and cell stage specific, and are estab-
lished by regulated cross-talk between the writers, readers, and erasers of the DNA 
methylation pathway, while integrating instructions from epigenetic pathways act-
ing on different components of chromatin. The functional implication of DNA 
methylation is positional and context dependent, i.e. it shows variations in interpre-
tation across the genome.

1.2  Genome-Wide Variation in DNA Modifications, How They 
Are Achieved, and Their Functional Interpretation

Initially, DNA methylation was largely studied at CpG sites (mCG) in the context 
of promoters of repressed genes, and it was largely perceived as a repressive epigen-
etic mark. However, recent advances have led to a transformation of this view on 
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DNA methylation. Firstly, methylation occurs at cytosines outside of CpG sites. 
This non- CpG methylation, termed ‘CH’ methylation (H = Adenosine/Thymine/
Cytosine), is abundant in oocytes [25], embryonic stem cells, and a subset of neu-
rons [26], and present in small amounts in other human cell types and tissues [27]. 
Secondly, mCG sites are not abundant in promoters alone, but show ‘mosaicism’ 
with respect to genome-wide distribution. The occurrence of 5mC, and thereby its 
functional impact, is dependent on the density of CpGs at a locus, the underlying 
genomic sequence, and the surrounding chromatin environment [28].

Across the genome, CpG sites are unequally distributed. Sites of high CpG den-
sity (at least 200 bps long with a GC content greater than 50 percent) are termed CpG 
islands (CGIs), and are largely exempt from DNA methylation. CGIs are by and 
large abundant in promoter elements. Surrounding the CGIs, 2 kb on either side of 
the island, are CGI shores, regions with relatively lower CG frequency. 2 kb on either 
side of the CGI shores are termed CGI shelves [29]. Very recently, the term CG can-
yons (or valleys) was coined to describe large regions of low methylation, distinct 
from CGIs, and frequently associated with transcription factor binding sites [30]. 
Additionally, isolated CG sites are seen across the genome, and these are mostly 
methylated. It is a general observation that CGIs in active promoters are devoid of 
5mC, while CGIs are heavily methylated in repressed promoters. Isolated CG sites 
across the genome show a cell type specific methylation pattern, thus defining the 
associated active transcriptome, and the CpG sites within repeat elements, including 
centromeric and telomeric repeats, are largely methylated to maintain them in a con-
stitutively repressed state thereby preventing spurious expansion of these elements 
[28]. A consequence of demethylation of repeat elements is genome instability [31], 
frequently observed in cancer, as is aberrant methylation patterns across the genome. 
Since irregularities in 5mC patterns across genomic features can have profound del-
eterious effects on cellular function, understanding the molecular pathways involved 
in establishing and regulating these patterns is of utmost importance.

Members of both families, DNMT and TET, show some degree of non-redun-
dant function in regulating DNA methylation patterns, as observed by various 
selective knockdown and over-expression studies [32–34]. One mechanism by 
which distinct, cell-type specific, 5mC patterns are established, is by selectively 
targeting the DNMTs at particular genomic loci. How selective targeting is achieved 
across the genome, has been a deeply investigated question in the field of DNA 
methylation. Interaction with sequence-specific DNA-binding proteins mediating 
locus-specific recruitment of the DNMTs has been one school of thought [35]. 
These DNA- binding proteins can be selectively expressed, or post-translationally 
regulated, in a cell-type and cell-stage specific manner to establish differential 
methylation patterns. Several studies have isolated unique and common interactors 
of each of the DNMTs. For instance, DNMT3B is recruited by the transcription 
factor E2F6 to mediate silencing of the germ-line genes, Slc25a31, Syce1, Tex11, 
and Ddx41. DNMTs also cooperate with histone marks and chromatin complexes 
to achieve locus-specific targeting [36]. Interactions with the H3K9 methylating 
enzymes, Suv39h1, Setdb1 and G9a, target DNMTs to heterochromatin to establish 
5mC [37]. Specifically, DNMT3B is recruited to centromeric and pericentromeric 
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repeat regions via interactions with CENP-C, an essential core component of the 
centromere, where it establishes DNA methylation and coordinates with other epi-
genetic components to mediate constitutive heterochromatization of the centro-
meric region [38].

2  Cancer: The Result of a Deregulated DNA Methylation 
Pathway

As DNA methylation pathways are fundamental to normal progression of several 
biological processes, dysregulation in its molecular pathway inevitably results in 
deleterious effects on cellular function. One of the most widely studied conse-
quences of altered methylation patterns is cancer. It has been known for sometime 
that cancers are associated with globally hypomethylated genomes, accompanied 
by local hypermethylation events [39]. The local hypermethylation events generally 
accumulate at promoters of tumor suppressor genes  (TSGs), enabling transcrip-
tional silencing of these genes, consequently promoting tumor initiation and facili-
tating tumor progression. Aberrant DNA methylation patterns, in addition to 
distorting the normal transcriptome, also promote genomic instability, a significant 
contributor to tumor progression. Several studies have reported altered DNA meth-
ylation patterns to be the effector interface between a driver genetic mutation in a 
non-epigenetic gene and the resulting cancer associated transcriptome. However, 
cancers driven purely by epimutations with no associated genetic alterations are 
being identified. Ependymomas, a recurrent pediatric brain tumor, are driven by 
epigenetic events and are associated with very low recurring frequencies of somatic 
mutations and chromosomal aberrations [40].

Epimutations refer to non-genetic, heritable, aberrant lesions in the expression of 
a gene, arising from DNA modifications or other epigenetic modifications on local 
chromatin. Epimutations are typically not associated with base changes in DNA, 
either in -cis or -trans, but show transgenerational inheritance by mitotic transmis-
sion of the epigenetic mark. Epimutations can be classified into ‘somatic’ or ‘con-
stitutional’ depending on whether it originated in differentiated cells and is thus 
contained in a specific tissue type (somatic), or it originated in germ-line cells and 
is thus present in all of the organisms’ cells (constitutional) [41]. Evidence in sev-
eral tumor types suggests the association of a particular DNA methylation signature 
with tumor progression, signifying its aggressiveness and having a diagnostic and 
prognostic value. Such specific 5mC signatures are more widely seen in, but not 
restricted to, promoter elements, and are termed CpG Island Methylator Phenotype 
(CIMP) [42].

Tumorigenic epigenetic events driven by CIMP can be attributed to deregulation 
of individual molecular components of the DNA methylation pathway by various 
mechanisms;

 (i) Inactivating or hyper activating mutations in the DNMTs or TETs.
 (ii) Mutations in co-factors of DNMTs/TETs altering their catalytic activity
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 (iii) Mutations in mediators of signaling pathways regulating the DNMTs/TETs 
transcriptionally, post-transcriptionally, and post-translationally.

 (iv) Mutational disruption of the DNMT/TET functional interactome resulting in 
their inappropriate targeting across the genome

Each of the above mentioned strategies can be employed by cancer cells to gen-
erate aberrant DNA methylation patterns subsequently facilitating tumorigenesis.

2.1  Compromised Writers and Their Contribution to Cancer

DNMTs are frequently deregulated in cancer to achieve an altered DNA methylome. 
Of the three, DNMT1 and DNMT3B function as oncogenes, and are frequently 
activated in cancer, whereas DNMT3A functions as a tumor suppressor gene, and is 
functionally inactivated to promote cancer. Mechanisms targeting each of the 
DNMTs and their role in tumorigenesis are briefly described in this section (Fig. 1).

2.1.1  DNMT1

Single base mutations disrupting the entire DNMT1 catalytic domain were first 
defined in a small population of colorectal cancers (7%) [43]. Typically, DNMT1 
has high affinity for hemimethylated DNA, and acts as a maintenance methyl-
transferase with little or no de novo methyltransferase activity. This preference for 
hemimethylated DNA is explained by an auto-inhibition model of the DNMT1 
enzyme. Structural studies on DNMT1 have shown that the mammalian enzyme 
is a multimodular protein, composed of a replication foci-targeting sequence 
domain (RFTS domain), a DNA-binding CXXC domain, a pair of bromo-adjacent 
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Fig. 1 Mechanisms deregulating the DNMT family to promote cancer. (a) DNMT1 is deregulated 
by hyperactivated signaling pathways. (b) DNMT3A is mainly inactivated by somatic mutations. 
(c) DNMT3B function is compromised by overexpression of catalytically inactive, truncated vari-
ants (DNMT∆3B), or alternative splice variants (DNMT3B3/4). (* = mutant)
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homology (BAH) domains, and a C-terminal catalytic domain. A stretch of acidic 
amino acid residues, termed the autoinhibitory linker region, lies between the 
CXXC and BAH domains and functions to prevent methylation at unmethylated 
CpGs, thus conserving the preference of the MTase domain for hemimethylated 
CpGs. Unmethylated CpG is recognized and bound by the CXXC domain, which 
prevents the catalytic domain from binding to it [44]. Additionally the RFTD 
mediates autoinhibitory effects by occulding unmethylated CpG binding at  the 
catalytic domain [45]. Mutations in the autoinhibitory linker region as well as the 
RFTD evidently affect the catalytic efficiency of DNMT1 at unmethylated CpGs 
in vitro [44, 46]. Although both gain of function and loss of function mutations are 
proto-oncogenic in vitro, genetic mutations in DNMT1 are not a frequent event in 
tumorigenesis. However, deregulation of DNMT1 activity is central to tumor pro-
gression, suggesting alternative mechanisms targeting DNMT1 to be the underly-
ing oncogenic phenomenon. DNMT1 levels are elevated in lung, hepatocellular, 
acute and chronic myelogenous leukemia, colorectal, gastric, and breast cancers 
[47–52], suggesting that DNMT1 is a transcriptional target of several oncogenic 
signaling pathways.

One of the pathways positively regulating DNMT1 expression is the Ras-AP1 
pathway. AP1 (activating-protein 1), is a collective term for a group of basic leucine- 
zipper (bZIP) transcription factors, and constitutes proteins belonging to the Jun, 
Fos, Maf and ATF sub-families. AP-1 functions as a dimeric transcription factor 
recognizing either 12-O-tetradecanoylphorbol-13-acetate response elements (TPA, 
5′-TGAG/CTCA-3′) or cAMP response elements (CRE, 5′-TGACGTCA-3′). 
Functionally, AP1 regulates cellular proliferation, survival, death, and differentia-
tion, mostly by promoting gene expression, although cases  of gene repression 
have also been reported [53]. Evidence suggests that neoplastic transformation rely-
ing on AP1-mediated mechanisms exert their effects in part through increased 
DNMT1 levels, which thereby methylate and represses expression of negative regu-
lators of cell growth, conferring an advantage on cell growth. The 5′ regulatory 
region in the DNMT1 gene has three AP1 response elements, which are heavily 
methylated in early embryonic stem cells and normal somatic cells (preventing AP1 
binding), but lose methylation in transformed cells allowing binding and induction 
by AP1 [54]. Cellular transformation by continuous c-Fos expression, which het-
erodimerizes with c-Jun to form a functional AP1 bZIP, subsequently induces 
DNMT1 expression to drive and maintain neoplastic transformation. cFos-mediated 
transformation can be reverted by direct abrogation of cFos, or through DNMT1 
depletion, suggesting cFos relies significantly on DNMT1 to functionally disrupt 
cell growth regulation [55].

The APC/β-catenin/TCF pathway, which is critical to maintaining homeostasis 
in the gastrointestinal system, also regulates DNMT1 transcriptionally. APC, 
which functions as a tumor suppressor gene, is frequently mutated in cancers of 
the GI tract. Mutational inactivation of APC leads to upregulation of the Wnt/β-
catenin/TCF pathway, conferring growth advantage on cancer cells and facilitating 
metastasis by promoting epithelial to mesenchymal transition (EMT). DNMT1 is 
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transcriptionally inhibited by APC, and inactivating mutations in APC lead to 
overexpression of DNMT1, facilitating tumor initiation [56]. DNMT1 is also the 
transcriptional target of the p53 and Rb pathways. Pathways involving both p53 
and Rb negatively regulate DNMT1 expression levels, and are frequently deregu-
lated in several cancers, allowing overexpression of DNMT1 and hypermethyl-
ation of tumor suppressor genes. In some tumors, p53 acquires mutations in its 
DNA-binding domain, disrupting its ability to bind to the p53 consensus sequence 
in the promoters of its target genes. Over-expression of Wild-type p53, but not 
mutant p53 (Mut R248L or Mut R273H), could bind at the DNMT1 promoter and 
repress it transcriptionally in lung cancer cell lines – A549 and H1299 [57]. The 
p53 binding site within the DNMT1 promoter was mapped to the exon 1 region 
(−19 to +317), which contains putative Sp1, p53, and E2F binding sites. p53 bind-
ing at the DNMT1 promoter is Sp1 dependent. Sp1, p53, HDAC1, and HDAC6 
form a complex at the DNMT1 promoter, and p53 cannot suppress DNMT1 in the 
absence of Sp1 [57]. However, Sp1 can function as a transcriptional activator of 
DNMT1, and the stoichiometric ratio of p53 and Sp1 determines the effect of Sp1 
on DNMT1 transcription. Sp1 levels regulate p53 nuclear-cytoplasmic distribution 
thereby modulating MDM2 mediated ubiquitination and degradation of p53. At 
high levels of Sp1, p53 is degraded in the cytoplasm and its inhibitory effect on 
DNMT1 is released, resulting in DNMT1 transcriptional activation and hyper-
methylation of tumor suppressor genes  – p16INK4a, RARβ, FHIT, RASSF1A, 
and hRAB37, which are frequently hypermethylated in lung cancer [57]. Rb plays 
a crucial role in regulating cell cycle progression, especially passage through the 
restriction point, and is inactivated by several mechanisms to promote tumor pro-
gression. Increased DNMT1 is invariably associated with Rb inactivation. The 
increase in DNMT1 is attributable to enhanced E2F1 activity in the absence of Rb, 
which directly binds at the DNMT1 promoter activating it to bring about methyla-
tion-mediated silencing of tumor suppressor genes [58].

In addition to modulating DNMT1 transcript levels, post-transcriptional and 
post-translational modifications also serve as mechanistic modulators of DNMT1. 
AUF1, the RNA binding protein, regulates DNMT1 mRNA stability in a cell 
cycle specific manner and functions to regulate the epigenetic integrity of the cell 
during cell division [59]. DNMT1 protein stability is regulated by the PI3K/PKB 
(phosphatidylinositol 3-kinase/protein kinaseB) pathway, mainly responsible for 
cell growth, viability, and metabolism. PI3K/PKB pathway inhibits Gsk3β (gly-
cogen synthase kinase 3β) mediated DNMT1 proteasomal degradation contribut-
ing to elevated DNMT1 protein levels [60]. DNMT1 levels are also regulated by 
its  replication fork-targeting factor, UHRF1, an E3 ubiquitin ligase, which ubiq-
uitinates and directs DNMT1 degradation [61]. In vitro mutational analysis sug-
gests that UHRF1 also stimulates DNMT1 catalytic activity [62], suggesting a 
dual role for UHRF1 in DNMT1 regulation. Mutations disrupting the DNMT1/
UHRF1/PCNA complex result in loss of DNMT1 recruitment to the replication 
fork and global DNA hypomethylation, thereby promoting initiation of tumori-
genesis [63, 64].
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2.1.2  DNMT3A

DNMT3A is frequently mutated in several hematological malignancies. Mutations 
are generally heterozygous and span various domains of the enzymes, but the most 
frequently mutated site is R882 [65]. This mutation results in formation of a hypo-
morphic enzyme which impedes catalytic activity by functioning in a dominant 
negative fashion [66]. DNMT3A functions by forming homotertramers with itself 
and heterotetramers with DNMT3L [67, 68], and the R882 mutant competes with 
WT DNMT3A encoded by the non-mutant allele, to form a dysfunctional homo- or 
hetero-tetramer, which exhibits reduced DNA binding and catalytic activity [66]. 
The R882 mutation is highly prevalent in de novo Acute Myeloid Leukemia (AML) 
patients (frequency of 22%) as compared to its occurrence in other hematological 
malignancies, including myelodysplastic syndrome (MDS), myeloproliferative 
neoplasms (MPNs) and chronic myelomonocytic leukemia (CMML). Other cata-
lytically inactivating mutations, and truncating mutations (missense, non-sense, 
frame-shift, and splicing mutations), have also been mapped across functional 
domains of DNMT3A [65]. Most of these mutations have been biochemically char-
acterized in vitro, and their effect on disrupting de novo methylation by DNMT3A 
can be explained by reduced catalytic activity (e.g. R664), reduced DNA binding 
(e.g. R831), loss of co-factor – S-adenosyl-L-methionine (AdoMet) binding (e.g. 
C710) [69], and loss of interactions with locus-specific recruiting histone marks 
(e.g. Q308) [70, 71]. How do these mutations affect cellular biology to facilitate 
tumorigenesis? In hematopoietic malignancies, loss of DNMT3A function alters the 
differentiation potential of hematopoietic stem cells while preserving their self- 
renewal and expansion properties, thus presumably creating a pool of stem cells 
predisposed to tumorigenesis upon acquisition of additional mutagenic insults. This 
presumption is partially substantiated by studies in murine models. Conditional 
genetic ablation of Dnmt3a in HSCs hampers their differentiation potential while 
favoring stem cell renewal. Paradoxically, loss of Dnmt3a results in hypermethyl-
ation of CGIs associated with the Basp1, Pdxdc1, and Wbscr17 genes, presumably 
through aberrant activity of DNMT1 and/or DNMT3b [3]. HSC fingerprint genes, 
which are repressed in differentiated cells, become overexpressed upon Dnmt3a 
ablation while differentiation specific genes are silenced, conferring the cells with a 
stem cell phenotype while blocking their differentiation. However, no leukemia was 
observed, suggesting functional disruption of Dnmt3a is a pre-leukemic event and 
is not sufficient to initiate tumorigenesis by itself [3].

Indeed, DNMT3A mutated HSCs acquire secondary mutations that induce 
tumorigenesis resulting in several blood malignancies. Mutations in the nucleo-
phosmin gene (NPM1) and tandem duplication of the receptor tyrosine kinase FLT3 
gene (FLT3ITD) [65], are the two mutations most frequently co-occurring with 
DNMT3A. The interactive contribution of these co-occurring mutations to leuke-
mia is not completely understood and warrants further investigation. Mutations in 
DNMT3A show a strong association with mutations in the spliceosome factor 
SF3B1 (splicing factor 3b, subunit 1), in MDS patients. Positive association with 
mutations in the spliceosome factor U2AF1 (U2 small nuclear RNA auxiliary 
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 factor 1), and negative association with mutations in serine/arginine-rich splicing 
factor 2 (SRSF2) have been reported [71]. Interestingly, DNMT3A mutations co-
occur with IDH1/2 mutations in AML derived from MDS, suggesting a possible 
interactive mechanism in progression of AML from MDS [72].

DNMT3A is also inactivated by mechanisms other than mutations. UHRF1, 
known to regulate DNMT1 mediated methylation, along with UHRF2, negatively 
regulates DNMT3A by functioning as E3 ligases to promote DNMT3A degradation 
[73]. Both UHRF1 and UHRF2 are overexpressed in cancer. UHRF1 is exclusively 
involved in regulation of maintenance methylation, by directly controlling DNMT1 
levels and its catalytic activity. UHRF2, however, is not associated with mainte-
nance methylation, but is evidently involved in degrading DNMT3A, thus providing 
an explanation for the global hypomethylation associated with UHRF2 overex-
pressing tumors. DNMT3A is also subject to regulation by the MDM2/Rb pathway. 
In lung cancers, it was reported by Tang et al.  that, depleted Rb levels, owing to 
overexpression of the Rb regulating E3 ubiquitin ligase MDM2, resulted in tran-
scriptional activation of DNMT3A thereby  resulting in downstream silencing of 
tumor suppressor genes by promoter methylation, thus promoting lung cancer [74]. 
The DNMT3A promoter possesses E2F binding sites, and is transcriptionally 
silenced by a repressive Rb-E2F complex formed at these sites. MDM2 attenuates 
DNMT3A repression by degrading Rb, allowing de novo methylation and silencing 
of multiple TSGs [74]. In this scenario, DNMT3A functions like an oncogene as 
opposed to its tumor suppressor role in myeloid malignancies. However, a mouse 
model of lung cancer contradicts the oncogenic role DNMT3A, since genetic abla-
tion of DNMT3A promoted lung cancer progression, pointing again toward a tumor 
suppressor role for DNMT3A [75].

2.1.3  DNMT3B

Mutations in DNMT3B have not been observed in cancers. However, polymor-
phisms in the DNMT3B promoter are associated with cancer risk. The C to T poly-
morphism (C46359 > T) -149 bps upstream to the DNMT3B start site enhances 
promoter activity resulting in increased DNMT3B levels [76], potentially contribut-
ing to CIMP events occurring at tumor suppressor genes. This polymorphism, also 
represented as –149 C > T, is associated with an increased risk for lung cancer [77] 
and carcinoma of the head and neck [78]. The C46359T SNP positively correlates 
with age dependent Hereditary Nonpolyposis Colorectal Cancer [79], but shows no 
co-relation in breast cancers [80]. In fact, two DNMT3B polymorphisms, –283 T > 
C and –579 G > T, are associated with reduced cancer risk [81], although these 
results have been disputed [82].

Though mutations in DNMT3B are not associated with tumors, deregulation of 
DNMT3B expression levels, catalytic activity, and targeting across the genome 
are essential epigenomic driver events in tumorigenesis. To achieve DNMT3B 
mediated aberrant methylation patterns, tumors may rely on several mechanisms. 
One mechanism is expressing truncated DNMT3B variants generated by aberrant 
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splicing, to bring about redistribution of methylation patterns. A family of trun-
cated variants, termed ∆DNMT3B, are overexpressed in non-small cell lung car-
cinoma (NSCLC) [83] and contribute to lung tumorigenesis by modulating DNA 
methylation at the promoters of tumor suppressor genes, p16INK4a and RASSF1A 
[84]. The ∆DNMT3B family is produced by non-conventional pre-mRNA splic-
ing and consists of seven members, ΔDNMT3B1-4 lacking the N-terminal domain 
while preserving the PWWP and catalytic domains, and ΔDNMT3B5-7, which 
lack enzymatic activity. In NSCLC, the ΔDNMT3B1, ΔDNMT3B2, and 
ΔDNMT3B4 variants are highly expressed. ΔDNMT3B2/4 regulate promoter 
methylation of RASSF1A but not p16INK4a, suggesting a non-redundant func-
tion in regulating de novo methylation by the different truncated DNMT3B iso-
forms [84].

A separate family of DNMT3B splice variants, resulting again in truncated vari-
ants exhibiting absence, or varying degrees of catalytic activity, is responsible for 
global DNA methylation changes associated with cancer progression [85]. One 
such catalytically inactive splice variant, DNMT3B7, is overexpressed in several 
cancer cell lines of diverse origin [86]. In breast cancers, DNMT3B7 expression 
leads to promoter hypermethylation and silencing of the E-cadherin gene, activating 
the β-catenin pathway and conferring growth advantage. DNMT3B7 expression 
increases between stages I and II, implying its role in facilitating tumor progression 
[87]. In neuroblastoma cells, however, DNMT3B7 shows an anti-tumorigenic 
effect. Neuroblastoma cell lines express DNMT3B7 as well as other truncated 
DNMT3B variants, but the more aggressive forms show depleted DNMT3B7 levels 
and its forced overexpression results in inhibition of growth and increased global 
methylation. This suggests that a finely regulated interplay between the DNMT3B 
variants drives tumorigenesis. In hepatocellular carcinoma (HCC), overexpression 
of the variant DNMT3B4, lacking conserved methyltransferase motifs IX and X is 
associated with demethylation of pericentromeric satellite DNA, thus contributing 
to heterochromatin instability and promoting tumorigenesis [88]. DNMT3B4 over-
expression in chronic myeloid leukemia (CML) is associated with demethylation of 
LINE-1 elements. In both, HCC and CML, the catalytically inactive DNMT3B3 is 
also expressed, and an increased DNMT3B4 to DNMT3B3 ratio promotes tumori-
genic demethylation events. Although both isoforms lack MTase activity, the two 
have different effects on the catalytic activity of the functional heterodimer formed 
with DNMT3A. DNMT3B3 enhances DNMT3A activity, while DNMT3B4 attenu-
ates DNMT3A, thus functioning in a dominant negative fashion [85].

In contrast to DNMT3A, DNMT3B functions like an oncogene and is often over-
expressed in cancer. Analysis of an array of breast cancer cell lines showed that 
DNMT3B overexpression is positively associated with the hypermethylator pheno-
type characterized by silencing of the tumor suppressor genes CDH1, CEACAM6, 
CST6, ESR1, LCN2, and SCNN1A [89]. Cell lines not showing a robust CIMP, did 
not exhibit DNMT3B overexpression. DNMT3B is also overexpressed in lung can-
cer and is regulated by MDM2/FOXO3. As in the case of DNMT3A, which is regu-
lated by MDM2/Rb, DNMT3B is negatively regulated by FOXO3, typically an 
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activating transcription factor. The DNMT3B promoter contains two FOXO3 
 binding sites which when occupied by FOXO3, leads to transcriptional silencing. 
FOXO3 is a target for degradation by MDM2 mediated ubiqitination, and is thus 
repressed in MDM2 overexpressing lung cancer cell lines relieving its inhibitory 
control on DNMT3B [90].

2.1.4  DNMT3L

The catalytically inactive DNMT3L, though incapable of depositing 5mC by itself, 
plays a crucial role in establishing 5mC patterns through its influence on DNMT3A 
and DNMT3B activity. DNMT3L directly binds DNMT3A and enhances its cata-
lytic activity by enhancing its binding affinity for the co-factor AdoMet, and increas-
ing its catalytic processivity [91–93]. A similar enhancement of DNMT3B activity 
by interaction with DNMT3L has also been reported [94]. Additionally, DNMT3L 
mediates locus-specific recruitment of the de novo DNMTs, through interactions 
with unique sequence specific transcription factors. For instance, DNMT3L forms a 
complex with p65-NFkB and DNMT3B, recruiting DNMT3B to specific genomic 
loci to mediate their methylation [95]. DNMT3L is highly expressed in germ cells 
and undifferentiated pluripotent stem cells, and plays an essential role in gameto-
genesis. Recent evidences suggest DNMT3L may have an oncogenic role in tumors 
arising from early developmental stages, involving germ cells. Both seminomatous 
and nonseminomatous testicular germ cell tumors (TGCTs), associated with a 
unique 5mC profile, showed an overexpression of DNMT3L [96]. Hypomethylation 
of the DNMT3L promoter is observed in cervical cancer [97] and in ocular surface 
squamous neoplasia [98], although the biological significance of this is yet to be 
elucidated. DNMT3L was also reported to affect promoter methylation, and there-
fore expression, of the thymine DNA glycosylase (TDG) gene in an array of human 
gastric cancer cell lines [99]. These findings point toward a pro-oncogenic function 
of DNMT3L.

2.2  Dysregulated Erasers

The TET proteins are involved in actively recycling the 5mC marks, and in the pro-
cess produce additional functional epigenetic marks. The three mammalian TET 
proteins are non-redundant, share structural homology, and function via similar 
mechanisms. However, they show distinct expression patterns and are associated 
with a unique set of interacting proteins. TET proteins play a crucial role in embry-
onic development, hematopoiesis, and neurogenesis, and mutations in the TETs are 
observed in several solid tumors as well as leukemia. Mutations in metabolic genes, 
especially IDH1/IDH2, are also frequent in tumors, and manifest their effects 
through deregulation of TET activity. In general, the TETs are oncoprotective, and 
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TET2 is a bona fide tumor suppressor gene. Tumorigenic mutations in TET or their 
associated factors generally target a reduction in TET demethylation activity, thus 
preserving and allowing 5mC deposition and promoting the hypermethylator phe-
notype underlying tumorigenesis. The epigenetic basis of several cancers has been 
traced to deregulated activity of each of the TETs (Fig. 2).

2.2.1  TET1

The pluripotency factors, OCT4, NANOG, and SOX2, transcriptionally regulate 
TET1 [100], to promote high expression in embryonic stem cells where TET1 func-
tions to maintain pluripotency by contributing to active demethylation. TET1 is also 
expressed in some neuronal cells and differentiated adult cell types, where it func-
tions as a maintenance demethylase, by occupying hypomethylated CGIs via its 
CXXC domain, hydroxymethylating the CGI boundaries, and preventing 5mC 
spreading by occluding DNMTs [101]. Since TET1 was first identified as a fusion 
partner of MLL1 in AML, it was suspected to play an oncogenic role. However, 
evidence suggests otherwise. Cimmono et al., demonstrated that genetic ablation in 
a mouse model promotes lymphomagenesis, particularly the formation of follicular 
lymphoma (FL) and diffuse large B cell lymphoma (DLBCL) suggesting that the 
presence of TET1 is oncoprotective and loss of its function promotes B cell 
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lymphoma. Human FL and DLBCL samples showed no associated TET1 loss of 
function mutations, though a small percentage were associated with mutations in 
TET2. All FL and DLBCL samples unassociated with TET1 mutations, exclusively 
showed diminished TET1 expression as a result of promoter hypermethylation. This 
is indicative of transcriptional, post-transcriptional and post-translational mecha-
nisms acting to diminish functional TET1 as an oncogenic event in the absence of 
loss-of- function genetic mutations in TET1 [102].

In vitro knockdown studies imply an inhibitory effect of TET1 on cell prolif-
eration [103], explaining why it is downregulated in several cancers. Analysis of 
adenocarcinomas originating from lung, colon, breast, and rectum, at stages I to 
IV, showed that TET1, but not TET2/3, was downregulated in stage1 adenocarci-
noma, suggesting repression of TET1 is an early event in tumorigenesis [104]. As 
in FL and DLBCL, hypermethylation of the TET1 promoter results in transcrip-
tional silencing, and is a significant contributor to CIMP associated with colorec-
tal cancers [105]. In primary colorectal cancer cells, TET1 inhibition facilitates 
tumorigenesis via activation of the Wnt signaling pathway, mainly a result of 
repression of negative regulators of Wnt, DKK3 and DKK4, which are TET1 
transcriptional targets, and in its absence are repressed by promoter methylation 
[104]. In addition to controlling proliferation, TET1 also negatively regulates 
invasion and metastatic potential. Members of the Tissue inhibitors of metallo-
proteases (TIMP) family, TIMP2 and TIMP3, are directly bound by and regulated 
by TET1-mediated demethylation. Suppression of TET1  in invasive cancers 
results in repression of the TIMPs, thereby resulting in derepression of  matix 
metalloproteinases (MMPs), an essential step towards gaining invasiveness and 
promoting metastasis [106]. This mechanism of MMP reactivation through TET1 
inhibition was also observed in breast cancers dependent on HDAC-mediated epi-
genetic events [107]. Breast cancer metastasis has also been attributed to inhibi-
tion of HOXA (HOXA7 and HOXA9), which is targeted by TET1-mediated 
promoter demethylation to bring about transcriptional activation. Overexpression 
of the tumorigeneic architectural transcription factor, HMGA2, in breast cancer 
cells, results in transcriptional silencing of TET1 and thereby its downstream 
targets  - HOXA7 and HOXA9. TET1, which autoregulates itself by preventing 
5mC deposition at its promoter, is silenced by promoter methylation in HMGA2-
overexpressing breast cancer cells, thus implying the involvement of an HMGA2/
TET1/HOXA signaling pathway in promoting breast cancer metastasis [103]. 
Another signaling pathway dependent on TET1 repression to promote TSG 
repression is the KRAS-ERK signaling pathway. KRAS overexpression is onco-
genic, results in cellular transformation, and is observed in numerous cancers. 
KRAS overexpression is concomitant with reduced 5hmC levels and increased 
5mC levels, particularly at the promoters of TSGs. Of these, DAPK, MGMT, and 
DUOX1 are direct targets of TET1, and KRAS overexpression results in reduced 
TET1 occupancy at the promoters of these TSGs resulting in their silencing by 
hypermethylation [108]. TET1 activity is also affected by hypoxic conditions, 
and will be discussed in Sect. 4.
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2.2.2  TET2

This family member lacking the N-terminal CXXC domain plays an essential role 
in myelopoiesis, and is highly expressed in normal myeloid progenitor cells, granu-
locytes, and erythroid cells. TET2 is an established tumor suppressor of myeloid 
malignancies and is frequently mutated in myelodysplastic syndromes and myelo-
proliferative disorders, including AML. The first reported mutations in the TET2 
gene were myeloid cancer associated chromosomal aberrations-microdeletions and 
uniparental disomy involving the chromosomal region 4q24, where the human 
TET2 gene is located [109]. Thereafter, several TET2 point mutations were identi-
fied across several blood malignancies, including MDS, CMML, primary AML, 
blastic plasmacytoid dendritic neoplasm, myeloproliferative neoplasms (MPNs) 
such as polycythemia vera, primary myelofibrosis, and B- and T-cell lymphomas. 
These somatic mutations, encompassing insertions, deletions, missense, nonsense, 
and frameshift mutations, were heterozygous and mapped to the TET2 catalytic 
domain, potentially resulting in TET2 enzymatic deficiency [110]. However, TET2 
mutations are only pre-leukemic, potentiating tumor initiation, but not causative on 
their own. Evidence suggests that TET2 mutations are acquired at an early stage in 
the onset of hematological malignancies. Analysis of HSCs from MDS patients 
show accumulation of monoallelic TET2 mutations with progressive accumulation 
of secondary mutations at the MDS stage, suggesting that TET2 inactivation creates 
a clonal population of HSCs poised for oncogenesis upon accumulation of second-
ary mutations. This notion is supported by studies in different models of Tet2 
knockout mice. Disrupting Tet2 in HSCs or hematopoietic progenitor cells (HPCs) 
led to decreased 5hmC levels, an increase in self-renewal capacity, and expansion of 
the stem cell compartment with concordant blockage in myeloid differentiation. 
Interestingly, lymphoid differentiation remains unaffected [111]. A similar effect 
was seen when the Tet2 catalytic domain was selectively ablated. The HSC and 
HPC compartments exhibited enhanced self-renewal and expansion in serial trans-
plantation assays, with impaired differentiation down the myeloid lineage [112]. 
The enhanced self-renewal capacity and antagonistic differentiation can be attrib-
uted to increased expression of self-renewal factors, Meis1 and Evi1 with concomi-
tant decrease in differentiation/myeloid specific factors [111]. To further support the 
idea that acquisition of TET2 mutations is an early event in hematological malig-
nancies, Zhao et al. specifically disrupted TET2 in different compartments of the 
hematopoietic system, and showed that mutations in the HSC/HPC, but not the 
more differentiated cell types, led to myeloid malignancies [113]. TET2 mutations 
have been shown to accumulate in healthy ageing individuals showing clonal hema-
topoiesis, predisposing them to developing hematological malignancies [114].

In order to initiate tumorigenesis, TET2 mutated hematopoietic clones acquire a 
second hit. Several genes are co-mutated with TET2 across different cancer types. 
In MDS, TET2 mutations are associated with the splicing factor, SF3B1. 
Additionally, mutations in SRSR2, EZH2, and ASXL1, also reportedly co-exist 
with TET2 mutations in MDS [110]. Mouse models with co-mutations in TET2 and 
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EZH2/ASXLI recapitulate the MDS phenotype [115, 116]. The gene encoding the 
small GTPase of the Rho family, RHOA, is exclusively co-mutated with TET2 in 
peripheral T-cell lymphoma (PTCL) [117], while DNMT3A co-mutations are 
observed in angioimmunoblastic T-cell lymphoma (AITL) [118]. Mutations in 
IDH2 have been reported to co-occur with TET2 mutations in MDS [119], but IDH1 
and TET2 mutations are still believed to be mutually exclusive.

While inactivating mutations in TET2 seem to be the major route towards achiev-
ing oncogenic potential, alternate mechanisms affecting TET2 function have also 
been reported. The TET2 associated CXXC domain is carried as a separate gene, 
IDAX, which binds promoters and CpG islands in the genome. IDAX directly inter-
acts with TET2, and mediates TET2 degradation in a caspase-dependent manner 
[120]. By negatively regulating TET2 protein levels, IDAX abrogates TET2’s tumor 
suppressor function, to promote cancer initiation and/or progression. TET protein 
levels are also regulated by the calcium-dependent cysteine proteases, calpains 
(Calpain1 – Tet1/2, Calpain2-Tet3) [121], which are overexpressed in cancers [122], 
providing an additional mechanism by which TET2 can be negatively controlled to 
facilitate and sustain cancer.

Lastly, loss of TET2 targeting across the genome could result in the hypermeth-
ylator phenotype underlying tumor progression. Mutations in a TET2 interacting 
transcription factor, Wilms Tumor 1 (WT1), occur in AML and are mutually exclu-
sive of TET2, IDH1, and IDH2 mutations. WT1 recruits TET2 to specific target 
sites to mediate transcriptional activation. AML associated mutations in TET2 dis-
rupting its interaction with WT1 result in loss of transcriptional activation of WT1 
target genes, signifying the dependence of WT1 on TET2 to mediate transcriptional 
activation [123].

2.2.3  TET3

TET3 is highly expressed in oocytes and has been functionally implicated in regu-
lating methylation patterns in the male pronucleus. Like TET1, mutations in TET3 
contributing to cancer development are rare. Nonetheless, a tumor suppressor func-
tion has been attributed to TET3 in a few tumor types. Inhibition of TET3 is critical 
to maintaining self-renewal and tumorigenic potential in glioblastoma stem cells 
(GSCs), and is achieved by repression by the transcription factor TLX. TLX binds 
to the TET3 promoter to transcriptionally silence it and promote GSC tumorigenec-
ity, possibly through repression of the tumor suppressor genes, BTG2, TUSC1, 
BAK1, LATS2, FZD6 and PPP2R1B. The TLX-TET3 inverse regulatory axis, if 
disrupted, results in reduced oncogenic potential of GSCs [124]. The tumor sup-
pressor role of TET3 was further elucidated in ovarian cancer cells. TET3 was tar-
geted for repression by TGFβ1-induced EMT, and EMT was blocked upon 
overexpression of TET3 in ovarian cancer cell lines. TET3 mediates its oncoprotec-
tive function in ovarian cancer by regulating promoter demethylation and hence 
activation of miR-30d, a proven inhibitor of EMT [125].
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3  Modulation of DNA Methylation Regulators by Metabolic 
Mechanisms

3.1  IDH1/IDH2

The genes coding for the enzyme isocitrate dehydrogenase (IDH) are frequently 
mutated in myeloid malignancies (AML, MDS, and MPN), neural malignancies 
(astrocytoma, oligodendrocytoma, and glioblastoma), and less frequently in other 
solid tumors (cholangiocarcinoma, chondrosarcoma, colorectal cancer, esophageal 
cancer, bladder cancer, melanoma, prostate carcinoma, and breast adenocarcinoma). 
The IDH family converts isocitrate to αKG via oxidative decarboxylation and con-
sists of three active enzymes, IDH1 which localizes to the cytosol and peroxisomes, 
and IDH2 and 3, which localize to the mitochondria. IDH1 and IDH2 function as 
homodimers and use nicotinamide adenine dinucleotide phosphate (NADP+) as a 
cofactor, whereas IDH3 functions as a heterotetramer (consisting of two alpha, one 
beta and one gamma subunit) in the TCA cycle, utilizing nicotinamide adenine 
dinucleotide (NAD+) as a cofactor. However, somatic mutations in IDH1/2, but not 
IDH3 have been attributed to promoting tumorigenesis by altering metabolism, spe-
cifically α-ketoglutarate levels, thereby inhibiting the function of α-KG dependent 
dioxygenases which include the TET family, JmjC domain-containing histone 
demethylases, and EglN prolyl-4-hydroxylases.

Somatic mutations, mostly missense mutations, in IDH1/2, are restricted to one 
of three arginine residue in the catalytic pocket of the enzyme essential for isocitrate 
binding. In IDH1, this residue is invariably R132, while in IDH2, the R172 and 
R140 residues are targets for somatic mutations. As opposed to inactivating enzy-
matic mutations, frequently underlying mechanisms promoting cancer, IDH1/2 
mutations are activating and produce a neomorphic enzyme that catalyzes the reduc-
tion of α-ketoglutarate (α-KG) to the R-enantiomer of 2-hydroxyglutarate (R-2-HG), 
an oncometabolite [126]. Accumulation of R-2-HG promotes proliferation while 
inhibiting differentiation, and competitively inhibits the dioxygenase activity of the 
α-KG and Fe2+ dependent TET enzymes [127]. The consequence of inhibiting TET 
activity in this manner is DNA hypermethylation, and in fact IDH mutant tumors 
exhibit CIMP. Expression of the mutant IDH1 in an in vitro system redefines the 
methylome to recapitulate the hypermethylator phenotype observed in IDH1 mutant 
tumors. This was independently shown in isogenic human primary astrocytes and an 
isogenic colorectal cancer cell line, HCT116, both genetically engineered to express 
IDH1 (R132H) [128].

IDH mutations have been suggested to be causative, rather than simply contribut-
ing, to CIMP. Studies involving low grade glioma (LGG) showed that the G-CIMP+, 
but not the G-CIMP- LGGs were associated with IDH1 mutations. G-CIMP+ 
tumors are associated with hypermethylation at CGIs and shores at loci enriched for 
PRC2 targets, and indeed showed deposition of H3K27me3, a histone mark posi-
tively correlating with/permissive to 5hmC deposition [129]. Hypermethylation in 
IDH mutant primary gliomas also show a loss in CTCF-binding, disrupting the 
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organization of topologically associated domains  (TADs), resulting in aberrant 
expression of oncogenes. The term TAD refers to the three-dimentional subdomain 
arising from spatially favourable conformations of locally interacting chromatin. 
Boundaries between TADs ensure maintenace of the environment within them, and 
are maintained by the insulator binding protein - CTCF. PDGFRA, an established 
glioma associated oncogene, is activated by this mechanism. G-CIMP associated 
with IDH1 mutation results in disruption of the boundary between PDGFRA and 
FIP1L1 (from an adjacent TAD) leading to association of the PDGFRA promoter 
with a constitutive enhancer, resulting its constitutive expression and oncogenic sig-
naling [130]. How does IDH1 mutation lead to CIMP? Inhibition of TET catalytic 
activity is one explanation, however, loss of TET recruitment has also been reported. 
Chondrosarcomas driven by IDH1 and IDH2 mutations exhibit a CIMP in regula-
tory regions, including promoter associated transcription start sites and CpG islands 
and shores at genes enriched to function in the retinoic acid pathway. These genes 
were co-bound by EBF1 and TET2, suggesting the hypermethylation was a result of 
altered TET2 targeting by EBF1 at these sites. Recruitment of both EBF1 and TET2 
was altered at three of the most differentially hypermethylated loci  – CCND2, 
FABP3 and FBRSL1, as determined by ChIP-seq. EBF1 and TET2 co- 
immunoprecipitate in the chondrosarcoma cell line SW1353 [131].

3.2  Hypoxia

Hypoxia is a cancer prevalent microenvironment promoting tumor growth by influ-
encing cellular processes that confer upon cells aggressive pro-survival phenotypes 
of uncontrolled proliferation, invasion, evasion from apoptosis, while also facilitat-
ing angiogenesis. The adaptive response to hypoxic conditions is mediated by the 
oxygen tension-dependent hypoxia inducible factor-1 (HIF-1). HIF1 functions as a 
heterodimeric transcription factor, and regulates expression of genes containing a 
5′-ACGTG-3′ hypoxia-response element (HRE) in their associated promoters or 
enhancers [132]. The active transcription factor consists of a hypoxia inducible 
HIF-1α subunit and a ubiquitously expressed HIF-1β subunit. HIF1α levels are 
regulated by targeted degradation by O2, Fe2+, and α-ketoglutarate-dependent pro-
lyl hydroxylases, which have reduced activity under hypoxia, resulting in HIF1α 
accumulation. It is well-accepted that hypoxia is accompanied by global hypo-
methylation events, which have been attributed to induction of TET enzymes, direct 
transcriptional targets of HIF1. In N-type neuroblastoma cells, TET1 is directly 
bound and activated by HIF1 at the HRE within its proximal promoter, resulting in 
transcriptional activation and a concordant increase in 5hmC levels. Studies sug-
gest that TET1 is specifically bound by HIF2α, and not HIF1α, and HIF1 interac-
tion with TET1 enhances its transcriptional activity, independent of catalytic 
activity [133], and functions as a co-activator to regulate expression of genes 
involved in glucose metabolism (glucose transporter 3 (GLUT3), hexokinase 1 
(HK1), phosphoglycerate kinase 2 (PGK2), pyruvate kinase M (PKM), and lactate 
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dehydrogenase A (LDHA)). An important mediator of the Hypoxia/HIF1/TET1 
gene regulation is INSIG (insulin induced gene 1), which is activated under hypoxic 
conditions by promoter demethylation to regulate glucose metabolism [134]. 
Hypoxia induced cellular proliferation and invasion, properties responsible for 
achieving EMT, can be abrogated by TET1 depletion, demonstrating its central role 
in the process [134]. In addition to TET1, TET3 (but not TET2) was also shown to 
be a transcriptional target of HIF1, and is induced under hypoxic conditions along 
with TET1 to regulate cancer phenotypes in breast cancer cells [135]. It is surpris-
ing that TET1 functions as an oncogene and is transcriptionally activated in hypoxic 
conditions, but is a tumor suppressor gene that is inactivated to promote tumorigen-
esis in other instances (myeloid malignancies). In addition to activating TET 
enzymes, demethylation under hypoxia is also achieved by silencing of the DNMT 
family of enzymes, as shown in colorectal cancer cells, which results in demethyl-
ation of the p16INK4a gene promoter [136].

3.3  Fumarate Hydratase (FH) and Succinate  
Dehydrogenase (SDH)

Two enzymes acting at consecutive steps in the TCA cycle, succinate dehydroge-
nase (SDH), and fumarate hydratase (FH), are mutated in familial paraganglioma 
(PGL), pheochromocytoma (PCC), uterine and skin leiomyoma, and papillary renal 
cell carcinoma [137]. FH and SDH are tumor suppressors, and inactivating muta-
tions in these enzymes result in an accumulation of their substrates, fumarate and 
succinate, which act as oncometabolites [138]. Since fumarate and succinate are 
structurally similar to α-KG, they effectively inhibit α-KG dependent enzymes, 
including the TET family, through competitive inhibition [139]. Studies have 
reported a global loss of 5hmC, resulting from inhibition of TET enzymatic activity 
in tumors carrying FH and SDH mutations [137]. Loss of genomic 5hmC can facili-
tate hypermethylation events contributing to CIMP. This has been reported in para-
ganglioma driven by SDH mutations [140]. Additionally, fumarate and succinate 
function as oncometabolites by inhibiting the α-KG dependent HIF prolyl hydroxy-
lases, which leads to increased HIF1α stabilization, creating a ‘pseudohypoxic’ 
condition, augmenting angiogenesis and anaerobic respiration [141].

4  Summary, Conclusions, and Perspectives

The epigenomic contribution to promoting cancerous events is being increasingly 
appreciated, and in this chapter we have covered mechanisms by which aberrant 
epigenetic information on DNA may occur, and its role in tumorigenesis. Two major 
components of the DNA methylation pathway, the writers – DNMTs and the erasers 
-TETs, are frequently deregulated by multiple mechanisms during tumorigenesis. 
A recurring theme in cancer is global genomic hypomethylation accompanied by 
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local hypermethylation events, giving rise to a ‘hypermethylator phenotype’ termed 
CIMP (Fig.  3). Since these two components are functionally antagonistic, the 
DNMTs are hyperactivated, while the TETs are functionally inactivated to promote 
CIMP in tumors. To establish tumorigenic aberrant DNA methylation patterns, 
the molecular components of the DNA methylation pathway are functionally inter-
vened with somatic mutations, transcriptional regulation, mRNA stability, and pro-
tein turnover. Figure 3 gives an overview of how different genomic features undergo 
a switch in their DNA epigenetic marks to promote oncogenesis. This chapter 
addresses the pro-cancer modifications of the components directly affecting deposi-
tion (DNMTs) and erasure (TETs) of DNA methylation patterns. However, DNA 
methylation patterns exert their functional effects through a cascade involving other 
components of the chromatin-histones, nucleosomes, and larger chromosomal 
domains-which feedback onto DNA. This intricate cross-talk is particularly evident 
at the centromeric repeats, which form a part of the constitutive heterochromatin 
compartment silenced by DNA methylation, repressive histone modifications, spe-
cifically H3K9me3, and macromolecular repressive factors like the HP1 family. 
DNMT3A/3B localize to, and methylate pericentromeric repeats, and closely inter-
act with H3K9me3 and HP1 to form a reinforcing feedback loop to ensure complete 
heterochromatization and structural maintenance of the centromere which is essen-
tial for preventing chromosomal aberrations like aneuploidies arising from 
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Fig. 3 Overview of how a CpG island hypermethylator phenotype is inactivates tumor sup-
pressor genes. DNMTs in general act as oncogenes and are overexpressed/activated in tumors, 
whereas the TETs act as tumor suppressors and are functionally silenced or inactivated. The net 
outcome of these deregulation events result is CIMP, most prominently observed at promoters of 
TSGs. Tumors are also associated with global hypomethylation that results in demethylation of 
regulatory features associated with oncogenes, leading to their activation. Additionally, demethyl-
ation of repeat elements is frequently observed in cancers, resullting in spurious transcription from 
these elements which contibutes to genome instability
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incomplete chromosome segregation. In addition to cooperation among epigenetic 
mechanisms, cooperation also exists between cellular processes. Metabolic changes 
influence epigenetic modifications, as exemplified by tumors with mutations in 
IDH/FH/SDH, and local epigenetic changes influence cellular properties including 
proliferation, adhesion, migratory, and invasive potential, disturbing cellular homeo-
stasis, and promoting metastasis. Although our current knowledge of the intricate 
DNA methylation process, its cross-talk with other epigenetic processes, and the 
molecular impact on biological processes seems substantial, many lose ends remain. 
(i) How are writers and erasers preferentially recruited to, or excluded from particu-
lar genomic loci? (ii) What functional epigenetic boundaries exist at the DNA level 
and how these are established and maintained? (iii) How are epimutational hotspots 
generated, and how can these be exploited for therapeutic intervention or early can-
cer detection? Addressing these questions will provide additional insights into how 
the DNA methylation pathway is deregulated to facilitate cancer, and may lead to 
identification of new molecules for targeted therapy.

Glossary

CpG site Linear sequence of DNA where a cytosine is followed by guanine in the 
5' to 3' direction.

CpG methylation (mCG) Cytosine within a CpG site, methylated by the DNMTs 
at the C5 position, represented as mCG.

Non CpG methylation (mCH) Methylation occurring outside of CpG sites, where 
H could be adenine, cytosine or thymine.

CpG Islands (CGI) Short interspersed sequence of DNA, around 200 base-pairs 
long, with high CpG fequency, and GC content greater than 50%.

CpG shores and shelves 2 kb on either side of CpG islands are termed CpG shores, 
and 2 kb on either side of the CGI shores are termed CGI shelves.

CpG Canyons Regions of low methylation, distinct from CGIs, and frequently 
associated with transcription factor binding sites.

Epimutations Non-genetic, heritable, aberrant lesions in the expression of a gene, 
arising from epigenetic DNA modifications or other epigenetic modifications on 
local chromatin.

CpG hypermethylator phenotype (CIMP) Hypermethylated CpG islands form-
ing a diagnostic/prognostic tumor specific DNA methylation signature.
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The Molecular Basis of Histone Methylation            

Lidong Sun and Jia Fang

Abstract As an integrated part of the complex array of post-translational modifica-
tions on histone, methylation mainly occurs on histone lysine and arginine residues 
and plays pivotal roles in the regulation of chromatin organization and function. 
Histone methylation is catalyzed by different groups of methyltransferases while 
methylation marks on different residues as well as different methylation states on 
the same residue serve as docking sites to recruit a variety of binding proteins har-
boring specific recognition domains. These methyl-histone binding proteins further 
recruit additional chromatin modifiers and other proteins to transduce methylation 
signals into diverse functional outcomes. Here we summarize histone methyltrans-
ferases and discuss their specificities and regulations for different methylation reac-
tions. We also discuss specific methyl-histone recognition by different families of 
binding proteins at multiple molecular layers. Given that the disruption of histone 
methylation and recognition has been associated with altered gene function in vari-
ous diseases and human malignancy, understanding the regulation of histone meth-
ylation and recognition will also provide molecular basics for therapeutics.

Keywords Epigenetics • Chromatin • Histone methylation • Histone methyltrans-
ferase • Methyl-histone binding domain • Structure and function

1  Introduction

In eukaryotes, about 147 bp DNA wraps around a histone octamer (assembled from 
H3-H4 tetramer and two H2A-H2B dimers) to form the nucleosome core-particle. 
This structure is stabilized by histone H1 and can be further folded into higher-order 
chromatin structures [1]. It has been demonstrated that histone molecules are sub-
ject to diverse modifications, including methylation, acetylation, phosphorylation, 
ubiquitination and many others, which constitute a unique “code” for the regulation 
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of chromatin function and dynamics [2, 3]. Histone methylation was discovered in 
1964 [4, 5], however, its regulation and functional significance were revealed in the 
past 15 years. Through reactions catalyzed by different families of enzymes, histone 
lysine residues can be mono-, di- or tri-methylated [6] whereas arginines can be 
mono- or di-methylated (symmetrically or asymmetrically) [7] (Fig. 1). While most 
methylation occurs on the flexible histone N-terminal tails, several methylations 
were also detected within the globular domain. It has been well-documented that 
histone methylation at different residues as well as different methylation states 
within the same residue can confer a variety of biological functions. Table 1 sum-
marized validated histone methylation sites together with their catalyzing enzymes 
and the functional outcomes. In this Chapter, we discuss several major histone 
methyltransferases (HMTases) and molecular mechanisms underlying methylation 
reactions. In most cases, the addition of methyl groups to histones does not directly 
affect chromatin structure. It is believed that diverse functions of different histone 
methylations are mediated through binding proteins harboring specific motifs. 
Therefore, we also discuss different methyl-histone binding domains and their rec-
ognition mechanisms.

2  Histone Methyltransferase

Methylation is one of the most common protein modifications on multiple amino 
acids, which is catalyzed by protein methyltransferases (MTases) using S-Adenosyl 
methionine (SAM) as the cofactor and methyl-donor [65]. Histone methylation 
main occurs on lysine and arginine residues, although glutamine (H2AQ104) meth-
ylation has been recently reported which is catalyzed by a nucleolus specific rRNA 
2′-O-methyltransferase [66]. Histone lysine and arginine methylations are catalyzed 
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Table 1 Methylated sites on histone

Modification Enzyme Function

Histone H3
H3R2me2a PRMT6 [8–10], PRMT4 [11] Transcription repression
H3R2me2s PRMT5 [12], PRMT7 [12] Euchromatin maintenance
H3K4me MLL1-MLL4, hSET1A(SETD1A) [13], 

SETD1B [14], SETD7 [15], SETMAR 
[16], PRDM7 [17], PRDM9 [18, 19], 
SMYD1 [20], SMYD2, SMYD3 [21, 22]

Transcription activation

H3R8me2a PRMT2 [23] Poised chromatin architecture
H3R8me2s PRMT5 [24], Gene inactivation
H3K9me SUV39H1 [25], SUV39H2 [26], GLP [27], 

G9A [28], SETDB1[29], SETDB2 [30], 
RIZ1(PRDM2) [31], PRDM3 [32], 
PRDM16 [32], PRDM8 [33]

Heterochromatin, gene 
silencing

H3R17me2a PRMT4 [11, 34] Transcription activation
H3R26me2a PRMT4 [11] Transcription activation
H3K27me EZH1,EZH2,G9A [35] Gene silence
H3K36me NSD1 [36], NSD2(MMSET) [37, 38], 

NDS3 [39], SMYD2 [40], SETD2 [41], 
SETD3 [42, 43], ASH1L [44, 45], 
SETMAR [16], PRDM9 [46]

Transcription elongation, DNA 
damage repair

H3K56me1 G9A [47] DNA replication
H3R42me2a PRMT4 [48], PRMT6 [48] Promote transcription in vitro
H3K79me DOT1L [49, 50] Gene activation
Histone H4
H4R3me2a PRMT1 [51],PRMT6 [9] Gene activation
H4R3me2s PRMT5 [24], Gene inactivation
H4R3me PRMT7 [52] Gene inactivation
H4K5me SMYD3 [22] Unknown
H4R17me PRMT7 [53, 54] Unknown
H4R19me PRMT7 [53, 54] Unknown
H4K20me SUV420H1/2 [55], SETD8 [56, 57], 

SMYD3 [58]
Cell cycle regulation, gene 
silencing, DNA damage repair

Histone H2A
H2AR3me2a PRMT6 [9] Unknown
H2AR3me2s PRMT5 [59] Gene repression
H2AR3me2 PRMT7 [52] Gene repression
H2AR11me1 PRMT1 PRMT6 [60] Unknown
H2AR29me2a PRMT6 [60] Transcriptional repression
H2AZ-K7 SETD6 [61] Cell differentiation
Histone H2B
H2BR29me1 PRMT7 [54] Unknown
H2BR31me1 PRMT7 [54] Unknown
H2BR33me1 PRMT7 [54] Unknown
H2BK120me EZH2 [62] Inhibiting H2BK120ub

(continued)
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by two major types of MTases, lysine methyltransferase (KMT) and protein argi-
nine methyltransferase (PRMT). While most KMTs catalyze methyl transfer mainly 
onto histones, PRMTs methylate histones and a wide range of non-histone sub-
strates. These two types of enzymes share little similarity in primary and tertiary 
structures and reaction mechanisms which are discussed separately in different 
categories.

2.1  Lysine Methyltransferases (KMTs)

SUV39H1 is the first characterized de novo histone KMT, containing a conserved 
catalytic motif (~120aa) which was initially identified in three drosophila proteins, 
Suppressor of variegation [Su(var)3–9], Enhancer of zeste [E(z)]and Trithorax (Trx) 
[67] and thereafter named as the SET domain [25]. While sequence alignment identi-
fied ~50 SET domain-containing proteins in human genome [68], many of them have 
been shown to possess histone KMT activities. Among the characterized KMTs, 
human DOT1-like (DOT1L) does not harbor a SET domain but processes the robust 
catalytic activity [49]. SET domain often localizes in the C-terminus of histone 
KMTs while this bifurcated motif can be divided into the conserved SET-N, SET-C 
and a highly variable insertion (SET-I) in the middle. These enzymes also harbor dif-
ferent sets of other domains and can be briefly classified into seven families, includ-
ing SUV39, SET1, SET2, EZH, SMYD, PRDM, SUV420 and others (Fig. 2).

The SET domain of SUV39 family KMTs are encompassed by two conserved 
cysteine-rich pre-SET and post-SET domains. These KMTs mainly catalyze H3K9 
methylation with the exception of SETMAR which methylates H3K4 and H3K36 
[16]. The SET1 and SET2 families KMTs comprise different groups of large 
enzymes which specifically methylate H3K4 and H3K36 respectively. The SET1 
family KMTs lack the pre-SET domain and their enzymatic activities require the 
formation of complexes with other proteins including RBBP5 and ASH2L [69]. In 
contrast, the pre-SET domain is replaced by a AWS (Associated with SET) domain 
in the SET2 family KMTs. This unique AWS-SET-postSET configuration is believed 
to confer the specific methyl transfer onto H3K36 [42]. In the EZH family KMTs, 
both pre-SET and post-SET domains are absent. However, these enzymes harbor a 
conserved CXC domain which is located upstream of the SET domain and is critical 
for their activity. EZH1/2 also have no detectable activity unless they form the 

Table 1 (continued)

Modification Enzyme Function

Histone H1
H1K26me EZH2 [63] Gene silencing
H1.2K187me1 GLP/G9A [64] Unknown
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Polycomb Repressive Complex 2 (PRC2) with SUZ12 and EED [70]. Unlike other 
KMT families, the SUV420H family KMTs only contain the conserved SET and 
post-SET domains but no other domains. SUV420H1/H2 are able to introduce 
H4K20me2/3 to H4K20me1 [55].

The SET domain in the SMYD and PRDM families KMTs has unique configura-
tions. SMYD family of KMTs contain a long interposed sequence composed by a 
MYND domain and a SET-I motif. The MYND domain of SMYD1/2 has been 
shown to interact with the proline-rich motif in their binding partners while the 
MYND domain of SMYD3 is believed to bind to DNA [71]. The SMYD family of 
KMTs also contain the post-SET domain and a conserved C-terminal domain (CTD) 
with unknown function. Different from other KMT families, SMYDs display 
diverse substrate specificity [40, 58]. The PRDM family of KMTs harbor a catalytic 
PR/SET domain which only shares 20% similarity with the SET domain in sequence 
but displays a similar tertiary structure. Most PRDMs contain multiple zinc-fingers 
while some also have a zinc knuckle motif. The human PRDM family has 17 mem-
bers in which six have histone KMT activities [31–33, 46].

Other human KMTs do not fit into above categories are SETD7, SETD8 and 
DOT1L. SETD7 and SETD8 only contain the catalytic SET domain and specifically 
mediate mono-methylation on H3K4 [72] and H4K20 [73] respectively. DOT1L is 
a non-SET domain-containing KMT which specifically catalyzes H3K79 methyla-
tion. The catalytic domain of DOT1L is similar to the catalytic domain of PRMT 
which utilizes a Rossmann fold for SAM binding [74, 75]. Furthermore, in vitro 
methylation catalyzed by DOT1L is a non-processive reaction whereas the reaction 
mediated by most SET domain-containing KMTs is processive [76]. Although sev-
eral other proteins have also been reported to possess KMT activities [77, 78], the 
molecular details underlying these reactions still remain elusive.

2.2  Molecular Basis of Lysine Methylation

The representative SET domains of all KMT family members have been crystalized 
and their tertiary structures reveal several common features which are critical to 
confer efficient methyl transfer reaction [79]. Overall the SET domain is a highly 
interwined globular structure with extensive intra-domain interactions, suggesting 
each motif is critical for the structural integrity. The conserved SET-N and SET-C 
motifs form three beta-sheets and two beta-sheets with a pseudo-knot structure 
respectively. The variable SET-I motif also displays a similar structural fold, con-
taining two anti-parallel β-strands and a short α-helix. Together with SET-C, SET-I 
motif is directly involved in substrate and SAM bindings and thus contributes to the 
substrate specificity [79]. Furthermore, zinc-chelating was observed in several 
structures. For example, the pre-SET domain of SUV39H family chelates three zinc 
ions [80, 81] and the AWS domain of SET2 family chelates two [36, 44], whereas 
the Zinc-Knuckle domain of PRDM9 chelate one zinc ion [82] and the CXC domain 
of EZH2 binds to six [70]. These domains do not contact substrate but pack against 
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the SET domain to facilitate its structure stability and enzymatic activity [79]. Zinc-
chelating was missing in SU420H1, SETD7 and SETD8 structures, however, a 
α-helix bundle, a beta-sheet and a long alpha-helix were observed respectively [72, 
73, 83], suggesting that they may exert the similar function without zinc binding. 
Additionally, three cysteines in the post-SET domain of many KMTs chelate one 
zinc ion together with a conserved cysteine in the SET-C motif and this structure is 
also critical for the enzymatic activity [84]. Without zinc- chelating, the C-terminal 
sequences of the SET domain in SETD7 [72] and SETD8 [73] also form the similar 
structural fold for substrate and SAM binding.

Furthermore, the SET domain interacts with histone substrate and SAM through 
opposite surfaces. While SAM fits into an open concave pocket, histone peptide 
exhibits an extended conformation and extensively interactions with the binding 
groove. In this way, the target lysine is precisely positioned and its side chain can go 
through a narrow channel to meet with SAM [79, 85]. Different SET domains form 
different interactions with the backbone of their substrates to specifically define the 
methylation site. For instance, DIM-5, a neurospora SUV39 family KMT methyl-
ates H3K9 (QARK9ST) but not H3K27 (AARK27SA) due to its specific interaction 
with the side chain of T11 [81]. Moreover, the alkyl component of the lysine side- 
chain inhabits a hydrophobic environment while the ε-Nitrogen is stabilized by 
hydrogen bonds with surrounding carbonyl groups and hydroxyl-group [85]. In 
SETD7 structure, one ε-nitrogen on the side chain of H3K4 forms a hydrogen bond 
with a conserved Y245 and another with a tightly bound water molecule to prohibit 
the rotation of the εC-N bond for additional methylation. Accordingly, Y245A 
mutation enables SETD7 to catalyze H3K4me2/3 [72]. Mutation of another the 
target lysine binding tyrosine (Y305F) also results in H3K4me2 [84]. While the 
same Y-to-F mutation in SETD8 [73], MLL [86], G9A [70, 71] leads to similar 
effects on methylation, the F281Y mutation in DIM-5 disables the catalyzed 
H3K9me3 [84]. Intriguingly, the ε-N on the target lysine side chain forms a critical 
hydrogen-bond with S161 in the SET domain of mouse Suv420h2, which makes the 
enzyme inefficient for trimethylation [83, 87]. Disabling this hydrogen-bond by 
S161A mutation greatly increases H4K20me3 [83]. Together, the substrate specific-
ity of KMTs is determined by extensive substrate-SET domain interactions whereas 
the methylation states rely on the accommodation of the ammonium group on the 
target lysine side chain in the structure.

SMYD proteins share a conserved bilobal structure in which the catalytic core is 
located in the middle of the N-terminal lobe with the MYND domain and CTD 
around. While the MYND domain is dispensable for methylation, the SET and post- 
SET domains form a surface pocket for cofactor binding and a deep pocket of the 
interface between the SET domain and CTD binds to substrate [71]. Although the 
overall structures are similar, SMYD1-3 display substantial differences in the size 
and surrounding structure of the substrate binding pocket, which could be respon-
sible for divergent specificities on substrate and methylation states [88]. In the 
PRDM family KMTs, the SET domain signature motifs are poorly conserved. 
However, the overall structure of the PR/SET domain corresponds to the SET 
domains, in which the central SET domain fold is flanked by pre-SET and post-SET 
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regions. The bindings of cofactor and substrate peptide to the PR/SET domain of 
Prdm9 are also similar to the SET domains [82]. These findings suggest that the 
structural similarity to the SET domain confers the lysine methylation activity of 
both SMYD and PR/SET domains. In contrast, the catalytic domain of DOT1L 
forms an open α/β structure which is comprised of a seven-stranded β sheet. This 
structure is distinct from the SET, SMYD or PR/SET domain but similar to several 
class I SAM-dependent MTases [89]. The active core of DOT1L has an elongated 
structure, containing a SAM binding pocket and a lysine binding channel. While the 
SAM binding pocket is critical for methylation, the lysine binding channel allows 
the accommodation of all three methylation states. The positive charged C-terminal 
region of the catalytic domain is also critical for the enzymatic activity, likely 
through binding to negatively charged nucleosomal DNA [75]. Despite of the struc-
ture similarity between DOTlL and PRMTs, arginine methylation by DOT1L was 
not detected.

2.3  Protein Arginine Methyltransferase

Human genome harbors eleven protein arginine methyltransferases (PRMTs), eight 
of them are able to methylate different histones. Based on methylation products, 
PRMTs are classified into four different types [7]. Type I enzymes, including 
PRMT1, 3, 4, 6 and 8 introduce monomethylation on arginine and further proceed 
to asymmetrical di-methylation (aDMA). PRMT5, 7 and 9 are type II PRMTs which 
generate the symmetrical dimethylated products (sDMA) after the initial mono-
methylation. Type III enzymes only catalyze monomethylation but do not proceed. 
Different from methylation on the terminal guanidine nitrogen atoms catalyzed by 
above PRMTs, Type IV PRMTs introduce monomethylation of δ-nitrogen. Most 
PRMTs catalyze aDMA on arginine, which is likely attributed to the higher ener-
getically challenging with sDMA [90]. The characterized PRMTs and their function 
are also summarized in Table 1.

2.4  Molecular Basis of Arginine Methylation

Different from the SET domain, the conserved 310-aa catalytic core of PRMTs 
shares a similar structure with a Rossmann-fold domain and a C-terminal β-barrel 
domain and functions in a homo-dimer [91]. The methylation occurs at the interface 
of the catalytic core where SAM is accommodated in the Rossmann-fold, whereas 
the substrate peptide binds to an acidic groove with the side chain of target arginine 
inserted into a narrow tunnel to meet SAM [92]. Two notable structures were 
observed at the interface, a double-E loop from the Rossmann fold and a THW loop 
from the beta-barrel, which are important for methylation. It has been shown that 
E181D mutation in the double-E loop of Trypanosoma brucei PRMT7 converts this 
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type III enzyme to a type I enzyme to catalyze asymmetric dimethylarginine 
(aDMA) [93]. Another critical motif for the SAM and target arginine binding is in 
the N-terminal helix of Rossmann-fold. F379M mutation in this motif of C. elegans 
PRMT5 partially shifts the reaction towards aDMA. This mutation likely opens up 
the active site to allow more bulky asymmetrical di-methyl groups [94]. To corrobo-
rate the importance of this residue, M48F mutation of rat PRMT1 enables its ability 
to catalyze symmetrical di-methylation [90], suggesting the Phe or Met residue in 
the N-terminal helix of Rossmann-fold could define the type of the methylation. 
However, type II PRMT9 contains a Met at the exact is position. Therefore, this 
proposed F/M switch could only be the part of the underlying mechanism [91]. In 
general, the size of the target arginine binding pocket significantly affects the prod-
uct specificity catalyzed by different PRMTs.

3  Regulation of Histone Methylation

The enzymatic activity of HMTs is often evaluated in an in vitro assay in which the 
enzyme is incubated with SAM and substrate to catalyze methylation. In this reac-
tion, several HMTases, including EZH2 and MLL failed to show robust activity 
unless their core protein complexes were used [95, 96]. Different substrates have 
also been used in this assay, including histone peptides, recombinant histones, his-
tone octamers and nucleosomes [56]. While several KMTs prefer nucleosomes, 
such as SETD8 [56], SUV420H1/2 [55] and DOT1L [49], many enzymes predomi-
nantly methylate recombinant histones or octamers, such as SETD7 [15], G9A and 
GLP [97]. These observations suggest that the intact catalytic domain is necessary 
but not sufficient for histone methylation. Therefore, we discuss several regulatory 
mechanisms at different molecular layers.

3.1  Regulation by Interacting Proteins

The structure of EZH2 SET domain uncovers an inappropriate position of the SET-I 
and post-SET domains, which prohibits their interactions with substrate peptide and 
SAM [98, 99]. Recently, the crystal structures of PRC2 reveal that the extensive 
protein interactions with EED and SUZ12 optimize the structure of EZH2’s SET-I 
to form an active catalytic moiety for H3K27 methylation [70]. In the SET domain 
of MLL, the SET-I motif is highly dynamic. After forming the protein complex with 
the RBP5-ASH2L heterodimer, extensive protein interactions significantly reduce 
this inherent flexibility and lock the SET domain in an active conformation to enable 
efficient methyl transfer [69]. Intriguingly, the intermolecular β-sheet interactions 
between MLL SET-I and RBBP5(330–344aa) was also observed in the structure of 
other KMTs. In SUV39 and SET2 family KMTs, the similar interactions are formed 
intramolecularly between the SET-I and a short fragment upstream of the pre-SET 
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domain. This fragment also exists in EZH2 and functions as SET activation loop 
(SAL) [70], suggesting it is a conserved structural configuration for the functional 
SET domain. Together, these novel advances in structure demonstrate that the inher-
ent imperfection of certain SET domains can be corrected through interactions with 
their binding partners.

Furthermore, interacting proteins can regulate HMTases’ activity through different 
mechanisms. In the in vitro assays, PRMT5 equally catalyzes symmetrical methyla-
tion on both H3R8 and H4R3. However, it preferentially methylates H4R3 after bind-
ing to COPR5 [100], suggesting this regulatory protein fine-tunes PRMT5’s substrate 
specificity. HSP90α, the binding partner of SMYD2 stimulates methylation on H3K4 
but not H3K36 [101]. Similarly, the substrate specificity of EZH2 on either H1K26 or 
H3K27 is modulated by a PRC2 core component EED [63]. A Polycomb-like protein 
PHF1 also facilitates PRC2-mediated H3K27me3 without affecting H3K27me1/2 
[102, 103]. Additionally, SETDB1’s binding partner ATF7IP/AM, an ATFα-associated 
factor not only augments SETDB1’s enzymatic activity, but also facilitates the conver-
sion of H3K9me2 to H3K9me3 in vitro and in vivo [104]. However, the similar effects 
were not observed when peptide substrates were used in the in vitro assays [105]. The 
molecular mechanisms underlying these regulations are largely unknown.

3.2  Regulation by Post-Translational Modifications

Several HMTases are subjected to different post-translational modifications which 
could also regulate their catalytic activity. For example, PKB/AKT phosphorylate 
EZH2-Ser21 and this phosphorylation inhibits EZH2 binding to H3 and thus reduces 
H3K27me3 in vitro and in vivo [106]. In glioblastoma stem-like cells, EZH2 inter-
acts with and methylates STAT3, while the Ser21 phosphorylation facilitates PRC2- 
catalyzed STAT3-K180 methylation to activate STAT3 signaling [107]. In response 
to DNA damage, SETD7 has been shown to interact with and methylate SUV39H1 
at K105 and K123, leading to a dramatically reduced enzymatic activity of 
SUV39H1. Since these lysines are close to the chromodomain which is critical for 
chromatin binding, these methylations could weaken the SUV39H1-substrate inter-
action [108]. While SUV39H1-K266 acetylation within the SET domain reduces its 
catalytic activity, SIRT1-mediated deacetylation can restore it by facilitating the 
interaction between the SET and post-SET domains [109].

Moreover, bacteria-purified SETDB1 failed to methylate histones in the in vitro 
assays but 293T or Sf9 cell-purified enzymes displayed robust activity [110], indi-
cating post-translational modifications could regulate SETDB1’s activity. Recently 
we demonstrate that SETDB1 is monoubiquitinated at K867 (K867ub1) within its 
unique SET-I motif via an E3-independent mechanism. The conjugated-ubiquitin is 
protected from active deubiquitination, likely through multiple intramolecular inter-
actions. Importantly, the resulting constitutive monoubiquitination is required for 
SETDB1’s enzymatic activity and function. While most post-translational modifi-
cations are dynamically regulated, our findings highlight the constitutive role of 
K867Ub1 in regulating enzymatic activity of KMTs [97].
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3.3  Regulation by Histone Modification

It is well-documented that histone methylation is also modulated by other histone 
modifications. On the same molecule, H3S10 phosphorylation blocks the access of 
the adjacent H3K9 for methylation [111]. The similar regulation also exists on dif-
ferent histones and one good example is that H2A and H2B ubiquitination affects 
H3K4 and H3K79 methylation. Site-specific installation of H2BK120ub1 causes 
the allosteric regulation of nucleosomes to facilitate DOT1L binding and thus 
increases the intranucleosomal H3K79me1/2 [112]. H2BK120ub1 also interacts 
with the N-terminal winged helix motif of ASH2L and promotes H3K4 methylation 
catalyzed by ASH2L-MLL-RBP5 complex [113]. However, H2AK119ub1 inhibits 
PRC2-catalyzed H3K27 methylation, suggesting that ubiquitination at different 
sites trans-regulates different histone methylations [114]. Similarly, the internucleo-
somal regulations have also been reported. While the SET domain of GLP and G9A 
preferentially methylates histone octamer, the full-length proteins efficiently cata-
lyze oligonucleosomal methylation because G91/GLP bind to methyl-H3K9 bind-
ing on adjacent nucleosomes through their Ankyrin repeats domain [115]. Similarly, 
PRC2-catalzyed H3K27 methylation is stimulated by EED which binds to methyl- 
H3K27 on adjacent nucleosomes [116, 117]. In the PRC2 structure, H3K27me3 
binding also stabilizes the conformation of EZH2 N-terminal SRM motif and affects 
the SET-I conformation to facilitate H3K27 methylation [70]. Similar to G9A/GLP, 
the chromodomain of SUV39H1 recognizes H3K9me3 and this methyl-binding 
anchors the enzyme to chromatin allosterically to allow further spreading of 
H3K9me3 [118]. Therefore, pre-existing modifications on histones could dramati-
cally modulate methylation through different mechanisms.

4  Recognition of Histone Methylation

Although histone methylation does not neutralize the positive charge of DNA, sev-
eral methylations could affect nucleosome structure to facilitate transcription [119]. 
For example, H3R42 locates at the DNA entry-exit region of nucleosome and addi-
tion of asymmetric dimethylation by CARM1 and PRMT6 could reduce nucleo-
some stability [48]. Structural study reveals that H3K79me2 leads to a subtle 
reorientation of the surrounding region in nucleosome [120]. Moreover, H3R17me2a 
and H3K4me1 have been shown to reduce chromatin association of NuRD com-
plex, suggesting that these methylation marks could indirectly regulate accessibility 
of chromatin [121, 122]. In most cases, however, histone methylation serves as 
docking site for specific binding proteins which in turn recruit additional chromatin 
modifiers for diverse functional outcomes [119]. So far at least nine domains have 
been characterized as methyl-histone binding motifs that are briefly summarized in 
Table 2 together with their recognition sites.

The Molecular Basis of Histone Methylation



138

4.1  The Royal Family of Domains

Several methyl-histone binding motifs, including chromodomain, Tudor, MBT and 
PWWP belong to the Royal family of domains that are descended from a common 
ancestor [173]. These domains share a similar structure of barrel-like three-strand 

Table 2 Histone methylation binding protein

Chromodomain PWWP domain

CBX1/3/5 
(HP1β/γ/α)

H3K9me2/3 [123] BRPF1 H3K36me3 [124]

MPP8 H3K9me2/3 [125] ZMYND11 H3K36Me3 [126]
CBX2(PC1) H3K9me3, H3K27me3 

[127]
DNMT3A H3K36me3 [128], 

H4R3me2s [129]
CBX7 H3K9me3, H3K27me3 

[127]
PHD domain

CBX4(PC2) H3K9me3 [127] ING1/2/3/4/5 H3K4me2/3 [130–134]
CBX6 H3K27me3 [127] CHD4 H3K9me [135]
CBX8(PC3) H3K27me3 [127] MLL1 H3K4me2/3 [136]
CHD1 H3K4me2/3 [137] UHRF1 H3K9me2/3 [138]
CDY1 H3K9me2/3 [139] JARID1A H3K4me2/3 [140]
TIP60 H3K9me3 [141] JARID1C H3K9me3 [142]
MRG15 H3K36me [143] PHF2 H3K4me2/3 [144]
MSL3 H4K20me1 [145, 146] PHF8 H3K4me2/3 [147]
Tudor domain TAF3 H3K4me3 [148]
53BP1 H4K20me1/2 [149] BPTF H3K4me2/3 [150, 151]
UHRF1 H3K9me3 [152] RAG2 H3K4me3 [153]
PHF1 H3K36me3 [154] Pygo H3K4me2/3 [155]
JMJD2A H3K4me3 [156], 

H4K20me3 [157]
Ankyrin repeats

PHF19 H3K36me3 [158, 159] G9a/GLP H3K9me1/2 [160]
PHF20 H4K20me2, H3K9me2 

[161]
ZF-CW domain

LBR H4K20me2 [162] ZCWPW1/2 H3K4me3 [163, 164]
SGF29 H3K4me3 [165] MORC3/4 H3K4me3 [164]
TDRD3 H3R17me2a, H4R3me2a 

[166]
BAH domain

Spindlin1 H3K4me3 [167] ORC1 H4K20me2 [168]
MBT domain BAHD1 H3K27me3 [169]
L3MBTL1 H4K20me1/2 [170], 

H1bK26me1/2 [170]
WD repeats

L3MBTL2 H3K4me, H3K9me1/2, 
H3K27me1/2, 
H4K20me1/2 [171]

EED H3K27me3, H1K26me3, 
H3K9me3, H4K20me3 
[116, 117]

MBTD1 H3K20me1/2 [172]
SFMBT H3K9me1/2 [131], 

H4K20me1/2 [131]
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β-sheet with a short helix and bind to different methyl-lysines [174]. Existing in ~31 
human proteins [175], the chromodomain recognizes methyl-lysines using an aro-
matic cage formed by three highly conserved residue [176]. The binding site speci-
ficity is determined by specific interactions between amino acids around the 
methyl-lysine and the chromodomain. For example, the chromodomains of HP1 
[176, 177] and MPP8 [125, 178, 179] preferentially recognize H3K9me3 [176, 177] 
while the same domain in PC binds to H3K27me3 [180, 181]. Intriguingly, the 
CHD family proteins contain tandem chromodomains which bind to a single 
H3K4me3 mark in a coordinated manner [182, 183]. In most cases, the aromatic 
cage of chromodomain accommodates trimethylation and binds to mono- or di- 
methylation with a lower affinity due to less optimal van der Waals and cation-π 
interaction [149, 184].

The Tudor domain forms four- or five β-strands and bind to methyl-lysine with a 
similar aromatic cage. The tandem Tudor domains of JMJD2A specifically recog-
nize H3K4me3 [156]. In the Tudor domains of 53BP1, the carboxylate group of 
Asp1521 forms a hydrogen bond with the nitrogen group of dimethyl-amine to con-
fer stable binding to H4K20me2 but causes a steric hindrance for the trimethyl- 
amine [149]. Therefore, binding specificity to different methylation states is 
precisely regulated in different Tudor domains. Although the tandem Tudor domains 
are often observed, only one of the tandem domains interacts with methyl-lysine, 
leaving another free of binding.

The MBT domain is a larger motif (~100aa) containing 2–4 repeats and exists in 
nine human proteins. All human MBT domains harbor the conserved aromatic resi-
dues, indicating they can bind to methyl-lysines. However, the MBT domain prefer-
entially recognizes mono- and di-methylated lysines [185] with poor site specificity. 
It is likely due to the lack of interactions with amino acids around the methyl-lysine 
[186, 187]. The PWWP domain (100–150aa) folds into a five-strand β-sheet packed 
against a helical bundle with significant variations in β2 and β3 while many have the 
conserved aromatic cage [188]. It has been shown that the PWWP domains of Pdp1 
and DNMT3A/3B specifically recognize H4K20me [189] and H3K36me3 [128, 
190] respectively.

4.2  Other Methyl-Lysine Binding Domains

In addition to the Royal family of domains, several other motifs can recognize differ-
ent methyl-lysines as well, including PHD finger, CW, Ankyrin repeat, WD repeat 
and BAH.  The PHD finger domain forms two anti-parallel beta strands and one 
C-terminal alpha-helix, which are stabilized by two zinc ions chelated by a consen-
sus C4HC3 sequence [191]. This motif exists in multiple chromatin- associated pro-
teins and many have been shown to recognize methylated histones [130, 192]. Due 
to a favorable accommodation of H3R2, most PHD finger domains bind to methyl-
H3K4 [150, 151]. For example, the PHD domains of BPTF and ING2 recognize 
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H3K4me3 through an aromatic cage similar to the Royal family domains [150, 151]. 
Similarly, CW domain also centers two anti-parallel beta- strands and chelates one 
Zinc ion with the consensus C4 sequence [164]. The CW domain of ZCWPW1 pref-
erentially recognizes H3K4me3 [163] through an aromatic cage. Among the seven 
human CW domain-containing proteins, four contain at least two conserved aromatic 
residues and can bind to H3K4me3 peptide in vitro [164].

The Ankyrin repeat domain is a widely distributed motif for protein-protein inter-
actions. Intriguingly, the Ankyrin repeat domains of G9a and GLP can bind to 
H3K9me2 [160]. Similar to the chromodomain, three aromatic residues and a Glu 
are involved in the binding. However, the size of the aromatic cage cannot accom-
modate trimethyl groups. Distinctly, the WD repeats form a seven-bladed β-propeller, 
in which three scattered aromatic residues are responsible for methyl-lysine binding. 
It has been shown that the WD40 repeat domain of a PRC2 component EED recog-
nizes multiple methyl-lysines, including H1K26me3, H3K9me3, H3K27me3 and 
H4K20me3 with similar affinity [116, 117]. The MLL complex subunit WDR5 con-
tains seven WD40 repeats which have been reported to bind to methyl-H3K4 [193]. 
Existing in many chromatin-associated proteins, the BAH domain folds into a beta-
rich structure. It has been demonstrated that the BAH domain of a DNA replication 
protein ORC1 specifically recognizes H4K20me2 through a four aromatic residues 
cage [168]. Due to a hydrogen bond between methyl-ammonium and side carboxyl-
ate chain of a nearby Glu, this binding favors H4K20me2 over H4K20me3 [168]. 
The BAH domain in BAHD1 has also been reported to recognize H3K27me3 [169].

4.3  Recognition of Arginine Methylation

Among methyl-histone binding domains, multiple Tudor domain-containing pro-
teins also bind to methyl-arginine in various proteins, suggesting they can recognize 
methyl-arginine in histones [194]. The extended Tudor domain of SND1 has been 
shown to interact with peptides harboring H4R3 methylation [195]. Similar to 
methyl-lysine recognition, methyl-H4R3 binding also involves the aromatic cage of 
the Tudor domain of SND1. However, two aromatic residues pack to the guanidium 
planar in parallel, whose distance to the ammonium group is shorter than methyl- 
lysine binding [195]. While some Tudor domains recognize aDMA and sDMA on 
histones with comparable affinity, others display clear preference. In a peptide pull- 
down assay, the Tudor domain of TDRD3 preferentially recognizes aDMA on his-
tone H3 tail [166]. Structural study reveals that such selectivity is rendered by a 
unique hydrogen bond between the unmodified amino group and the hydroxyl 
group of a Tyr in the aromatic cage [196]. Unexpectedly, the Glu-rich region in 
PELP1 has also been shown to bind to H3K4me2, H3K9me2 [197] and arginine 
methylated in vitro [198], suggesting there are more unidentified methyl-histone 
binding motifs.
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4.4  Modulation of Methyl-Histone Binding

The methyl-histone binding by different domains is also subject to multiple 
regulations. Because of the extensive interaction between the binding domain and 
amino acids adjacent to the methylated residue, post-translational modifications on 
these amino acids could have drastic effects. For example, H3S10 phosphorylation, 
one of the most prominent modification on mitotic chromosome, inhibits HP1 bind-
ing to H3K9me3 [199, 200]. Similarly, H3K4me3 binding by different domains are 
blocked when H3R2 is asymmetrically dimethylated [10]. Intriguingly, modifica-
tion adjacent to the methyl-lysine has also been shown to facilitate the recognition 
by binding domains. For example, the structure of RAG2 PHD finger domain com-
plexed with H3K4me3 peptide uncovers an additional binding pocket. Therefore, 
H3K4me3 binding is increased when H3R2 is symmetrically methylated on the 
same molecule [201]. Furthermore, methyl-histone binding are regulated by other 
interacting partners. The structure of the ternary complex of Pygo PHD finger, the 
BCL9/Legless HD1 domain and H3K4me peptides demonstrates that the efficient 
H3K4me2 recognition requires the PHD-HD1 complex in instead of the PHD 
domain alone [155]. In addition to interacting proteins, ncRNA TUG1 can switch 
H3K9me3 binding by the PC2 chromodomain to H4R3me2s and H3K27me2. 
Through unknown mechanisms, another ncRNA NEAT2 can convert PC2’s 
H3K9me3 binding to H2AK5ac and H2AK13ac binding [202].

5  Conclusion Remark

As a key component of the proposed “histone code”, histone methylation is pre-
cisely regulated in cells and plays pivotal roles in the regulation of all chromatin- 
based processes. Histone methylation “code” is introduced by different groups of 
HMTases and recognized by various methyl-histone binding proteins. These pro-
teins coordinate with various transcription factors, chromatin modifying proteins, 
signal pathway cascades and non-coding RNAs to constitute a large sophisticated 
network for diverse functional outcomes. It has been acknowledged that many his-
tone methylating and binding proteins are altered in human diseases, including vari-
ous cancers. Accordingly, numerous small molecule modulators have been 
developed and characterized for the pharmaceutical intervention of these diseases 
[203]. Multiple inhibitors targeting different HMTases have also been applied to 
various clinical trials. Therefore, a thorough understanding of the molecular basics 
underlying histone methylation and recognition will not only shed lights on their 
physiological functions, but also facilitate the development of therapeutic strategies 
for human diseases.
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Abstract The methylation of lysine residues on histone tails--and their subsequent 
demethylation--is among some of the most important covalent post-translational mod-
ifications controlling gene expression. When gene expression goes awry, disease 
ensues and often this disease is some form of cancer. Thus, an understanding of his-
tone tail modification in nucleosomes is critical in mankind’s attempts to eradicate 
cancers. This chapter examines our present knowledge of the enzymes that demethyl-
ate the lysine residues on histone tails, known as KDMs. The substrate-binding speci-
ficities of KDMs are quite diverse. The determinants of their specificity goes beyond 
just the amino acids involved in recognition and catalysis as observed in KDM crystal 
structures of their catalytic domains but extend to interactions of their many domains 
to each other and with other proteins in multicomponent complexes. These aspects of 
all seven known KDM families are reviewed as well as our present knowledge of their 
involvement in cancers. Control of their aberrant behavior by design of chemical 
inhibitors, that have the potential to be powerful cancer fighting drugs, is an expanding 
human endeavor and is chronicled at the end of the chapter.
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1  Introduction

Methylation occurs on arginine and lysine residues in histones and is involved in a wide 
range of biological processes such as gene expression, chromatin organization, dosage 
compensation, and epigenetic memory. Unlike acetylation, where positive charges on 
histones are removed, relaxing chromatin and activating genes, methylation or its 
removal does not affect charges on histones. Histone methylation can be transcription-
ally repressive or activating, depending on the position of the methylated residue and 
the extent of methylation. Histone lysine residues can be monomethylated, dimethyl-
ated, or trimethylated [1], while arginine residues can be monomethylated or dimethyl-
ated symmetrically or asymmetrically [2]. The methylation of lysines 4, 36, or 79 of 
histone H3 is typically associated with active transcription, while the methylation of 
lysines 9 or 27 on histone H3 and lysine 20 on histone H4 contributes to repressed 
transcription. Methylation with the overall combination of other histone “marks,” such 
as acetylation, phosphorylation, and ubiquitination, as well as the presence of other 
regulatory factors and DNA methylation ultimately determine chromatin conformation 
and expression level of the associated gene.

In order to change chromatin structure and gene expression level, histone modi-
fications have to be altered, which can include a reversal of methylation i.e. demeth-
ylation. Unlike phosphorylation and acetylation, histone methylation was long 
regarded as irreversible partially because of the stable nature of the carbon-nitrogen 
bond and lack of evidence for its role in dynamic regulation of gene expression [3]. 
In addition, in a number of early studies, the half-life of histones and methyl-lysine 
residues within them appeared to be the same, implying histone methylation was 
not reversible [4, 5]. However, other studies seemed to show that active turnover of 
methyl groups did occur at a low but detectable level [6, 7]. Furthermore, in many 
documented cases, it appeared that different histone methylation patterns were nec-
essary for regulation of gene expression [8].

As early as the 1960s, protein extracts containing lysine demethylase activity were 
identified and partially purified [9–11]. Decades later, in 2004, as evidence was mount-
ing that histone methylation was dynamic and reversible, the first histone demethylase, 
a flavin-containing amine oxidase, was finally identified. Lysine- Specific Demethylase 
1 (LSD1, also known as KDM1A) provided the first experimental evidence for enzy-
matic histone demethylation [12]. It was shown to mediate oxidative demethylation on 
monomethylated or dimethylated H3K4, but not trimethylated H3K4 because the 
enzymatic mechanism requires a protonated nitrogen [13]. Subsequently, a second and 
larger class of demethylases containing what was called a Jumonji C (JmjC) domain 
was theorized [14] and then independently identified through biochemical purification 
in 2005 [15]. Within a year, more JmjC demethylases were discovered in rapid succes-
sion [16–19] and even a crystal structure of a JmjC catalytic domain was published 
[20]. Unlike KDM1A, the JmjC proteins do not require a protonated nitrogen allowing 
some JmjC family members to act on trimethylated H3K4 as well [13].

Arginine methylation is also a very stable mark, but unlike lysine methylation, it 
is still unclear if this modification can be enzymatically reversed. Arginine residues 
can be monomethylated or asymmetrically or symmetrically dimethylated on R3, 
R8, R17, and R26 on H3, and R3 on both histones H2A and H4 [21]. A putative 
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arginine demethylase JMJD6, a JmjC domain-containing protein, was reported to 
demethylate both asymmetric and symmetric H3R2me2 and H4R3me2 substrates 
[22]. However, others have not been able to replicate this observation and have 
found JMJD6 to be a lysine-hydroxylase, catalyzing C-5 hydroxylation of lysine 
residues in mRNA splicing-regulatory proteins and in histones with no demethylase 
activity on either H3R2me2 or H4R3me2 peptides [23–25]. Additionally, muta-
tional and structural analysis of JMJD6 suggests that it is not an arginine demethyl-
ase and has a novel substrate binding groove and two positively charged surfaces 
with a stack of aromatic residues located near the active center not found in any 
JmjC oxygenase family member and may even interact with ssRNA [26, 27]. While 
it appears JMJD6 may play some role in regulating gene expression, there is still no 
clear consensus what that role is [25]. Interestingly, it has very recently reported that 
some JmjC demethylases are also able to demethylate histone and non-histone argi-
nine residues in vitro albeit not as efficiently as histone lysine residues; a crystal 
structure of a known JmjC lysine demethylase (KDM4A) with an H4R3me2s 
containing- peptide (PDB code 5FWE) was also determined [28].

Arginine residues are not only substrates for methylation, but can also be  converted 
to citrulline by deimination through the action of peptidylarginine deiminases [29]. 
Deimination has been suggested as a path for arginine demethylation but it appears 
that these deiminases act only on unmethylated arginines, and not on me thylated 
arginine [30, 31]. As no enzyme has been found that converts citrulline back to argi-
nine, methylation of arginine can only be antagonized by this modification [32].

Thus, since there are no verifiable in vivo arginine demethylases at this time, this 
chapter will only discuss histone lysine (K) demethylases (KDMs). Over the last 
decade, over 20 KDMs have been discovered representing two distinct classes: the 
KDM1 family containing two lysine-specific demethylase (LSD) enzymes, and the 
KDM2–7 families consisting of the JmjC domain-containing enzymes (Table 1). 
Each KDM demethylates only certain methylated histone residues and sometimes 
only certain methylated states (mono-, di-, tri) of those residues. The demethylases 
that primarily act on methylated H3K4 (KDM1 and KDM5) belong to the two 
 different enzyme families; those that primarily act on other histone methylated 
lysines belong only to the second JmjC family.

The substrate-binding specificities of KDMs are quite diverse. The most prevalent 
histone lysine substrates are H3K4, H3K9, H3K27, H3K36, H4K20, and H1.4K26.  
In part, substrate specificity of each demethylase depends on the histone peptide 
sequence surrounding target lysine residues. However, another important component 
of KDM specificity is mediated by combinations of additional conserved “helper” 
domains within KDMs which can include combinations of such “helpers” as the plant 
homeodomain (PHD) [33], Tudor [34, 35], zinc fingers (such as zf-CXXC and zf-
C2HC4) [36–38], F-box [39], AT-rich interactive domain (ARID) [40], tetratricopep-
tide repeat (TPR) [41] and leucine-rich region (LRR) domains [42, 43]. In addition, 
selectivity can be conferred by the composition and character of “linker” sequences 
between the catalytic and neighboring helper domain [44]. Furthermore, KDMs are 
part of large multimeric and dynamic complexes that contribute yet another level of 
specificity for gene localization and histone targeting. Finally, alternative splicing of 
mRNA of JmjC demethylases can lead to different isoforms. These isoforms could 
have different specificities and/or form different protein complexes.
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Each of these topics must be discussed to understand our limited knowledge of 
the molecular basis of histone demethylation. Aberrant histone methylation caused 
by mutation or misregulation of histone demethylases and histone methyltransfer-
ases has been observed in several human diseases, particularly cancer. Modulation 
of histone methylation status for aberrant gene expression in cancers offers medici-
nal potential for the treatment of cancers via the development of molecular inhibi-
tors of histone demethylases.

2  KDM1 Family Architecture and Mechanism

Unlike other KDMs, the KDM1 family utilizes the cofactor flavin adenine dinucleo-
tide (FAD) to demethylate the methylated lysine substrate via a redox reaction (Fig. 1). 
The catalytic domain of the KDM1 family, the amine oxidase-like (AOD) domain, is 
related to the large superfamily of flavin-dependent monoamine oxidases, with 
MAO-A and MAO-B being the closest homologues [12]. Like other members of this 

Table 1 Lysine demethylase families and their histone substrates

Lysine demethylase 
family

Human family 
homologs

Common alternative 
homolog name(s) Histone substrates

KDM1 KDM1A
KDM1B

LSD1
AOF1, LSD2

H3K4me2/1
H3K4me2/1

KDM2 KDM2A
KDM2B

JHDM1A, FBXL11
JHDM1B, FBXL10

H3K36me2/1,  
H3K4me3
H3K36me2/1

KDM3 KDM3A
KDM3B
KDM3C

JHDM2A, JMJD1A
JHDM2B, JMJD1B
JMJD1C

H3K9me2/me1
H3K9me2/me1
H3K9me2/me1

KDM4 KDM4A
KDM4B
KDM4C
KDM4D
KDM4E

JMJD2, JMJD2A
JMJD2B
JMJD2C
JMJD2D
JMJD2E, KDM4DL

H3K9me3/me2,  
H3K36me3/me2
H3K36me3/me2
H3K36me3/me2
H3K9me3/me2,  
H3K36me3/me2/me1,
H3K56me3

KDM5 KDM5A
KDM5B
KDM5C
KDM5D

JARID1A, RBP2
JARID1B, PLU1
JARID1C, SMCX
JARID1D, SMCY

H3K4me3/me2
H3K4me3/me2
H3K4me3/me2
H3K4me3/me2

KDM6 KDM6A
KDM6B
KDM6C

UTX
JMJD3
UTY

H3K27me3/me2
H3K27me3/me2
H3K27me3/me2

KDM7 KDM7A
KDM7B
KDM7C

JHDM1D, 
KIAA1718
PHF8
PHF2

H3K9me2/me1, 
H3K27me2/me1
H4K20me1
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superfamily, the AOD of the two KDM1 family members can be further subdivided 
into two separate subdomains, with one subdomain involved in substrate binding and 
the other forming an expanded Rossmann fold used to bind the cofactor FAD. Each of 
these subdomains is formed from sequence components spread throughout the pri-
mary structure. The substrate-binding subdomain is composed of a six-stranded mixed 
β-sheet flanked by six α-helices. The two subdomains create a big cavity that defines 
the demethylase catalytic center at their interface [20, 45–47].

The FAD cofactor, binding to the KDM1A protein, undergoes two-electron 
reduction by substrate oxidation (Fig. 1a). The oxidized form of FAD is restored by 
molecular oxygen to generate hydrogen peroxide. The coupled oxidation of 
 methyl- lysine forms a hydrolytically labile imine and FADH2. Molecular oxygen is 
used as the electron acceptor, and methyl group oxidation is then followed via 

Fig. 1 Reaction mechanisms of (a) KDM1/LSD1 demethylase family and (b) JmjC demethylases
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hydride transfer from the N-methyl group onto FAD, forming an imine. This imine 
intermediate is unstable and further hydrolyzed non-enzymatically to release the 
de methylated lysine and formaldehyde. Thus, during catalysis, each cycle of methyl 
removal produces a molecule of formaldehyde and of H2O2, while consuming an O2. 
KDM1/LSDs are incapable of demethylating trimethyl-lysine residues, because the 
quaternary ammonium group cannot form the requisite imine intermediate.

3  JmjC KDM Architecture and Reaction Mechanism

The JmjC KDM family belongs to a larger superfamily of oxygenases which utilize 
2-oxoglutarate (2OG) (also referred to as α-ketoglutarate or α-KG) as a co-substrate 
and Fe(II) as a cofactor, and couples substrate oxidation to the decarboxylation of 
2-oxoglutarate to produce succinate and CO2 (Fig.  1b). These enzymes are con-
served in eukaryotes from yeast to humans [15], and have a double-stranded 
β-helical (DSBH) or “jelly-roll” fold consisting of eight antiparallel β-strands that 
form a β-sandwich structure comprised of two four-stranded antiparallel β-sheets. 
This structure is often referred to as the Jmj or JmjC domain.

The distorted/squashed barrel-like structure is open at one end where the octahe-
drally coordinated catalytic iron resides in a funnel-shaped active site with three 
interactions provided by a conserved His-X-Asp/Glu-XN-His triad from the protein. 
The co-substrate 2OG is in a compact binding site where its 2-oxo carboxylate group 
also bidentately binds the iron; the iron ion also has a water molecule at the sixth 
position where a catalytic oxygen species is expected to reside during the demethyl-
ation reaction. The other end of 2OG interacts with the side-chain of a basic residue 
(Arg/Lys) and with a hydroxyl group from a Ser/Thr or Tyr residue [20, 48].

The JmjC KDM reaction begins by generating a superoxide radical by the com-
plex Fe2+/2OG, which reacts with the C2 atom of 2OG, leading to its decarboxyl-
ation to succinate and formation of a Fe4+-oxo species. Afterwards, the highly 
reactive Fe4+-oxo species abstracts a hydrogen from a lysine ζ-methyl group as the 
iron is reduced to Fe3+, forming an unstable carbinolamine that will rapidly break 
down, leading to the release of formaldehyde and loss of a methyl group from the 
methylated lysine residue. Unlike the KDM1 family, JmjC KDMs do not require 
lone pair electrons on the target nitrogen atom and thereby can demethylate trimeth-
ylated as well as di- and monomethylated lysines.

JmjC demethylases bind methyl-lysine in a highly conserved pocket in the active 
site through the formation of a network of C–H•••O hydrogen bonds between the 
methyl groups and the oxygen atoms from the backbone and side chain of active- site 
residues. Many crystallographic studies have revealed that substrate binding often 
involves residues from the first and second β-strand of the DSBH, together with strands 
and loops that extend the JmjC domain. In contrast, “reader” domains such as PHD 
bind methyl-lysine through cation–π interactions between the methylammonium ion 
and a cage formed by multiple aromatic residues [49–51].

An additional N-terminal interaction element has been identified in many JmjC 
KDMs that resides at varying distances away from the JmjC domain and is referred 
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to as the JmjN domain [20]. In KDM2A and the KDM4 and KDM5 families, it 
interacts extensively with the catalytic JmjC domain and provides structural i ntegrity 
without participating in active site formation [17, 52–54]. However, modeling and 
other recent analysis suggests that the JmjN-like fold exists in all KDM families 
[54, 55]. Thus, the JmjN domain is not a “domain” per se, but an integral part of the 
catalytic core. Therefore, it should be considered that the JmjC domain in several 
KDM families has had additional insertions over evolution, and in one case, in the 
KDM5 family, other domains have been included in the insertion.

In the following sections, each KDM family is discussed individually. First, a 
general description of the family and its members is given which includes our present 
knowledge of their relationship to cancers. A table containing all known NMR and 
crystal structures containing a family’s one or more domains, with cofactors and 
sometimes peptide substrates, is supplied at the end of each section. It is important to 
remember that a demethylase’s catalytic and other domains do not act in isolation but 
interact with each other and many other proteins. In fact, there are three main com-
ponents that confer specificity to a demethylase: the active site of its catalytic domain, 
the other domains that the demethylase contains, and the other proteins with which 
the demethylase participates in multicomponent complexes. Therefore, secondly, 
each of these attributes for each family will be discussed. At the end of the chapter, 
there will be a short review that highlights the discovery of KDM inhibitors for 
which the information acquired could aid in drug development.

4  The KDM1 Family

KDM1A was shown to be a histone demethylase by the Shi group in 2004 [12]. At the 
same time, a second human flavin-dependent histone demethylase, KDM1B, was 
identified through a domain homology search of genomic databases [12]. In 2009, the 
Mattevi laboratory isolated and confirmed the flavin-dependent demethylation activ-
ity of KDM1B, noting specificity for H3K4me1/2, despite the relatively low sequence 
identity to KDM1A of less than 25% [56].

The KDM1 family primarily demethylates H3K4me2 and H3K4me1. H3K4 meth-
ylation is a gene activation marker [57]. These epigenetic marks are located in open 
chromatin, primarily in transcription factor binding regions, including promoters and 
enhancers that positively regulate expression of genes and can be located many thou-
sands of base pairs down- or upstream of a gene [58–60]. These genomic loci are 
commonly devoid of H3K4me3 [61]. KDM1A appears to regulate histone methyla-
tion at promoters, while KDM1B is found in transcriptional elongation complexes and 
removes H3K4 methyl markings in gene bodies, thereby facilitating gene expression 
by reducing spurious transcriptional initiation outside of promoters [62]. KDM1B is 
highly expressed in oocytes and is required for de novo DNA methylation of some 
imprinted genes, a function dependent on its H3K4 demethylase activity [63].

While KDM1A and KDM1B each share a SWIRM domain and a C-terminal 
catalytic AOD domain, these demethylases have distinct functions and domains that 
mediate interactions with other biomolecules (Fig. 2) [64]. The N-terminal regions 

The Molecular Basis of Histone Demethylation



158

of the KDM1 proteins have no predicted conserved structural elements, but do 
 contain nuclear localization signals for nuclear import [63, 65, 66].

There are isoforms of KDM1A resulting from alternative splicing events [67] in 
which some KDM1A isoforms acquire a new substrate specificity. One of these 

SWIRM Tower

Amine oxidase

172 272 415 515 852

KDM1A

PDB 
2V1D 

SWIRM Amine oxidase
50 190 264 372 822

Linker
137

C4H2C2 Zf-CWKDM1B
NLS

PDB 
4HSU 

(a) 

(b) 

Fig. 2 Representative crystal and domain structures of (a) KDM1A and (b) KDM1B
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isoforms, LSD1n, targets H4K20 methylation, both in vitro and in vivo, and is 
involved in neuronal activity–regulated transcription that is necessary for long-term 
memory formation [68]. Another isoform, LSD1 + 8a, functions as a co-activator by 
demethylating the repressive H3K9me2 mark. LSD1 + 8a interacts with supervillin; 
the LSD1 + 8a/supervillin-containing complex demethylates H3K9me2 and thereby 
regulates neuronal differentiation [69].

KDM1A is overexpressed and/or correlated to poor outcomes such as shorter 
survival, relapse, high tumor grade, and metastasis in several cancers including pros-
tate cancer [70, 71], bladder cancer [72], neuroblastoma [73], breast cancer [74, 75], 
non-small cell lung cancer [76], hepatocellular cancer [77], oral cancer [78], colon 
cancer [79], and sarcomas [80, 81]. Knockdown or inhibition of KDM1A decreased 
cell growth [71–73, 77–79, 82–86] and migration/invasion [76, 78, 87, 88], as well 
as increased differentiation [73, 82, 83] in multiple cancer types, both solid and non-
solid. The oncogenic activities of KDM1A have been studied extensively in hemato-
logical malignancies, and KDM1A was found to be a major contributor to stemness 
[82, 83]. KDM1A inhibitors are currently in clinical trials for the treatment of par-
ticular leukemia subtypes [89]. In contrast to other studies, one report indicates that 
KDM1A restrains invasion and metastasis in triple-negative breast cancer [90].

Any roles KDM1B may be playing in cancer are just beginning to be elucidated 
[91, 92]. KDM1B directly ubiquitylates and promotes proteasome-dependent degra-
dation of O-GlcNAc transferase (OGT), and inhibits A549 lung cancer cell growth in 
a manner dependent on this E3 ligase activity, but not its demethylase activity [92].

4.1  KDM1 Active Site

It has been shown that KDM1A requires a sufficiently long peptide consisting of the 
first 20 N-terminal amino acids of the H3 histone tail for productive binding [93].  
In contrast to many other H3K4 binding proteins where the peptide has an extended 
conformation, several crystal structures of KDM1A with H3 peptide show that the 
peptide is severely compressed and has a serpentine shape in a deep active site cav-
ity of KDM1A [94]. The peptide binds in a funnel-shaped pocket adopting a folded 
conformation in which three structural elements were identified: a helical turn 
(residues 1–5) located in front of the flavin molecule, a sharp bend (residues 6–9), 
and a more extended stretch (residues 10–16) that remains partially solvent-exposed 
on the rim of the binding pocket. The H3 polar residues Arg2, Thr6, Arg8, Lys9 and 
Thr11, in addition to the N-terminal amino group, lie in well- defined pockets, 
forming specific and extensive electrostatic and hydrogen- bonding interactions 
with the surrounding KDM1A residues. The Arg2 residue of the histone H3 tail is 
essential for stabilization of this tail conformation in the binding site of KDM1A, 
due to the formation of intrapeptide hydrogen bonds with the side chain of Ser10, 
and main chain of Gly12 and Gly13. Any disruption of these precise interactions 
explains the negative effect that nearly all epigenetic modifications (away from 
H3K4) have on KDM1A–H3 binding [93–95].
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In a KDM1B-H3K4me1(1–26) crystal structure, the H3K4me1 peptide extends 
away from the catalytic cavity and interacts with KDM1B at a second binding site 
composed of two loops within the linker region of KDM1B [46]. Biochemical analyses 
indicate that this second binding site is important for substrate recognition and essential 
for the demethylase activity of KDM1B. KDM1A lacks this second binding site.

4.2  KDM1 Helper Domains

The SWIRM domain was first found in and named after the protein subunits Swi3, 
Rsc8 and Moira of SWI/SNF-family chromatin remodeling complexes. SWIRM 
has a compact fold composed of 6 α helices, in which a 20 amino acid long helix 
(α4) is surrounded by 5 other short helices. The SWIRM domain structure can be 
divided into the N-terminal part (α1–α3) and the C-terminal part (α4–α6), which are 
connected to each other by a salt bridge. SWIRM domains are highly conserved 
amongst chromatin associating proteins and have been shown to bind DNA [96, 97]. 
However, the residues that compose the typical DNA-binding interface are not con-
served and are partially blocked by their interaction in KDM1 proteins with the 
AOD [45, 98, 99]. This ~85 amino acid domain is believed to help maintain the 
structural integrity of KDM1 AOD and acts as an anchor site for a histone tail.

In KDM1A, the AOD domain is interrupted with the inclusion of the Tower 
domain that is absent from KDM1B. KDM1A was originally identified as a compo-
nent of transcriptional repressor complexes [100, 101] and many of these complexes 
are formed through this domain. Tower is an ~100 amino acid α-helical, antiparallel 
coiled-coil domain. This domain is infrequently found in eukaryotic proteins, but is 
in many prokaryotic proteins involved with intermolecular protein recruitment, 
membrane docking, and membrane translocation functions [102].

KDM1B lacks a Tower domain, but does contain a novel C4H2C2-type zinc 
finger (ZnF) and a CW-type zinc finger (Zf-CW) [46, 47]. The ZnF domain is 
required for KDM1B enzymatic activity through its interaction with the SWIRM 
domain [103, 104]. Mutations which disrupt the ZnF domains or relays of interac-
tions among the ZnF-SWIRM-AOD may lead to subtle conformational alterations 
in the AOD that in turn impair the incorporation of FAD, and consequently its enzy-
matic activity [104]. The surface of the C4H2C2- type zinc finger shows a marked 
concentration of basic residues, and thus may impact demethylase substrate speci-
ficity or positioning within nucleosomal DNA.  Additionally, these residues may 
facilitate interactions with coregulatory molecules or serve to recruit transcriptional 
machinery, such as phosphorylated RNA polymerase II [62, 104].

4.3  KDM1 in Multicomponent Complexes

The Tower domain of KDM1A forms a complex with the C-terminal domain of CoREST 
[105], the corepressor for the transcriptional repressor RE1-Silencing Transcription fac-
tor (REST) [106–108]. KDM1A is typically associated with CoREST and required for it 
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to demethylate nucleosome substrates. This subcomplex is found in combination with 
histone deacetylase (HDAC) 1 or 2, forming a stable larger core complex recruited by 
many chromatin remodeling multiprotein complexes [100, 101, 109–111]. The CoREST 
corepressor is necessary for maintaining a repressive chromatin environment in impor-
tant physiological contexts like neural cell differentiation [105, 112–114].

While structural studies of KDM1A co-crystalized with an H3 substrate peptide 
revealed that the enzyme active site cannot productively accommodate more than three 
residues on the N-terminal side of the methylated K4, there is evidence in vivo that 
KDM1A demethylates other substrates. For instance, when associated with the andro-
gen receptor (AR), KDM1A appears to remove repressive methyl groups from H3K9, 
thereby enhancing AR-dependent gene transcription and resulting in prostate tumor 
cell proliferation [71]. KDM1A may do this by binding factors that dictate its substrate 
specificity. Protein kinase C beta 1 (PKCB1)-mediated phosphorylation of H3 threo-
nine-6 also has been proposed as a mechanism to block the H3K4 site and shift the 
specificity of KDM1A to H3K9 [115]. Recently, EHMT2 (euchromatic histone-lysine 
N-methyltransferase 2 or G9a) was found to methylate KDM1A at Lys114. KDM1A 
K114me2, but not unmethylated KDM1A peptide, specifically interacts with the 
CHD1 (chromodomain-helicase- DNA-binding protein 1) double chromodomain, thus 
indicating that CHD1 is a reader of KDM1A K114me2. Methylation of KDM1A at 
Lys114 by EHMT2 and recruitment of CHD1 to AR-binding regions are key events 
controlling chromatin binding of AR. Thus, the dimethylation of KDM1A at Lys114 
appears to ultimately control AR-dependent gene expression [116].

KDM1A appears to be recruited by many CoREST-like and other proteins to form 
complexes that perform coregulatory or scaffolding functions [64]. In one instance, 
KDM1A is an integral component of the Mi-2/nucleosome remodeling and deacety-
lase (NuRD) complex, adding histone demethylation activity to this complex [90]. 
The NuRD complex contains two other catalytic subunits, the deacetylase HDAC1 
and the CHD4 ATPase, both of which are essential for the regulation of gene expres-
sion and chromatin remodeling [117]. KDM1A/NuRD complexes regulate several 
cellular signaling pathways including TGFβ1 signaling pathway that are critically 
involved in cell proliferation, survival, and epithelial-to- mesenchymal transition [90].

Temporal expression patterns of specific components of KDM1A complexes 
modulate gene regulatory programs in mammalian development [63, 67, 118, 119]. 
Any interruption of these patterns, their transcriptional control and/or mutation of 
components can lead to cancer [64, 120] and other disease [121]. KDM1A is over-
expressed in a variety of tumors, and its inactivation or downregulation can inhibit 
cancer progression [122, 123]. KDM1A targeting inhibitors are an avenue for anti-
cancer drug discovery and will be discussed in a later section of this chapter.

Compared to KDM1A, there is much less known about the multicomponent 
complexes of KDM1B. In highly transcribed, H3K36me3-enriched coding regions 
downstream of gene promoters, KDM1B aids in the maintenance of H3K4 and 
H3K9 methylation by associating with a larger complex that includes Pol II and 
other elongation factors, as well as the SET-family histone methyltransferases 
NSD3 and G9a, which methylate histone H3K36 and H3K9 sites, respectively [62]. 
In addition, the H3K36me3 reader NPAC/ GLYR1 is likely part of this complex as 
well, which augments the KDM1B demethylation of H3K4me1/2 by binding at its 
AOD/SWIRM interface [47].
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A recent kinetic study showed there is a tight-binding interaction between 
 full- length unmodified histone H3 and KDM1A, which suggests the existence of a 
secondary binding site on the demethylase surface available for complex formation. 
The contact between H3 and KDM1A likely occurs through an extensive interaction 
interface that contributes significantly to its recognition of substrates and products 
[124]. Apparently, there is still much to discover about KDM1 demethylase function 
and its control (Table 2).

5  The KDM2 Family

The KDM2 family (Fig. 3) contains the first JmjC KDMs to be discovered and to be 
established as conserved in eukaryotes from yeast to humans [15]. KDM2 specifi-
cally demethylates H3K36me2, and to a lesser extent H3K36me1, which are his-
tone modifications that are associated with transcriptional repression. There have 
been some indications that KDM2B is also a H3K4me3 demethylase [121], but this 
observation has only been made in vivo and not in vitro [135]. In some instances, 
one could imagine that KDM2B is in a complex with a KDM5 family member, as 
suggested by one study [136].

KDM2A is over-expressed and correlated to poor prognosis in breast [137, 138], 
non-small cell lung [139], and gastric cancer [140]. Several studies show that knock-
down of KDM2A decreases cell growth [138–140], angiogenesis [138], invasion/
migration [139, 140] and metastasis [140]. KDM2A promotes tumorigenicity through 
upregulation of target genes such as JAG1 in breast cancer [138] and DUSP3 in lung 
cancer [139]. In contrast, one study found that KDM2A knockdown had an opposite 
effect in breast cancer, increasing invasion, migration, and angiogenesis [141].

KDM2B is implicated in the pathology of breast cancer [142], pancreatic cancer 
[136], myelodysplastic syndromes [143], and acute myeloid leukemia [144]. Knockdown 
of KDM2B reduced cancer cell growth [136, 142, 144], as well as impaired stem cell 
self-renewal [142, 145] and transformation [135, 145, 146]. It is linked to senescence 
[135, 142, 147] and metabolism [146, 148] control. KDM2B has been shown to regulate 
cell cycle and senescence associated genes such as p15 and p16 [135, 144, 147].

5.1  KDM2 Active Site

Crystal structures of KDM2A with H3K36me2/1 peptides [53] (Table 3) reveal a 
narrow binding channel that can perfectly fit the specific peptide sequence H3G33 
and H3G34 close to H3K36 mark. Any larger side chain in these positions would 
result in steric hindrance. A pocket binds Pro38 and stabilizes a sharp turn in the H3 
backbone. The side chain of Tyr41 binds in a pocket on the demethylase surface 
through van der Waals interactions and hydrogen binding. Residues Gly33, Gly34, 
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CXXC FBoxJmjC PHDKDM2A LRR  1-6 1161 
960 888 678 617 517 

C-terminal 
Domain

316 197 148 
Mixed

Domain
HairpinJmjN

86 36 564 

PDB 4BBQ 

PDB 4QXB 

CXXC FBoxJmjC PHDKDM2B LRR  1-6 1336 
1132 1058 724 659 573 

C-terminal 
Domain

344 225 176 
Mixed

Domain
HairpinJmjN

114 64 610 

(a) 

(b) 

Fig. 3 Representative crystal and domain structures of KDM2 family

Table 3 Structures containing domains of KDM2 demethylases

PDB ID Structure title Dep. date Resolution(Å) Reference

KDM2A

4BBQ Crystal structure of the CXXC and PHD 
domain of human lysine-specific demethylase 
2A (KDM2A)(FBXL11)

9/27/12 2.24

4TN7 Crystal structure of mouse KDM2A- 
H3K36ME- NO complex with succinic acid

6/3/14 2.2 [53]

4QWN Histone demethylase KDM2A-H3K36ME1- 
alpha-KG complex structure

7/16/14 2.1 [53]

4QX7 Crystal structure of histone demethylase 
KDM2A-H3K36me2 with alpha-KG

7/18/14 2.34 [53]

4QX8 Crystal structure of histone demethylase 
KDM2A-H3K36me3 complex with alpha-KG

7/19/14 1.65 [53]

4QXB crystal structure of histone demethylase 
KDM2A-H3K36ME3 with NOG

7/19/14 1.6 [53]

4QXC Crystal structure of histone demethylase 
KDM2A-H3K36ME2 with NOG

7/19/14 1.75 [53]

4QXH Crystal structure of histone demethylase 
KDM2A-H3K36ME1 with NOG

7/20/14 2.2 [53]

KDM2B

4O64 Human CXXC and PHD domain of KDM2B 4/16/14 2.13 –

J.R. Horton et al.
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Pro38, and Tyr41 are only found near H3K36 and such residues do not flank any 
other lysine methylation sites on histone H3 or H4.

Surprisingly, KDM2A bound with H3K36me3 peptide, the inactive substrate for 
KDM2A, could be crystallized. Comparison of structures with H3K36me3 peptide 
with those with substrate H3K36me2/1 peptide and/or different cofactors suggests 
that a third methyl group on H3K36me2 may sterically hinder an axial-to-in-plane 
conversion of the 2OG positioning required for catalysis [149].

5.2  KDM2 Helper Domains and Multicomponent Complexes

Both KDM2 homologs contain a zinc finger CXXC domain that specifically recog-
nizes non-methylated CpG dinucleotides [150], seemingly targeting these histone 
demethylases to the so-called genomic regions known as CpG islands (CGIs; these 
contain a high density of CpG dinucleotides where the cytosine nucleotide is pri-
marily not methylated) that are associated with ~70% of mammalian gene promot-
ers and gene regulatory units [151–154]. When KDM2B recognizes non-methylated 
DNA in CGIs, it recruits the polycomb repressive complex 1 (PRC1) that then con-
tributes to histone H2A Lys119 ubiquitylation (H2AK119ub1) and gene repression 
[155, 156]. KDM2B associates with a noncanonical PRC1 to regulate adipogenesis 
[157]. Furthermore, KDM2B, via its F-box domain, functions as a subunit of the 
CUL1-RING ubiquitin ligase (CRL1/SCFKDM2B) complex where SCF is an acronym 
for combination of Skp, Cullin, F-box proteins. KDM2B targets c-Fos for polyubiq-
uitylation and regulates c-Fos protein levels [158]. Another paper suggests KDM2B 
has unexpected E3 ubiquitin ligase activity. The F-box in KDM2B shows E3 ligase 
activity in vitro, but has not been characterized further in vivo [159].

The F-box domains encoded by KDM2A and KDM2B have 78% protein sequence 
identity. This suggests that KDM2A may also recognize CpG through its CXXC 
domain and is likely to form a functional SCF E3 ligase [137]. Interestingly, KDM2A 
and KDM5B had the highest frequency of genetic amplification and overexpression 
in breast cancer among 24 KDM genes tested [137]. KDM2A had the highest cor-
relation between copy number and mRNA expression, and high mRNA levels of 
KDM2A were significantly associated with shorter survival of breast cancer patients. 
KDM2A has two isoforms: the long isoform that is the whole protein and a short 
form that lacks the N-terminal JmjC domain but contains all other motifs, including 
the CXXC and F-box domains. It is this short form of KDM2A that has oncogenic 
potential and functions as an oncogenic isoform in a subset of breast cancers [137].

6  The KDM3 Family

The KDM3 family (Fig.  4) contains three members in humans, but only two, 
KDM3A and KDM3B, are fully verified demethylases, which act upon H3K9me2/1. 
The domains of the KDM3 family encompass a C2HC4 zinc finger followed by a 
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~225-residue long JmjC domain which shows 86% similarity between KDM3A and 
KDM3B. In between these domains lies a LXXLL motif known to be involved in 
nuclear hormone-receptor interactions [160, 161].

KDM3A is a crucial regulator of spermatogenesis, embryonic stem cell self- 
renewal, and metabolic gene expression. Both KDM3A and KDM3B may have 
roles in sex determination [162–168]. KDM3A expression is upregulated in lung 
cancer [169, 170], gastric cancer [171], neuroblastoma [172], Ewing sarcoma 
[173], bladder cancer [170], renal cell carcinoma [174], and hepatocellular 
c arcinoma [175]. Additionally, it is implicated in the tumorigenesis of multiple 
myeloma [176], prostate cancer [177], and colon carcinoma [178, 179]. Knockdown 
or inhibition of KDM3A inhibited growth [169–171, 173, 174, 176–181] as well as 
migration or invasion [169, 172, 174, 179] in several tumor cell types. KDM3A 
was shown to control expression of several well-known proto-oncogenes including 
c-Myc [177], HOXA1 and CCND1 [170]. It has been shown to be regulated by 
hypoxia in cancers [175, 178] and to play a role in angiogenesis [180], further sup-
ported by a report that expression of KDM3A is higher in hypoxic environments 
and near blood vessels in renal cell carcinoma [174]. Contradictorily, one study 
reports that KDM3A acts as a tumor suppressor in human germ cell-derived tumors 
like embryonal carcinomas, seminomas, and yolk sac tumors [182].

The biological functions of KDM3B are not as well characterized. The human 
gene for KDM3B is located at 5q31, a chromosomal area that is often deleted in 
malignant myeloid disorders, including acute myeloid leukemia and myelodysplasia 
[183]. The enforced expression of this demethylase in a cell line carrying a 5q deletion 
inhibits clonogenic growth, indicating that loss of KDM3B may be involved in the 
pathogenesis of these cancers and that KDM3B may have tumor suppressor activities. 
Further strengthening its role as a tumor suppressor, high KDM3B expression was 

1056 1031 1721 1498 

KDM3A 1321 
687 662 

JmjCC2HC4

1281 1058 

885-889 

LXXLL

KDM3C 2550 JmjC

1871 1846 

C2HC4

2498 2274 

2066-2070 

LXXLL

PDB 
4C8D 

KDM3B 1761 JmjCC2HC4
LXXLL

1293-1297 

Fig. 4 Representative crystal and domain structures of KDM3 family
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correlated to better disease-free survival after mastectomy in breast cancer patients 
[184]. However, contrary to the above studies, KDM3B is overexpressed in acute 
lymphoblastic leukemia and displays specific activity in vitro and in vivo in leukemo-
genesis. In this setting, it acts as a transcriptional coactivator to repress differentiation 
[185]. KDM3B is amplified in non-small cell lung cancer [186].

A third member of the family, KDM3C, has no verifiable demethylase activity on 
H3K9 peptides in vitro, but seems to in cells [187–189]. KDM3C inhibits the neu-
ronal differentiation of human embryonic stem cells and has been found mutated in 
intracranial germline tumors [188, 190, 191]. KDM3C is reported to play a role in 
the maintenance of leukemias by functioning as a coactivator for key transcription 
factors, where its knockdown resulted in apoptosis and impaired growth of cancer 
cells [189, 190].

6.1  KDM3 Activity and Helper Domains

The C2HC4 zinc finger domain is required for enzymatic activity of KDM3A [192] 
and the demethylase appears to dimerize through interactions between this domain 
and the JmjC domain [193]. In addition, if one active site in the KDM3A dimer is 
mutated, the enzymatic activity of two-step demethylation is significantly decreased. 
For this KDM family, it appears that the initial conversion of H3K9me2 into 
H3K9me1 occurs at one active site of the dimer. After the first demethylation step is 
finished, allosteric regulation of substrate channeling occurs, the monomethylated 
substrate binds, and conversion of H3K9me1 into H3K9me0 takes place at the sec-
ond site [193]. Another observation is that one residue, Thr667, contributes to the 
H3K9me1/2 substrate specificity of wild-type KDM3A: a T667A mutation alters 
specificity towards H3K9me2 [187]. Thr667 may aid in aligning the methyl group 
of monomethylated H3K9 correctly in the active site center, presumably bringing it 
in close proximity to the iron so that the reaction can be catalyzed.

While no papers discussing KDM3 crystal structures have been published, one 
KDM3 crystal structure has been deposited in the PDB databank (PDB: 4C8D) of 
the catalytic region of KDM3B (residues 1380–1720) illustrating an unusual JmjC 
architecture (Table 4). An N-terminal motif proceeding the JmjC domain comprises 
several α-helices and two three-stranded anti-parallel β-sheets that form β-extension 
motifs that buttress each side of the central JmjC β-barrel. One of the three-stranded 
β-sheets is located near the entrance of the active site, implicating it in recognizing 
the H3 peptide substrate.

Table 4 Structures containing domains of KDM3 demethylases

PDB ID Structure title Dep. date Resolution (Å) Reference

KDM3B

4C8D Crystal structure of JmjC domain  
of human histone 3 lysine-specific 
demethylase 3B (KDM3B)

9/30/13 2.18
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6.2  KDM3 in Multicomponent Complexes

Several studies have indicated that KDM3A has a role in regulating  hypoxia- inducible 
genes through interaction with transcription factors that are targeted to KDM3A 
under hypoxic conditions [178, 194–197]. Hypoxic conditions have been linked to 
enhanced tumor growth [194]. Hypoxia is commonly found in solid tumors where 
the access of anticancer drugs is restricted, and the hypoxia allows for a selective 
environment for aggressive cancer cells [196, 198]. KDM3A has been shown to 
maintain some demethylase activity even under severe hypoxic conditions [199]. 
KDM3A exhibits hormone-dependent recruitment to androgen-receptor target 
genes through interaction with the androgen receptor (AR) to upregulate AR target 
gene expression [192].

7  The KDM4 Family

This demethylase family (Fig.  5) is probably the most examined of all the JmjC 
demethylase families, especially KDM4A; presently, there are over 55 crystal struc-
tures of this enzyme deposited in the PDB which includes complex structures with 
>20 inhibitors (Table  5, discussed below). There are many excellent published 
reviews [52, 200–202]. The KDM4 family has specificity for two regions of H3 with 
different sequences. Members act on H3K9me3/me2 and, in some cases, H3K36me3/

TudorJmjC PHDKDM4A 1064 
1011 897 767 709 308 131 

JmjN

56 14 

PHD

885 829 

Tudor

PDB 5D6Y 

PDB 5CEH 

TudorJmjC PHDKDM4B 1096 
1023 919 789 731 308 131 

JmjN

56 14 

PHD

907 851 

Tudor

TudorJmjC PHDKDM4C 1056 
999 877 747 689 308 131 

JmjN

56 14 

PHD

865 809 

Tudor

JmjCKDM4D 523 
308 131 

JmjN

56 14 

JmjCKDM4E 506 
308 131 

JmjN

56 14 

Fig. 5 Representative crystal and domain structures of KDM4 family
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me2. H3K9me3 demethylation promotes an open chromatin state, contributing to the 
transcriptional activation of promoter regions [200]. KDM4A and KDM4B occu-
pancy is fairly evenly distributed across different genomic regions, while KDM4C 
localizes predominantly to H3K4me3-containing promoter regions [203–205].

In humans, this family contains five known members. The KDM4A-C proteins 
share more than 50% sequence identity; each contains JmjN, JmjC, two plant home-
odomains (PHD) and two hybrid Tudor domains that form a bilobal structure, with 
each lobe resembling a normal Tudor domain. KDM4D and KDM4E, in contrast, 
are considerably shorter proteins that lack the C-terminal region, including the PHD 
and Tudor domains [17, 52]. Biochemical studies indicate that KDM4A-C catalyze 
the removal of H3K9 and H3K36 di- and trimethyl marks. However, in vivo, 
KDM4A seems to demethylate only trimethylated residues [19] and has a greater 
affinity for H3K9me3 over H3K36me3 [16, 20, 206]. KDM4D can only demethyl-
ate H3K9me3/me2 [17, 52]. KDM4E meanwhile, catalyzes the removal of two 
methyl groups from H3K9me3 and also H3K56me3 [207, 208].

The KDM4 family members are associated with cancer in several ways, summa-
rized for most family members below (reviewed in [52, 200, 201, 209]). Several mem-
bers are involved in hypoxia [210, 211] and DNA mismatch repair [212]. KDM4A, B, 
and C are required for the survival of acute myeloid leukemia cells [213].

KDM4A expression is upregulated and/or correlates to poor outcomes in many 
cancers including breast [214, 215], prostate [17, 216, 217], lung [218–220], bladder 
[220], gastric [221], and endometrial carcinoma [222, 223]. KDM4A overexpression 
led to the development of prostatic intraepithelial neoplasia, and combined overex-
pression of KDM4A and ETV1 resulted in prostate carcinoma formation in Pten+/− 
mice [217]. Furthermore, overexpression of KDM4A has been shown to cause 
localized copy gains and DNA re-replication in tumor cells [224]. Knockdown or 
knockout of KDM4A inhibits growth [217, 221–223, 225–228], migration/invasion 
[222, 223, 227], and metastasis [87] in several cancer models, and provokes apopto-
sis [218, 221, 226] and senescence [219]. KDM4A regulates target genes such as p27 
[223], YAP1 (yes-associated protein 1) [217], ARHI (aplasia Ras homolog member 
I) [215], CHD5 (chromodomain helicase DNA-binding domain 5), and activating 
protein 1 (AP1) family genes [87]. It is associated with cancer-related proteins such 
as the androgen receptor (AR) [223], p53 [226], and SIRT2 (sirtuin 2) [228].

KDM4B is overexpressed and correlates to adverse outcomes in many cancers 
including endometrial cancer [223], luminal breast cancer [214], colorectal cancer 
[229], bladder [230], lung [230], prostate [17, 231], gastric [232–234], hepatocel-
lular carcinoma [235], and osteosarcoma [236]. Knockdown of KDM4B inhibits 
growth [211, 225, 229, 230, 232, 237–239], migration/invasion [223, 229, 233], and 
metastasis [233], and induced DNA damage [239] and apoptosis [232, 239, 240].  
It is known to associate with nuclear receptors to drive cancers such as AR [223, 
231] and ERα (estrogen receptor α) [211, 237, 238], regulating target genes such as 
c-Myc [223], CDK6 (cyclin-dependent kinase 6) [230], and ERα target genes such 
as CCND1 [211, 237].

KDM4C is amplified in basal-like breast cancer [214, 241], esophageal s quamous 
cell carcinomas [242], sarcomatoid lung carcinoma [243], lymphomas [244], and 
medulloblastoma [245, 246]. Likewise, it is overexpressed and/or associated with 
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negative patient outcomes in basal-like breast cancer [214], esophageal s quamous 
cell carcinoma [242], prostate cancer [17], osteosarcoma [236], and esophageal 
squamous cell carcinoma [247]. KDM4C knockdown or inhibition prevents growth 
of several cancer types [17, 210, 244, 248], as well as breast cancer metastasis to the 
lung [210]. Overexpression of KDM4C was able to transform normal- like breast 
epithelial cells [241]. KDM4C was reported to interact with HIF1α (hypoxia induc-
ible factor 1 α) [210] and FGF2 (fibroblast growth factor 2) [236], as well as to 
target p53 pathway gene MDM2 (mouse double minute 2 homolog) [249]. In con-
trast, one study reports that KDM4C expression is associated with improved breast 
cancer survival and response to therapy [250]. KDM4D is overexpressed in basal-
like breast cancer [214]. KDM4D knockdown blocked the proliferation of colon 
cancer cells, but surprisingly, KDM4D was shown to bind p53 and activate p21 
expression [251].

7.1  KDM4 Active Site

Binding specificity in KDM4 members originates from amino acids surrounding 
lysines 9 and 36 on histone H3, whereas space and electrostatic environment in 
the methyl group–binding pocket of these enzymes allow for di- and trimethyl and 
not the monomethylated lysine residues to position a methyl group productively 
toward the Fe2+ atom in the catalytic center. Crystal structures and modeling punc-
tuates the importance of certain residues in KDM4 demethylases for defining 
H3K36me3 recognition [225]. In KDM4A and KDM4B, residues Ile71, Asn86, 
and Asp135 engage in van der Waals interactions or hydrogen bonds with H3 resi-
dues H39 and R40 on the C-terminal side of H3K36me3 while the side chains of 
Leu75, His90, and Asp139 in KDM4D cannot avoid steric clashes with H39 and 
R40. The crystal structure of the KDM4D-peptide complex also shows that the 
R42 side chain of H3 lies in close proximity to Lys91 and Lys92 on the surface of 
KDM4D, resulting in potential electrostatic repulsion between the enzyme and 
H3K36me3 peptide. In KDM4A, the corresponding residues, Ile87 and Gln88, 
possess uncharged side chains, alleviating this electrostatic repulsion. Ile71, 
Asn86, Ile87, and Gln88  in KDM4A are strictly conserved in KDM4B and 
KDM4C and mutations of these residues to the corresponding amino acids in 
KDM4D and KDM4E (i.e., I71L, N86H, I87K, and Q88K) disrupt H3K36me3 
demethylation in vitro and in vivo [252].

In KDM4A-C, the C–H•••O hydrogen-bonding network in the active site places 
one of the three methyl groups of the trimethylated lysine close to the Fe2+ and in an 
ideal position for catalysis. When dimethylated or monomethylated lysines bind at 
the active site, the methyl groups are sequestered away from the metal ion by 
C–H•••O hydrogen bonds. Therefore, the catalysis-competent methyl position is 
energetically disfavored. For a dimethylated lysine, a rotational movement could 
allow one of the methyl groups to gain access to Fe2+ for catalysis, probably with less 
efficiency than a trimethylated lysine [253, 254]. A monomethylated lysine would be 
completely sequestered and cannot reach the proper positioning for  catalysis. Ser288 
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(whose hydroxyl group forms C–H•••O hydrogen bonds with methyl groups) is 
 frequently substituted by Ala in other JmjC demethylases, such as KDM4D and 
KDM6A (A1238). The substitution of Ser288  in KDM4A with Ala enhances its 
activity, especially on dimethylated substrates, indicative of this residue’s role in the 
determination of the methylation state specificity [20, 254].

7.2  KDM4 Helper Domains

The functions of the two PHD domains in KDM4A-C remain unknown. However, it 
appears that differential tandem Tudor domain (TTD) binding properties across the 
KDM4 demethylase family may distinguish the targets of the KDM4 family in the 
genome. The TTD domain has two shared β-strands that interdigitate to form a 
bilobal structure, with each lobe resembling a normal Tudor domain. The KDM4A 
TTD recognizes both H3K4me3 and H4K20me3 [206, 255, 256], while the KDM4B 
TTD binds methylated H4K20 [257], and the KDM4C TTD is specialized to recog-
nize only methylated H3K4 [203, 258]. In the crystal structure of the KDM4A TTD, 
the second Tudor domain uses a cluster of aromatic residues, Phe932, Trp967 and 
Tyr973, to establish an open cage pocket for binding the side chain of H3K4me3 or 
H4K20me3 while the side chains of the other Tudor domain form intermolecular 
contacts [206]. However, the H3 and H4 peptides contact the Tudor domains in oppo-
site orientations and at different surfaces of the second hybrid Tudor domain, while 
the side chains of the other Tudor domain form intermolecular contacts [35, 259].

7.3  KDM4 in Multicomponent Complexes

Recall that H3K4 trimethylation is a hallmark of active promoters that are usually 
devoid of H3K9 trimethylation, a mark of inactive chromatin. Through its Tudor 
domain, KDM4A could be recruited to active gene promoters where it would 
demethylate H3K9 ensuring amplification of gene transcription. As one example of 
a KDM4 family member in an epigenetic modifying complex, KDM4B is physi-
cally associated with and an integral component of the H3K4 methyltransferase 
mixed-lineage leukemia 2 (MLL2) complex [238]. This complex could potentially 
be a Tudor domain-independent instance (possibly through PHD) in which KDM4B 
can simultaneously demethylate H3K9 while H3K4 becomes trimethylated. This 
KDM4B/MLL2 complex co-purifies with estrogen receptor α (ERα) and is required 
for ERα-regulated transcription [238]. ERα exhibits greater stability when KDM4B 
is overexpressed, and ERα can upregulate KDM4B. This creates a positive feedback 
loop between these two molecules to amplify the estrogen signal [260]. A similar 
mechanism has been proposed for AR signaling [231]. In this manner, KDM4B has 
an oncogenic role in both breast and prostate cancers. Another report finds KDM4B 
and KDM4C work distinctly and combinatorially in different multicomponent  
complexes in embryonic stem cells that affect their differentiation [204].
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8  The KDM5 Family

The human KDM5 family (Fig. 6 and Table 6), specific for the demethylation of 
H3K4me3/2, encompasses four enzymes: KDM5A/JARID1A/RBP2 (retinoblas-
toma-binding protein 2), KDM5B/JARID1B/PLU-1, KDM5C/JARID1C/SMCX 
(selected mouse cDNA on the X), and KDM5D/JARID1D/SMCY (selected mouse 
cDNA on the Y) [278]. KDM5 members show a high degree of homology in 
sequence and domain organization [54, 279]. In addition to the catalytic JmjC 
domain, each contains a JmjN domain, an ARID DNA-binding motif, two or three 
PHD finger domains and a C5CH2-type zinc finger domain. The KDM5 family is 
unique among JmjC- containing histone demethylases in that there are identifiable 
domains, the ARID and PHD, between the JmjN and JmjC. Despite the fact that all 
members of KDM5 catalyze the demethylation of the same histone mark, they 
appear to have exclusive functional properties probably because of their different 
expression profiles and presence in distinct protein complexes [278, 279].

This family of KDMs is the only one to demethylate the H3K4me3 mark.  
In genome-wide studies, this mark broadly correlates with RNA polymerase II occu-
pancy at sites of active gene expression, and is thought to provide an additional layer 
of transcriptional regulation. H3K4me3 is known to be associated with transcription-
ally active genes or in combination with repressive histone marks [280], such as 
H3K27me3, at the promoters and transcriptional start sites at the 5 ́-end of important 
developmental genes [280, 281], keeping them in the “poised for activation” state.

PLU1JmjCKDM5A 1690 
1150 880 589 588 176 

PHD1ARIDJmjN

18-60  787 295-341  85 359 
-Helical

Domain PHD2 PHD3

PDB 5CEH 

PLU1JmjCKDM5B 1544 
1150 880 605 604 183 
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Fig. 6 Representative crystal and domain structures of KDM5 family
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Recently, crystal structures of truncated KDM5A, KDM5B, and KDM5C 
 proteins have been determined [54, 274, 282, 283]. In truncated KDM5 proteins, the 
ARID and PHD1 domains between JmjN and JmjC are dispensable to activity, 
while the C5HC2 zinc finger motif is required for its in vivo [284] and in vitro activ-
ity [54, 274]. The active KDM5A and KDM5B structures showed that the domain 
arrangement of this KDM family most closely resembles that of KDM6, despite the 
fact that the catalytic domain shares the greatest sequence identity with the KDM4 
family (33%). The fold of the catalytic JmjC domain is highly conserved with that 
of KDM6A (PDB ID 3AVS; r.m.s. deviation = 0.46 Å over 107 Cα) and other JmjC 
demethylases, despite the fact that this region retains only 16% sequence identity 
with KDM6A. There is a C-terminal helical domain composed of four helices, and 
a zinc finger C5HC2 motif was found, similar to the GATA-like motif in the KDM6 
family (see below).

KDM5 family enzymes have been studied in several types of cancer and cancer 
processes (for reviews, please see [278, 279]). KDM5A and KDM5B are reported 
to be amplified or overexpressed in many cancers, and have been shown to play key 
roles in cancer cell proliferation, drug resistance and metastasis. KDM5A is ampli-
fied or over-expressed in several cancers including breast [285], lung [286, 287], 
hepatocellular [288], and gastric [289, 290] cancers. It is linked to proliferation and 
senescence control by antagonizing the functions of retinoblastoma protein (pRB) 
[291–293] and suppressing the expression of cyclin-dependent kinase inhibitor 
genes such as p21, p27, and p16 [286, 288, 289]. In three different genetically- 
engineered mouse tumor models, knockout of KDM5A significantly prolonged sur-
vival [293, 294]. KDM5A has also been shown to play a role in epithelial-mesenchymal 
transition [287, 295], invasion [286, 294], and metastasis [294, 296]. Additionally, 
expression of KDM5A is implicated in anti-cancer drug resistance in lung cancer 
[297], breast cancer [285], and glioblastoma [298].

KDM5B is reported to be overexpressed in breast [284, 299], lung [300], bladder 
[301], diffuse large B-cell lymphoma [302], prostate [303], colorectal [304], glioma 
[305], ovarian [306], and hepatocellular [307, 308] cancers. KDM5B has been 
shown to repress expression of tumor suppressor genes such as BRCA1 and HOXA5, 
as well as cell cycle checkpoint genes such as p15, p27, and p21 [284, 305, 307, 
309]. Furthermore, KDM5B expression is linked to stem cell-like properties and 
resistance to a targeted therapy in melanoma [310, 311]. Many recent studies link 
expression of KDM5B to poor prognosis, chemoresistance, and metastasis in a vari-
ety of cancers [306, 308, 312–315].

Several studies indicate that KDM5 enzymes may have tumor suppressive func-
tions in particular contexts. Breast cancer patients with high expression of KDM5A 
had a better response to docetaxel [184]. Migration and invasion are suppressed in 
triple negative breast cancer cells when KDM5B is artificially overexpressed [316]. 
Finally, KDM5C and KDM5D are inactivated or deleted in renal cell carcinoma 
[317] and prostate cancer [318], respectively. KDM5C knockdown significantly 
increased growth of renal cell carcinoma cells in a xenograft model [319].
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8.1  KDM5 Active Site

Modeling places a trimethylated lysine residue in the active site of KDM5A, 
 surrounded on four sides by Trp470, Tyr472, Asn585, and the metal-ligand water 
molecule. The aromatic indole ring of Trp470 would be in parallel with the hydro-
phobic portion of the target lysine. The side chains of Tyr472 and Asn585 would 
each coordinate one methyl group, whereas the third methyl group would be in 
close proximity to a metal ligand-coordinated water molecule. During the catalytic 
cycle, this site would be occupied by the dioxygen O2 molecule that initiates the 
demethylation reaction by abstracting a hydrogen atom from the substrate.

8.2  KDM5 Helper Domains

The ARID domain binds double-stranded DNA and may be involved in anchoring 
KDM5 proteins onto linear or nucleosome-wrapped nucleic acid [303, 320, 321].  
In the KDM5A structure containing an ARID domain [283], the domain adopts the 
canonical fold but differs slightly in its loop conformations compared to the NMR 
structure of the isolated KDM5A ARID domain [320] and may block part of the 
substrate binding site, suggesting that ARID-PHD1 may interfere with substrate 
binding until interaction with nucleosome.

The PHD1 domains of both KDM5A and KDM5B have been shown to bind to 
unmodified H3K4me0 [316, 322–324], whereas both of their PHD3 domains have 
been shown to bind to H3K4me3 [316, 325]. Though KDM5B’s PHD3 domain 
favors binding to H3K4me3, it will also bind to lower methylation states of H3K4 
[316, 325]. The PHD2 domain of KDM5B apparently does not recognize histone 
[316]. Of note, binding of the PHD1 domain of KDM5D to H3K4me0 is ~30X 
weaker than that of KDM5B, even though their sequences are very similar. This is 
likely because the Leu326 residue in the KDM5B sequence is replaced by a phenyl-
alanine in KDM5D, where this bulky side chain may cause steric hindrance and 
obstruct this interaction with a peptide [316]. The binding of these PHD domains to 
both the substrate and the product of KDM5 demethylases may seem unusual. Yet, 
binding of PHD1 to H3K4me0 may provide an anchoring mechanism for KDM5A/B 
to sense H3K4me3 through PHD3 and slide along the H3K4me3-enriched promot-
ers, demethylating other nearby methylated H3K4 and further spreading the tran-
scriptionally inactive state of chromatin. Interestingly, such a model was proposed 
in one of the first papers to identify that a KDM5 family member is capable of eras-
ing methyl groups of trimethylated H3K4 [326].

As mentioned above, the C5HC2 zinc finger motif is required for activity.  
In KDM6A, the interaction of a similar zinc finger domain with the KDM6 JmjC 
domain is required for activity, and in a KDM6A crystal structure with peptide, the 
zinc finger domain undergoes rearrangement and aids in recognition of a portion of 
histone H3 around the substrate H3K27 [327]. A future structure of a KDM5 
demethylase with peptide may reveal something similar.
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8.3  KDM5 in Multicomponent Complexes

KDM5A interacts with the Sin3B/HDAC complex, and KDM5A and Sin3B/HDAC 
cooperate in transcriptional repression of a subset of E2F4 target genes through 
deacetylation, demethylation, and nucleosome repositioning [328]. Similarly, 
KDM5B copurifies and colocalizes with components of the NuRD complex, indi-
cating that KDM5B and NuRD may cooperate in transcriptional repression [316]. 
The NuRD complex contains two catalytic subunits, the deacetylase HDAC1 and 
the CHD4 ATPase, both of which are essential for the regulation of gene expression 
and chromatin remodeling.

9  The KDM6 Family

This KDM family contains three human demethylases (Fig. 7). KDM6A consists 
of 1401 amino acids and contains a JmjC catalytic domain and 6 tetratricopeptide 
repeat (TPR) protein-protein interaction domains [41, 330]. KDM6B consists of 
1679 amino acids, but it does not appear to contain any characterized domains 
other than the JmjC domain [331]; however, sequence analysis suggests that it 

JmjCKDM6A 1401 
1265 1258 385 1390 93 932 

-Helical
Domain

ZnF
TPRs JmjN

PDB 
3AVR 

JmjCKDM6C 1347 
1212 1204 383 1340 90 878 

-Helical
Domain

TPRs JmjN

JmjCKDM6B 1643 
1509 1502 1639 1176 

-Helical
Domain

JmjN ZnF

ZnF

Fig. 7 Representative crystal and domain structures of KDM6 family
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may also contain similar TPR domains as KDM6A.  These two enzymes have 
84% sequence similarity in the JmjC domain [330]. KDM6C consists of 1347 
amino acids [332] and shares 83% amino acid identity with KDM6A throughout 
its sequence [333]. It was once thought to be enzymatically inactive [330, 334], 
but minimal demethylase activity was later demonstrated and appears to be due 
to a subtle sequence divergence in the JmjC catalytic domain [332]. KDM6C is 
located on the Y chromosome and partially compensates for some KDM6A func-
tions, some which may be demethylase-independent, as it was demonstrated 
using knockout mouse models [335]. KDM6C may activate transcription in a 
gene-specific manner, as there has been no observation of a decrease in global 
levels of H3K27me3 upon overexpression of KDM6C in HEK 293 T cells. It is 
thought that this demethylase may be required in male sex determination during 
development [332].

KDM6 family members have both pro- and anti-oncogenic roles in cancer, 
depending on the cell type (reviewed in [336–338]). KDM6A is often classified as 
a tumor suppressor. Inactivating mutations have been reported in medulloblastoma 
[339], bladder cancer [340, 341], T-cell acute lymphoblastic leukemia (T-ALL) 
[342, 343], acute lymphoblastic leukemia [344], renal cell carcinoma [317], chronic 
myeloamonocytic leukemia [345], and in many other solid and non-solid tumors 
[346]. Its expression was necessary and sufficient to arrest the cell cycle in human 
fibroblasts by targeting genes encoding Rb-binding proteins, and depleting KDM6A 
increased proliferation [347]. Re-expression of KDM6A in KDM6A-null esopha-
geal carcinoma cell lines slowed proliferation [346], and knockdown of KDM6A 
enhanced in vitro and in vivo growth of bladder cancer cells [341].

KDM6A knockout in T-ALL cells increased T-ALL kinetics and decreased  lifespan 
of recipient mice. Overexpression of KDM6A in T-ALL cell lines decreased growth 
and induced apoptosis [343]. Similarly, knockdown of KDM6A boosted development 
of T-ALL in mice and sensitized cells to treatment with the EZH2 inhibitor 3-DZNep 
[342]. In the TAL1-positive subgroup of T-ALL, however, KDM6A is oncogenic, and 
its knockdown attenuated cell growth and induced apoptosis, while overexpression 
increased cell growth [348].

There are divergent reports of KDM6A’s role in breast cancer as well. While one 
study reports that low KDM6A expression predicts poor survival in breast cancer 
[347], another reports that high KDM6A expression is associated with poor progno-
sis in breast cancer [349]. The latter is supported by a study that finds KDM6A is 
overexpressed in breast cancer and correlated to tumor grade [350]. Additionally, 
knockdown of KDM6A decreased breast cancer cell proliferation, invasion, and 
lung colonization [349].

KDM6B can act as a tumor suppressor through interactions with p53 [351, 352] 
and activation of p16 [351, 353, 354], promoting senescence after oncogene induction 
[353, 354] and differentiation of cancer stem cells [351]. In support, KDM6B expres-
sion is reduced in several cancer types [353, 355]. KDM6B knockdown decreased p15 
expression, with a concurrent increase in proliferation and decrease in apoptosis in 
colorectal cancer cells, where low expression predicts poor patient prognosis [355].
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On the other hand, KDM6B expression is increased in melanoma [356]. Depletion 
of KMD6B in melanoma boosted self-renewal, trans-endothelial migration, metasta-
sis, angiogenesis, and macrophage recruitment [356]. Similarly, knockdown of 
KDM6B reduced tumor growth and induced apoptosis in diffuse large B-cell lym-
phoma cells [357]. In T-ALL, KDM6B was critical for tumor initiation and mainte-
nance through control of NOTCH1 target genes like HEY1, HES1, and NRARP 
[343]. Treatment with the pan-KDM6/5 inhibitor GSK-J4 [358] has anti- tumor 
effects on K27 M H3.3 mutants in brainstem gliomas [359], ovarian cancer cells 
[360], T-ALL cells [343], and TAL1-positive T-ALL patient derived xenografts 
[348]. KDM6C may play a role in prostate cancer tumorigenesis [361, 362], but its 
roles have yet to be fully elucidated.

9.1  KDM6 Helper Domains

A domain lies C-terminal to the JmjC domain of KDM6 demethylases that con-
tains a four α-helix bundle which is bisected between the third and fourth helices 
by a Zn2+-coordinated GATA-like domain of novel topology [363] containing four 
conserved cysteine residues that coordinate a zinc ion to stabilize the structure. 
The JmjC and GATA-like zinc-binding domains in KDM6 proteins pack against 
each other with a large buried surface area (~4000 Å2). This zinc-binding domain 
is required for optimal stability and the catalytic competence of the truncated 
KDM6 proteins observed in crystal structures.

Of note, this zinc-binding domain is involved in recognizing an N-terminal 
portion (H3A17 to H3T22) of the histone H3 target site [327] (Table 7). The zinc- 
binding domain undergoes a significant conformational change upon binding to 
the N-terminal portion of histone H3, and this change exposes a hydrophobic 
patch composed of His1320, His1329, Leu1342, and Val1356 by displacing 
Tyr1354, which was masking this hydrophobic patch. Among the residues in the 
N-terminal portion of histone H3, H3A17 and H3L20 exhibit extensive interac-
tions with this hydrophobic patch. Because H3L20 is found only in the context of 
the H3K27 target, the zinc-binding domain is likely to serve as a substrate deter-
minant for KDM6A. Thus, KDM6A recognizes a relatively large portion of his-
tone H3 with two domains and this contributes to the highly specific activity of 
KDM6A toward H3K27.

It is noted here that possible “cross-talk” can exist between different epigenetic 
marks on a histone molecule. Histone H3A17 and H3A26 can be methylated by 
CARM1/PRMT4, and the zinc-binding domain and the JmjC domain of KDM6A 
interact with Arg17 and Arg26, respectively. Because KDM6A tightly holds the 
charged side chains of the histone H3A17 and H3A26 residues, methylation of 
Arg17 and Arg26 would decrease or block H3 peptide binding and subsequent 
KDM6A demethylase activity.
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9.2  KDM6 in Multicomponent Complexes

Protein-protein interaction residues in KDM6 demethylases have not been  identified, 
although the TPR repeats are suspected. Similar to the H3K9me3 epigenetic mark, 
H3K27me3 is tightly associated with inactive gene promoters and acts in opposition 
to H3K4me3. Like KDM4A-C, KDM6A and B are part of the MLL2 complex [364, 
365] and appear to be involved in differentiation, development, and disease [338, 
342, 366, 367].

10  The KDM7 Family

The KDM7 family consists of three members (Fig. 8). Each member harbors two 
domains in its respective N-terminal half: a PHD domain that binds H3K4me3 and 
a JmjC domain that demethylates H3K27me2/1 via KDM7A, H3K9me2/1 and 
H4K20me1 via KDM7B, and H3K9me1 via KDM7C [44, 368]. However, KDM7C 

Table 7 Structures containing domains of KDM6

PDB ID Structure title Dep. date
Resolution 
(Å) Reference

KDM6A

3AVR Catalytic fragment of UTX/KDM6A bound 
with histone H3K27me3 peptide, 
N-oxyalylglycine, and Ni(II)

3/7/11 1.8 [327]

3AVS Catalytic fragment of UTX/KDM6A bound 
with N-oxyalylglycine, and Ni(II)

3/7/11 1.85 [327]

KDM6B

2XUE Crystal structure of JMJD3 10/19/10 2 [358]
2XXZ Crystal structure of the human JMJD3 

Jumonji domain
11/12/10 1.8

4ASK Crystal structure of JMJD3 with GSK-J1 5/1/12 1.86 [358]
4EYU The free structure of the mouse C-terminal 

domain of KDM6B
5/1/12 2.3 [358]

4EZ4 Free KDM6B structure 5/2/12 2.99 [358]
4EZH The crystal structure of KDM6B bound with 

H3K27me3 peptide
5/2/12 2.52 [358]

5FP3 Cell penetrant inhibitors of the JMJD2 
(KDM4) and JARID1 (KDM5) families of 
histone lysine demethylases

11/27/15 2.05 [277]

KDM6C

3ZLI Crystal structure of JmjC domain of human 
histone demethylase UTY

1/31/13 1.8 [332]

3ZPO Crystal structure of JmjC domain of human 
histone demethylase UTY with bound GSK J1

2/28/13 2 [332]
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JmjC
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PHD Linker
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DomainKDM7A
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C-Terminal 
DomainKDM7C
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443 

1060 

444 

1096 

PDB 
3KV4 

Fig. 8 Representative crystal and domain structures of KDM7 family

activity has not been observed in vitro [369]. However, in vivo, KDM7C becomes 
active through a protein kinase A (PKA)-dependent histone lysine demethylase 
complex, PHF2–ARID5B [370, 371]. KDM7 family members have been implicated 
as both oncogenic and tumor suppressive. KDM7A expression was upregulated by 
nutrient starvation, and under those conditions its expression suppressed xenograft 
tumor growth by restraining angiogenesis [372].

KDM7B is overexpressed in prostate cancer [216, 373], breast cancer [374], 
laryngeal and hypopharyngeal cancer [375], non-small cell lung cancer [376], and 
esophageal cancer [377]. It was shown to target and promote expression of onco- 
miRs miR-21 [376] and miR-125b [373]. Knockdown of KDM7B in cancer cells 
attenuates growth [216, 373, 376, 377] as well as migration/invasion [216, 377], and 
induces apoptosis [216, 373, 376]. In contrast, KDM7B expression and activity is 
critical for response to all-trans retinoic acid treatment by acute promyelocytic leu-
kemia cells [378].

KDM7C expression is increased in esophageal squamous cell carcinoma and 
associated with poor overall survival [379]. However, most studies point to a 
tumor suppressor function for KDM7C in cancer. It is deleted and/or downregu-
lated in breast cancer [380], head and neck squamous cell carcinoma [381], as 
well as colon and stomach cancers [382]. KDM7C was shown to associate with 
p53, and knockdown of KDM7C in p53 competent cells led to decreased sensitiv-
ity to genotoxic drugs, as well as reduced drug-induced expression of p21 [382]. 
Finally, KDM7C was shown to be necessary for treatment-induced mesenchymal 
to epithelial transition (MET) in breast cancer cells, which led to loss of their 
tumor initiating ability [383].
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10.1  KDM7 Active Site

In the structure of KDM7B with histone peptide, the target H3K9me2 lies in the active 
site right next to the Fe2+ and the 2OG inactive analog N-oxalylglycine (NOG) [44] 
(Table  8). One of its terminal N-CH3 groups projects toward the aromatic ring of 
Tyr234, and the other methyl group points toward Asp249 and Asn333, forming two 
hydrogen bonds of C–H•••O type. The dimethylated terminal nitrogen atom carrying 
the lone pair of electrons forms a hydrogen bond with one of the oxygen atoms of 
NOG. The active site cannot accommodate a trimethylated lysine because the third 
methyl group would cause repulsive tension with NOG. Phe279 makes van der Waals 
contacts with Ile248 and Ile318, forming a hydrophobic core supporting the backbone 
of Fe2+-coordinating residues His247, Asp249, and His319. Substitution of Phe279 to 
serine is associated with inherited X-linked mental retardation [384–387].

In C. elegans KDM7A, NOG is stabilized by residues Asn421, Thr492, and 
Tyr505 [388]. The methylated side chain of H3K9me2 (or H3K27me2) is checked 
by Phe482 and Phe498 through hydrophobic interactions. One of the methyl groups 
of dimethylated lysine interacts with the side chains of Asp497 and Asn581 through 
two C–H•••O hydrogen bonds.

KDM7C appears to be an inactive demethylase. The metal binding site in KDM7C 
closely resembles the Fe2+ sites in other JmjC domains [369]. However, KDM7C con-
tains a tyrosine (Tyr321) in the place of the fifth ligand, and the longer side chain of 
Tyr321 makes the Fe2+ move away from the corresponding binding site in KDM7B, an 
active demethylase. The small movement of the ferrous iron, induced by the  presence 
of Tyr321, could position the reactive oxygen in a non-reactive mode.

10.2  KDM7 Helper Domains

KDM7A/B structures provided one of the first examples of how helper domains can 
both upregulate and/or downregulate JmjC demethylase activity through contribu-
tions associated with steric effects. The presence of H3K4me3 on the same peptide 
as H3K9me2 makes the doubly methylated peptide a significantly better substrate 
of KDM7B, resulting in a 12-fold increase in enzymatic activity as revealed by 
activity assays [44, 389–391]. By contrast, the presence of H3K4me3 diminishes 
the H3K9me2 demethylase activity of KDM7A with no adverse effect on its 
H3K27me2 activity, because the distance between the H3K4me3 and H3K27me2 
marks is long enough for occupation of the PHD and JmjC domain pockets simul-
taneously [44, 388]. Differences in substrate specificity between the two enzymes 
are explained by a bent conformation of KDM7B, allowing each of its domains to 
engage their respective targets, and an extended conformation of KDM7A, which 
prevents its JmjC domain from accessing H3K9me2 when its PHD domain engages 
H3K4me3. Thus, the structural linkage between the PHD domain binding to 
H3K4me3 and the placement of the catalytic JmjC domains relative to this ‘on’ 
H3K4me3 epigenetic mark determine which repressive marks are removed by both 
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demethylases. Thus, the KDM7A and KDM7B JmjC domains on their own are 
promiscuous enzymes; it is the associated PHD domains and linker—a determinant 
for the relative positioning of the two domains—that are mainly responsible for 
substrate specificity. It should also be noted that KDM helper domains can affect the 
orientation of peptide binding: a peptide in complex with a KDM6 demethylase has 
an opposite orientation across the JmjC domain compared to a peptide in complex 
with a KDM7 demethylase [44, 327, 388].

A structural study on C. elegans KDM7A suggested that the extended conforma-
tion between the PHD and Jumonji domains might enable a trans-histone peptide- 
binding mechanism, in which H3K4me3 associated with the PHD domain and the 
H3K9me2 bound to the Jumonji domain could be coming from two separate histone 
H3 molecules of the same nucleosome or two neighboring nucleosomes [388]. 
However, this trans-binding mechanism can be excluded for human KDM7A 
because the presence of an H3K4me3 in trans or in cis with H3K9me2 substrate 
peptide strongly inhibits KDM7A activity toward H3K9me2 [44]. Nevertheless, the 
trans-binding mechanism is an attractive model for KDM7B if the flexible loop 
between the PHD and JmjC enables the enzyme to adopt an extended conformation 
to allow binding of two peptides simultaneously. The trans-binding mechanism 
could explain the finding that KDM7B also functions in vivo as an H4K20me1 
demethylase while its PHD domain interacts with H3K4me3/me2 in the context of 
nucleosome [392, 393]. However, if this were the case, an explanation would be 
needed as to why KDM7B is only active on monomethylated H4K20, whereas it is 
active on mono- and dimethylated H3K9 and H3K27. One possibility is that only 
H4K20me1 co-exists with H3K4me3/me2 in vivo.

10.3  KDM7 in Multicomponent Complexes

The C-terminal halves show little homology among the family members and do not 
contain any known domains. Nonetheless, C-terminal parts of members are essential 
for their gene regulatory functions. For example, it was found that KDM7B binds to 
RNA polymerase I/II, KMT2, HCF1, E2F1, ZNF711 and RAR, under the control of 
the C-terminal portion of KDM7B [389, 390, 392, 394]. In addition, KDM7C is 
associated with p53 through its C-terminal region [382]. It appears probable that the 
variability of the C-terminal halves of KDM7 members provides functional diversity 
by choosing different histone demethylase partners for transcription.

11  Molecular Basis of KDM Inhibition and Development 
of Inhibitors into Drugs

At present, current epigenetic therapies primarily involve inhibitors of DNA demeth-
ylation and histone deacetylation [400]. Considering the significant implication of 
KDMs in the development of various diseases, a thorough understanding of their 
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molecular mechanism and effective therapeutic inhibition is of considerable interest, 
but at its infancy. Further characterization of many demethylases is proceeding 
through both functional studies and the development of small molecule inhibitors 
targeted against them. These studies will be invaluable for our understanding and 
treatment of cancer. There are two possible ways by which a demethylase- inhibiting 
drug may be able to halt or even prevent cancers. It can repress oncogenes and/or 
activate tumor-suppressor genes that are deregulated by methylation processes [401, 
402] or overcome resistance to chemotherapy [283, 403, 404]. Transient and revers-
ible drug resistance develops in certain cancer cell populations during treatment with 
cancer drugs. KDM5A is as at least one chromatin- modifying enzyme required for 
establishing a drug-tolerant subpopulation [297]. Reduced methylation of H3K4 has 
also been linked to poor prognosis in cancer patients [405].

The many crystal structures of demethylases have revealed substantially con-
served Fe2+ and 2OG binding sites; yet, differences in Fe2+ and 2OG binding sites are 
idiosyncratic to each KDM family and may be able to be exploited for the develop-
ment of selective inhibitors. For instance, N198 in KDM4A and N1156 in KDM6A 
establish a hydrogen bond at the back of the pocket with the carboxylic moiety of 
2OG, while in KDM2A and KDM7 family members, the asparagine is replaced by a 
tyrosine that causes a different Fe2+ coordination of the carboxylic moiety of the 
cofactor and a loss of the hydrogen bond. In a KDM4A-inhibitor structure [263], a 
π-π stacking interaction with F185 at the front part of the pocket can be observed; this 
phenylalanine is only conserved within the KDM4 and KDM5 families [406]. 
KDM2A/6A/7 show a threonine at this location that would prohibit a π-ring system 
at this position. Another example is the invariant cysteine in the active site of the 
KDM5 family (Cys-481  in KDM5A), which spatially replaces residues in other 
KDMs (i.e. Pro-1388 of KDM6B). Exploring the interaction between this noncata-
lytic cysteine and studied inhibitors could provide an avenue for improved potency, 
selectivity, and prolonged on-target residence times of inhibitors specific for the 
KDM5 family. For example, an approach of using reversible covalent inhibitors that 
target noncatalytic cysteine residues to achieve prolonged and tunable residence time 
has recently been demonstrated with protein kinases [407]. Both reversible [408] and 
irreversible inhibitors [122, 123, 409, 410] have been made against KDM1A, and 
some of these inhibitors have entered into clinical trials as drugs for cancers such as 
acute myeloid leukemia [411] and small cell lung carcinoma [412, 413].

The pace of inquiry in the KDM inhibitor field is accelerating: the number of papers 
published and applications for patents in the last several years are a testament to the 
presupposition that study in this area will lead to great discovery of KDM chemical 
probes and drug candidates [122, 273, 277, 411, 414–416]. A comprehensive review is 
beyond the scope of this chapter. A few highlights in this area will be discussed.

11.1  Inhibitors of KDM1 Demethylases

There are many compounds that are KDM1 inhibitors (Fig. 9a). The AOD catalytic 
domain of KDM1 is homologous to those of the monoamine oxidases (MAOs) A 
and B and this has facilitated studies for this KDM family. Consequently, several 
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well-studied MAO inhibitors, including phenelzine and tranylcypromine (TCP), an 
FDA-approved treatment for psychological disorders [417], have been demon-
strated to also inhibit KDM1A [418, 419]. A mechanism-based irreversible inhibi-
tor, TCP forms a covalent adduct with the FAD cofactor within the active site of the 
enzyme [94, 126, 419]. The application of TCP as an inhibitor of KDM1A has 
provided promising proof-of-principle data in mouse models and leukemia cell 
lines [82, 83]. However, such non-selective amine oxidase inhibitors could obvi-
ously have adverse effects and are not ideal solutions for KDM1 inhibitors. 
Therefore, derivatives of tranylcypromine have been made, and the first structures 
with enhanced potency and target selectivity for KDM1A were obtained through 

Fig. 9 Crystal structures containing (a) GSK-J1, (b) KDM5-C49 and (c) compounds N8 and 
CPI-455
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modification of the phenyl group of TCP using crystal structures of KDM1A with 
TCP or a KDM1-selective peptide-based inhibitor [127, 420].

Since KDM1 can specifically recognize the twenty-one amino acids from the 
N-terminal tail of histone H3, inhibitors containing these twenty-one amino acid 
long peptides from the histone H3 N-terminal tail with modifications on target 
lysine have been synthesized; a propargyl-Lys-derivatized peptide functions as a 
potent and selective time-dependent inactivator of KDM1A [421]. However, even a 
H3 peptide with methionine replacement for the target lysine appears to be a good 
inhibitor (Ki = 40 nM) and a structure was determined [95]. Peptides derived from 
SNAIL1 and INSM1 sequences could also act as KDM1A inhibitors [130]. SNAIL1 
is a transcription factor that binds to the KDM1A active site through its SNAG 
(Snail/GFI) domain with the N-terminal 21 residues adopting a similar conforma-
tion to the H3 substrate and acts as a competitive inhibitor. INSM1 (insulinoma- 
associated protein) is another member of the same family of transcription factors as 
SNAIL1 and binds to KDM1A with similar affinity. However, crystal structures 
showed that only the first nine and eight residues of the two transcription factor 
peptides, respectively, bind in an ordered conformation. Several such small peptides 
exhibited competitive inhibition and crystal structures of both of these with KDM1A 
were determined (see Table 2). In addition, novel and potent cyclic peptide inhibi-
tors of KDM1A have been developed [422]; an advantage of cyclic peptides is their 
significant stability to hydrolysis in plasma.

11.2  Inhibitors of JmjC Demethylases

Many different types of compounds inhibit the JmjC demethylases (Fig. 9b). The 
majority of JmjC KDM inhibitors identified to date incorporate carboxylic acids/
carboxylic acid analogs, leading to use of pro-drug ester forms for sufficient cellular 
activity. The inhibitors occupy the 2OG binding site and may contain moieties that 
occupy other potential binding sites such as the region where the methyl-lysine 
binds. There has been a rapid increase in reports of JmjC KDM inhibitors both in 
the scientific literature and in patents in the last few years; several excellent reviews 
and reports of new molecular inhibitor scaffolds have appeared recently [271, 277, 
414, 423–426]. However, many of these KDM inhibitors lack the desired selectivity, 
potency and pharmacokinetic properties (particularly cell permeability) necessary 
to be considered as probe molecules for the investigation of individual KDM func-
tion in cancer or for development as cancer drugs. There are basically three types of 
JmjC demethylase inhibitors: 2OG mimetics, compounds that target peptide bind-
ing sites, and compounds that interfere with the action of helper domains. We dis-
cuss select compounds from each category below, as well as some of the challenges 
associated with their use.

The Molecular Basis of Histone Demethylation



196

11.3  TCA Cycle Intermediates and 2OG Mimetics

The development of JmjC demethylase inhibitors is likely to pose challenges with 
respect to reaching sufficient potency, given the intracellular competition by excess 
cofactor and cofactor-like compounds. Cancer-associated mutations in tricarboxylic 
acid (TCA) cycle enzymes lead to abnormal accumulation of TCA cycle metabo-
lites that have been linked to oncogenic transformation. These metabolites are them-
selves inhibitors of KDMs when they exist in a cell at high concentrations. Mutations 
to these enzymes are common in tumors and can result in very substantial increases 
in the concentrations of succinate, fumarate, or 2-hydroxyglutarate (2HG) [427–
430]. 2HG is a five-carbon dicarboxylic acid with a chiral center at the second car-
bon atom; therefore, there are two possible enantiomers of 2HG: ((S/R)-2HG). 
Mutations cause isocitrate dehydrogenase (IDH) 1 and 2 to convert 2OG into 2HG, 
as well as produce 2OG from isocitrate [431]. IDH mutants exclusively produce the 
(R) enantiomer of 2HG, and the levels of (R)-2HG in IDH mutant tumors can be 
extremely elevated, ranging from 1 mM to as high as 35 mM [432–434]. Succinate, 
a co-product of the JmjC demethylase reaction, fumarate, and 2HG all inhibit JmjC 
demethylases, though rather weakly (in the μM to mM range for KDM2A, KDM4A, 
KDM4C and KDM5B, as shown with isolated proteins and in cells [266, 395, 435]), 
via competition with 2OG [254, 436]. A number of KDM4A and KDM6C crystal 
structures with these compounds have been solved (see Tables 5 and 7).

The 2OG analog NOG has generally been used as an inhibitor for in vitro studies 
[17]. In NOG, the C-3 methylene group of 2OG is replaced with an NH group to give 
an N-oxalyl amide derivative that likely stalls the catalytic reaction by hindering 
oxygen binding to the active site iron. NOG has been utilized in many crystalliza-
tions of JmjC demethylases, especially those in which peptide is present. Often struc-
tures also include a non-catalytic metal ion such as Ni2+, Co2+, or Mg2+ as a substitute 
for Fe2+. Metal chelating compounds such as diols can also inhibit JmjC KDMs at 
high concentration. For example, the common buffer TRIS inhibits KDM4C with a 
Ki = 11 mM and a crystal structure with TRIS has been solved with the compound 
clearly in the active site when the crystal was grown in the absence of 2OG [275].

Analysis of the X-ray crystal structure of KDM4A in complex with NOG and a 
trimethylated peptide [253] led to the design and synthesis of NOG derivatives sub-
stituted with an alkyl-linked dimethylaniline group in order to mimic the interactions 
of the trimethylated peptide with the protein [437]. These derivatives maintained the 
inhibitory action of NOG against KDM4A, and illustrate a strategy of linking the 
2OG and peptide substrate binding sites to further increase JmjC KDM inhibition.

11.4  Daminozide and Hydroxamic Acid-Based JmjC KDM 
Inhibitors

Daminozide is selective for the KDM2/7 families over other members of the human 
JmjC KDMs [KDM2A (IC50 = 1.5 μM) and KDM7B (IC50 = 0.55 μM)] [268]. 
Crystallographic studies revealed that daminozide chelates the active site iron via its 
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dimethylamino nitrogen lone pair and C-4 carbonyl group, with its C-1 carbonyl 
 occupying the same site as the 2OG C-5 carboxylate. This selectivity may be engen-
dered by the more hydrophobic region created by the Tyr257, Val255 and Ile191 resi-
dues adjacent to the iron ion in the KDM2/7 families compared to the more hydrophobic 
residues in the corresponding regions in KDM4A and other JmjC demethylases.

11.5  Pyridine Derivatives

A screen using known inhibitors of other 2OG dependent oxygenases identified 
2,4-pyridinedicarboxylic acid (2,4-PDCA), which showed potent inhibitory activity 
on KDM4E (IC50 = 1.4 μM) [262]. The structure of KDM4A (and later other KDMs- 
see Tables 5 and 6) with bound 2,4-PDCA showed that 2,4-PDCA functions in a 
2OG competitive manner. 2,4-PDCA binds the Ni2+ cation in a bidentate manner via 
its N-atom and 2-carboxylate, whereas the 4-carboxylate mimics 2OG binding by 
forming two hydrogen bonds with a Lys and a Tyr in the active site. Many com-
pounds have a similar binding mechanism; however, the minimal binding require-
ments in the 2OG site appear to one atom binding to metal and one binding to the 
Lys residue in JmjC demethylase binding sites [282].

There are two other inhibitors that are pyridine derivatives and have been studied 
in greater detail, both biochemically and structurally, than other inhibitors amongst 
several KDM families: GSK-J1/J4 (4) and KDM5-C49/C70. GSK-J4 and 
KDM5-C70 are cell permeable prodrug ethyl esters that are hydrolyzed by an 
 esterase within the cell to generate GSK-J1 and KDM5-C49, respectively. GSK-J1 
is a potent inhibitor of the H3K27 histone demethylases KDM6A and KDM6B with 
in vitro IC50 values of 56 and 18 μM, respectively [358]. However, GSK-J1 is a good 
inhibitor for other KDM families as well, particularly KDM5 [438, 439]. GSK-J1 
contains a propanoic acid moiety that mimics 2OG binding, and a pyridyl- pyrimidine 
biaryl chelates the active site Fe2+, inducing a shift in its position. GSK-J4 is still one 
of the few inhibitors revealed to have cell activity. GSK-J4 has anticancer effects 
against acute lymphoblastic leukemia and pediatric brainstem glioma [343, 359], as 
well as the ability to target ovarian cancer stem cells [360]. GSK-J1 has been crys-
talized with members of the KDM5 and KDM6 families (Tables 6 and 7).

KDM5-C49/C70 is reported to be a potent and selective inhibitor for the KDM5 
family, but is a good inhibitor for the KDM4 and KDM6 families as well [274, 282]. 
KDM5-C49 is a 2,4-PDCA analog and shows nanomolar inhibitory potencies in 
enzymatic assays across several JmjC families. KDM5-C70 also lead to cell cycle 
arrest in a multiple myeloma cells and breast cancer cell lines with an observed 
increase in global H3K4me3 levels [274, 282].

A pan-inhibitor, JIB-04, was identified in an unbiased cellular screen, and shown 
to effectively and specifically inhibit several KDM families’ activity in vivo as well 
as in vitro [440]. Furthermore, JIB-04 could specifically inhibit KDM function in 
cancer cells, as well as in tumors in vivo. JIB-04 is not a competitive inhibitor of 
2OG, and the exact molecular mechanism is unclear. There is relative selectivity of 
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JIB-04 toward KDM5B versus KDM5C in vitro, which correlated with an increased 
cellular potency overall in vivo and a propensity for cell type specificity not observed 
with GSK-J4  in one study [54]. High-throughput screening also identified 
2,4-PDCA-related 8-hydroxyquinoline compounds as inhibitors of KDM demethyl-
ases that were further developed [264, 269, 414]. Natural products such as flavo-
noids and catechols have been demonstrated to inhibit a number of 2OG oxygenases, 
including the JmjC KDMs [416, 441].

11.6  A Compound Showing Some Selectivity

Two similar compounds have been crystallized with variant truncated constructs of 
KDM5A [282, 283]. One compound, CPI-455, is cell permeable while the other, 
N8, is not. However, both are amongst the most effective KDM5 inhibitors in vitro 
and are more selective for the KDM5 family than other KDM families. The only 
difference between the two compounds is a substitution of a methyl group in N8 
with a phenyl group in CPI-455 (Fig. 9b). Interestingly, the addition of a methyl 
group to the phenyl group of CPI-455 to produce CPI-4203 makes this inhibitor less 
cell permeable and an inactive or very weak control for cell assays [283]. Our lack 
of understanding of how these small changes make compounds less or more cell 
permeable reflect our present lack of knowledge of the characteristics required to 
endow compounds with properties for permeability.

The position occupied by these inhibitors (Fig. 10c) completely overlaps the 
binding site of 2OG, demonstrating a competitive mode of action, as suggested by 
biochemical assays [282, 283]. The nitrile group of these KDM5 inhibitors makes 
a single interaction with the active-site metal ion, while a ring nitrogen atom forms 
a hydrogen bond with the side chain of Lys501. The carbonyl oxygen off the ring 
is within hydrogen bonding distance to the side chains of Asn575, as well as 
Lys501. In the KDM5 structure with 2OG, the side chain Asn575 bridges between 
Lys501 and Tyr409, which form hydrogen bonds with the carboxylic group of 
2OG.  In contrast to the structure with 2OG, the side chain of Tyr409 is pushed 
away by the bulky pyrazolopyrimidine ring and is rotated nearly 90° from that of 
the 2OG-bound form, resulting in a van der Waals contact with the isopropyl sub-
stituent on these compounds [54]. In the CPI-455 structure, Tyr409 as well as 
Arg73 is pushed even further away from the active site because of the phenyl ring 
substitution of the methyl group in N8. In both structures, the central pyrimidine 
ring sandwiches between the aromatic rings of Tyr472 and Phe480. The phenyl 
group in CPI-455 forms an edge- to- face aromatic contact with Tyr409 and points 
toward solvent.

All amino acids within 4 Å of the inhibitor are conserved in the KDM5 family; 
hence, N8 and CPI-455 inhibit all KDM5 family members. The selectivity of 
these compounds for KDM5 versus KDM2, KDM3 and KDM6 proteins derives 
from conformational and sequence differences within their active sites. For 
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instance, KDM6B is more constricted in the region flanking the phenyl and 
 isopropyl  substituents off the pyrazolopyrimidine ring of these compounds. The 
scaffold of CPI- 455 is being further developed by improving the interactions with 
the Tyr409 side chain with modifications of both the isopropyl and phenyl groups 
to improve inhibition of KDM5 demethylases and the cell potency of the com-
pound [442].

11.7  Inhibitors to Substrate Binding Regions

An inhibitor of G9a methyltransferase (BIX-01294) and its analog E67 also inhib-
ited the human H3K9me2 demethylase KDM7A [396]. These compounds act as H3 
substrate analogues and therefore, both enzymes can recognize methyl-lysine resi-
dues either as product or as substrate. Compound E67 was shown to inhibit KDM7A 
and KDM7B with IC50 values in the low-micromolar range in an in vitro mass spec-
trometric demethylation assay, but was inactive against KDM5C.  E67 exhibited 
cytotoxicity at concentrations around 50 μM against mouse and human primary 
fibroblasts. A crystal structure confirmed binding of this compound to the active site 
of the enzyme [396]. A compound that mimics both Lys and 2OG was synthesized 
which appeared to selectively inhibit KDMs [443]. In addition, its prodrug methyl-
stat selectively inhibited JmjC demethylases in cells and could inhibit cell growth of 
an esophageal carcinoma cell line.

11.8  Inhibitors to PHD Binding Helper Domains

Helper domains of JmjC KDMs can be tractable targets and provide promising 
leads for development of inhibitors targeting noncatalytic domains of JmjC KDMs. 
For instance, small molecule inhibitors targeting the PHD3 domain of KDM5A 
were identified through application of an assay that uses 96-well polystyrene plates 
activated with synthetic ligand for covalent and oriented capture of a protein fusion 
to KDM5A PHD3 which allowed screening for molecules that displaced histone 
H3K4me3 binding to PHD3 [444]. Screening of the NIH Clinical Collection 1 
library identified compounds such as disulfiram, phenothiazine, aminodarone, and 
tegaserod maleate as inhibitors (Fig. 10a). Disulfiram inhibits KDM5A PHD3 and 
other PHD fingers not by acting as a ligand, but through ejection of structural zinc, 
thus revealing a general susceptibility specific to PHD fingers as a histone reader 
domain. The compounds were further tested through affinity pull-downs, fluores-
cence polarization, and histone reader specificity studies. Inhibitors based on ami-
nodarone derivatives were identified to be potent against KDM5A-PHD3, with 
IC50 values in the 25–40 μM range [444].
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12  Conclusions

Crystal structures of catalytic domains exist for every human KDM family. Addition-
ally, there is a quickly growing number of structures of these domains with inhibitors 
containing different chemical moieties in the active site. However, there is a substan-
tial need for developing new types of inhibitors, likely aided by improving our under-
standing of all of these structures. Because we know that some catalytic domains are 
inactive when expressed alone, these structures need to be further supplemented by 
solution studies and greater biochemical analysis of KDM selectivity.

There are still much to learn about these demethylases. For instance, very little is 
known about large parts of some KDM demethylases, such as the second half of the 
KDM5 and KDM7 families. Discovery is just beginning on how KDM domains 
interact with each other and how these domains interact with other proteins in mul-
ticomponent complexes. Recent advances in single-particle cryo-electron micros-
copy (cryo-EM) may aide in this regard [445]. These advances are enabling 
generation of numerous near-atomic resolution structures for well-ordered protein 
complexes with sizes ≥200 kDa. Cryo-EM should allow structure determination of 
the large KDMs with all their domains, complexes with their interacting proteins 
and nucleosomes as well as information about the dynamic conformational states of 
these domains and complexes.

Future detailed structural information from both X-ray crystallography and cryo-
 EM will offer further understanding about the molecular basis of histone demethyl-
ation, i.e. how demethylases exert their substrate specificities and function in histone 
regulation. In turn, this will allow better development of inhibitors, which may 
potentially be utilized as drugs in mankind’s battle against various cancers where 
demethylases play a substantial role.
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1  Introduction

The advent of next-generation sequencing has substantially accelerated drug devel-
opment towards targeted therapeutics. Early drug target discovery tends to focus on 
mutated kinases [1, 2]. For example, vemurafenib, a BRAF kinase inhibitor, is used 
to treat metastatic melanoma patients harboring BRAF V600E mutation [3]. Despite 
the profound anticancer effects of targeting activated kinase pathways, such benefit 
is often temporary in a subset of patients with advanced solid tumors [4]. The lack 
of durable response motivates the search for enzymes involved in other functional 
roles such as epigenetics [5] and metabolism [6] as alternative drug targets.

Epigenetic modifications occur both at DNA and histone proteins. The amino 
acid residues at the N-terminal histone tails are subjected to post-translational modi-
fication, such as methylation, acetylation, ubiquitination, phosphorylation and 
SUMOylation [7, 8]. Recent studies have shown that notably, misregulation at his-
tone methylation leads to diseases including cancer. For example, enhancers show-
ing gain or loss of H3 lysine 4 mono methylation (H3K4me1) can clearly distinguish 
between normal colon crypts and colorectal cancer [9]. Burgeoning research focus-
ing on epigenetic alterations in cancer have identified a collection of genes involved 
in epigenetic programming with direct influence on chromatin structure and cell 
identity [10]. These findings strongly suggest that the transformation of healthy 
cells to cancer cells may be dependent on the underlying aberrant modifications at 
histone level. Therefore, identifying drivers to such aberrant transformation may 
provide new insights for therapeutics to treat cancer. In this chapter, we will sum-
marize the known drivers of aberrant histone methylation in cancer, and current 
therapeutic strategies to counter aberrant histone methylation.

2  Regulators of Histone Methylation

Unlike the permanent DNA sequences, histone methylation is a highly dynamic 
process. It is constantly written and erased by histone modifying enzymes (Table 2). 
This dynamic process forms the basis of lineage specification during development 
[11], imprinting [12, 13] and disease state. The resulting histone code, containing 
“on” and “off” signals, is then interpreted by histone readers who can dock on the 
histone modifications and recruit other co-factors.

Histone can be methylated at lysine, arginine and rarely histidine. Well- characterized 
sites of lysine methylation include H3K4, H3K9, H3K20, H3K27, H3K36 and H3K79. 
Each lysine can exist as unmethylated (me0), monomethylated (me1) [14], dimethyl-
ated (me2) [15] and trimethylated (me3) [16]. Arginine residues are commonly modi-
fied at H3R2, H3R8, H3R17, and H4R3. Arginine residues exist as unmethylated 
(me0), monomethylated (me1) [17], symmetrically dimethylated (me2s) and asym-
metrically dimethylated [18]. Symmetrically dimethylated arginines have a single 
methyl group on two different nitrogens whereas asymmetrically dimethylated argi-
nines have two methyl group on a single nitrogen. It is estimated that approximately 2% 
of the arginine residues are methylated in total nuclear proteins of rat liver cells [19].
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The different positions of lysine methylation can be associated with vastly divergent 
transcription activity. In general, H3K4me3 is associated with transcriptional activa-
tion. H3K4me3 is thought to be causal for transcriptional activation because TAF3, a 
subunit of the basal transcription factor TFIID, directly binds to the H3K4me3 [20]. 
TFIID mediates formation of preinitiation complex assembly for transcription [21]. In 
contrast, H3K27me3 is associated with transcriptional silencing [22]. The EZH2 sub-
unit of the transcriptional repressor polycomb repressive complex (PRC) [23] cata-
lyzes the methylation of H3K27 which in turn recruits PRC through the EED subunit 
and stimulates its methyltransferase activity in a positive feedback loop [24]. Similarly, 
H3K9me3 is also associated with transcriptional repression because it serves as the 
binding site for heterochromatin protein (HP1) which compacts the chromatin [25]. 
H3K36me3 is enriched in transcriptionally active regions as its level is sharply elevated 
after transcription start sites [26, 27]. However, in some other regions, such as the 
repressed Snurf–Snrpn locus, H3K36me3 is not associated with transcription activity 
but associated with heterochromatin [28]. H3K79 is associated with both silencing and 
active transcription. It regulates telomeric silencing and is thus tightly regulated during 
cell cycle [29]. At the same time, H3K79 methylation is associated with active tran-
scription and correlates with euchromatin [30, 31], likely through inhibiting the non-
specific binding of the repressive Sir proteins [32].

In terms of arginine residues, activating marks are H3R8me2a, H3R17me2a and 
H4R3me2a [33]. H4R3me2a deposited by arginine methyltransferase 1 (PRMT1) 
promotes transcriptional activation by enhancing lysine acetylation by P300 [33]. 
Another arginine methyltransferase member, Coactivator-associated arginine meth-
yltransferase 1 (CARM1), enhances transcriptional activation by nuclear receptors 
[34] and it catalyzes the methylation of H3R2, H3R17 and H3R26 [35]. Repressive 
marks are H4R3me2s, H3R2me2s and H3R8me2s and H3R2me2a. Lysine methyla-
tion and arginine methylation can have antagonistic roles: H3R2me2a deposited by 
PRMT6 exerts its repressive role by abrogating H3K4 methylation by mixed lineage 
leukaemia (MLL) complex [36, 37]. Conversely, H3K4me3 also prevents H3R2 
methylation by PRMT6 [36, 37].

Different histone modifications mark chromatin states. H3K4me3 marks are gen-
erally associated with promoters [38]; H3K4me1 with enhancers [38] and 
H3K36me3 with transcribed regions [22]. Chromatin states also vary with develop-
mental stage. Embryonic stem (ES) cells have the most permissive chromatin state, 
but transition to a more restrictive state by gaining H3K27me3 as ES cells differen-
tiate into embryoid bodies, to neural progenitors and finally to differentiated neu-
rons [39]. Large scale chromatin maps showed that chromatin states defined by 
combination of histone modifications can distinguish between various cell types. In 
particular, enhancers mark, H3K4me1, is the most tissue-specific [39–41]. 
Hierarchical clustering using H3K4me1 can group cell types of similar origin, for 
example, haemotopoietic stem cells, B cells, T cells, monocytes fall under the same 
module [41]. Therefore, histone modifications mark cis-regulatory regions that con-
tain lineage-specific genes. Finally, in cancer, clusters of enhancers called super- 
enhancers [42] or stretch enhancers [43], are located near key oncogenes, further 
illustrating the fact that histone modifications play integral roles to the regulation of 
key master regulators.

Misregulation of Histone Methylation Regulators in Cancer
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2.1  Writers

The majority of lysine methyltransferases contain the highly conserved SET 
domain. SET domains bind to donor S-Adenosyl-L-Methionine (SAM) and lysine 
substrate on opposite faces, and catalyze the transfer of methyl group through the 
methyltransfer pore [44]. Lysine methylation at multiple histone positions is per-
formed by SET domain-containing histone methyltransferases. MLL family of pro-
teins methylate H3K4 [45]. SUV39H1 [46] and G9a [47] can both methylate H3K9. 
EZH2 catalyzes the formation of H3K27me3 [48–50]. KMT3B/NSD1 primarily 
dimethylates H3K36 [51, 52] and SETD2 is responsible for forming nearly all 
transcription- dependent H3K36me3 [53]. Besides SET domain, another domain 
capable of methyltransferase activity is the DOT1 domain. DOT1L specifically 
mono-, di, and tri-methylates H3K79 [29], and is found at the proximal transcribed 
region of active genes [54].

For methylation of arginine residues, PRMTs use the same donor SAM as lysine 
methylation. PRMT1, a transcriptional activator, is the major enzyme catalyzing the 
active mark H4R3me2a which promotes subsequent histone acetylation by P300 
recruitment [33, 55]. PRTM1 is a component of the MLL complex and PRTM1- 
MLL fusion promotes self-renewal of haematopoietic cells [56]. On the other hand, 
PRMT5, usually acts as a transcriptional repressor, symmetrically dimethylating H3 
and H4 to produce H4R3me2s and H3R8me2s respectively [57]. Because PRMT5 
can repress tumor suppressors including the RB family, it is generally considered as 
an oncogene [57].

2.2  Erasers

The most common domain found in histone demethylases is the JumonjiC (JmjC) 
domain. In the presence of co-factors Fe (II) and alpha-ketoglutarate (α-KG), JmjC 
domain undergoes oxidative demethylation reaction to produce hydroxylmethyl- 
lysine, succinate and CO2 [58]. Because of this dependency on α-KG, mutations 
affecting TCA cycle enzymes IDH1 and IDH2 can deplete a-KG and subsequently 
impair histone demethylation [59]. Stable transfection of mutant IDH resulted in 
progressive accumulation of histone methylation, including H3K9. KDM5A, 
KDM5B and KDM5C are responsible for erasing tri-, di- and monomethylation 
mark of H3K4 [60–63]. UTX and JMJD3 catalyze demethylation of H3K27me3/2 
[64]. JHDM1 is the first JmjC-containing enzyme that has been shown to have 
demethylation activity and its substrate is H3K36 [58]. JHDM2A specifically 
demethylates mono- and dimethyl-H3K9, and its depletion led to H3K9 demethyl-
ation and transcriptional activation [65]. No known enzyme has been found to 
demethylase H3K79.

Another domain capable of histone demethylation is amine oxidase, present in 
KDM1A/LSD1. The LSD1 can specifically demethylate H3K4me1 and H3K4me2 in 
a FAD (flavin adenine dinucleotide)-dependent oxidative reaction [66]. LSD1 is 
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unable to demethylate H3K4me3 because it requires a protonated nitrogen in the  
substrates [66]. Because LSD1 removes methylation from H3K4, it acts as a transcrip-
tional repressor [66]. No demethylases have been found for arginine methylation.

2.3  Readers

The most common domain found in readers of methylated lysine is the plant home-
odomain (PHD domain). First discovered in ING2 tumor suppressor, the PHD 
domain binds with increasingly affinity to methylated H3K4, with strongest asso-
ciation to H3K4me3, and no association with H3K4me0/1 [67]. It is thought that 
PHD domain contributes to the tumor suppressive role of ING2 by stabilizing his-
tone deacetylase, mSin3a-HDAC1, at promoters of proliferation genes [67]. At the 
same time, it is also found that PHD domain is present in bromodomain and PHD 
domain transcription factor (BPTF), the largest subunit of nucleosome remodeling 
factor NURF, suggesting that NURF-mediated chromatin remodeling is directly 
coupled to H3K4me3 [68, 69].

However, not all PHD domains have similar affinity of histone methyl lysines. 
Unlike the PHD domain in ING2 and BPTF, PHD domain found in BHC80 binds to 
unmethylated H3K4. Interestingly, BHC80 influences LSD1 binding, and its deple-
tion leads to de-repression of LSD1 target genes [70].

PHD domains are also present in many histone writers, so there are many histone 
writers that read. The MLL family of histone methyltransferases all contain multi-
ple PHD domains whose functions are not identical. For instance, the second PHD 
domain of KMT2A and KMT2B shows E3 ubiquitin ligase activity whereas the 
third PHD domain binds with the highest affinity to H3K4me3 and less to 
H3K4me1/2 [71]. The recognition of its own mark suggests a positive feedback 
system of histone methylation.

In terms of histone methylarginine, the transcriptional activator, TDRD3, reads 
the active marks H3R17me2a and H4R3me2a using its Tudor domain [72]. 
Specifically, TDRD3 can distinguish between the asymmetrical, active mark 
H4R3me2a from the symmetrical, repressive mark H4R3me2s [72]. TDRD3 is a 
transcriptional co-activator that binds to H4R3me2a and H3R17me2a located 
upstream of transcriptional start sites.

3  Mechanism of Misregulation

Given the multi-faceted roles of histone modifiers in gene regulation, it is no surprise 
that cancer hijacks them via diverse mechanisms: mutations, gene rearrangements 
and misregulation of gene expression. The resulting change is often genome-wide, 
affecting multiple gene targets and pathways.

Misregulation of Histone Methylation Regulators in Cancer
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3.1  Mutations in the Catalytic Domains

Mutations in the catalytic domains of histone methyltransferases affect methylation 
differently. The most common mutation residing within the SETD domain of EZH2, 
Y646 (previously Y641), is a gain of the function mutation. EZH2 Y646 increases 
global H3K27me3 levels because it displays enhanced catalytic activity towards 
H3K27me2/3 whereas the wildtype EZH2 has the greatest affinity towards 
H3K27me0/1 substrate [73]. Although EZH2 Y646F causes global increases of 
H3K27me3, the gain of H3K27me3 is not monotonic across the genome, as some 
loci exhibit a loss of H3K27me3 and increased transcription [74]. As a result, EZH2 
Y646F induces both repression and activation of polycomb target genes.

KMT2C/MLL3 is frequently inactivated in a number of different cancers by inac-
tivating, truncating or even activating mutations [75–80]. The N4848S mutation 
leads to a loss of the catalytic activity of MLL3, similar to frame shifts or other 
inactivating mutations. In contrast, the Y4884C mutation of MLL3 is a gain of func-
tion mutation as it adopts a higher catalytic activity towards H3K4me1 than the 
wildtype MLL3, in a manner highly analogous to EZH2 Y646. Knockout of MLL2/3 
globally decreases H3K4me1 and H3K4me2 levels in macrophages and HCT116 
colon cancer cells [81]. Since MLL3 and MLL2 co-localize with markers of enhanc-
ers including H3K4me1, P300 binding and H3K27ac [81–83], perturbation of 
enhancer landscape by inactivating mutations of MLL2/3 could contribute to 
tumorigenesis.

Mutations can also target the catalytic domains of histone demethylases. The 
Jumonji-C domain-containing KDM6A/UTX (demethylase of H3K27me3) [11, 64] 
is a tumor suppressor frequently associated with inactivating mutations [84]. Ectopic 
expression of UTX leads to a strong decrease of H3K27me3 levels and delocaliza-
tion of polycomb proteins [64, 84]. Conversely, knockdown of UTX by siRNA 
decreases its occupancy at promoters of polycomb target genes, HOXA13 and 
HOXC4, and brings about a concomitant increase in the levels of H3K27me2/3 at 
these promoters [85]. It remains to be elucidated what is the genome-wide effect of 
UTX depletion on H3K27me2/3 levels. Current evidence suggests that the loss of 
UTX may be a reciprocal mechanism to EZH2 gain, and both may lead to increasing 
and redistributing H3K27me3 mark, and deregulating the transcription of polycomb 
target genes.

Finally, chromatin readers can also be targeted by inactivating mutations that 
abrogate their binding to histone marks. Four mutations targeting ING1 (C215, 
N216S, V218I and G221V) are either located within or near the H3K4me3 binding 
site of the PHD finger [86]. The hotspot C215 mutation disrupts the three- 
dimensional structure of the PHD finger and abolishes interaction with H3K4me3 
[86]. Similarly, the other three mutations all decrease the affinity of the PHD finger 
with H3K4me3.
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3.2  Gene Arrangement

Gene arrangement involving MLL1 gene on chromosome band 11q23 occurs fre-
quently in leukemia. The first form of gene rearrangement involves MLL gene 
fusions [87–89], which occur in the 8.3 kb breakpoint cluster region (BCR) of the 
MLL gene, between exons 8 and 12. The fusion forms include MLL-AF4, MLL-AF9, 
MLL-AF10, MLL-AF17, MLL-AF5q31, MLL-ENL. What is common amongst these 
fusion partners is that they all form stable complex with KMT4/DOT1L, a histone 
methyltransferase of H3K79 [90, 91]. MLL-AF9 binds to the promoters of target 
genes and induces H3K79me2 at the binding region. The increase in H3K79me2 
induced by MLL-AF9 causes increased expression of direct targets including HoxA 
[92] which are important for hematopoiesis. In addition to H3K79me2, other active 
marks including H3K4me3, H3K36me3 are also concomitantly elevated and the 
repressive mark H3K27me3 is depleted [92]. Another important histone methyl-
transferase targeted by MLL-AF9 is LSD1 [93]. LSD1 sustains the leukemia stem 
cell potential of MLL-AF9 cells [93]. Knockdown of LSD1 increases the level of 
H3K4me2 at MLL-AF9 bound genes, suggesting that expression of MLL-AF9 target 
genes is dependent upon H3K4me2 [93].

The second form of gene rearrangement involves partial tandem duplication of 
MLL from exon 5 to 11/12 (MLL PTD) in the absence of a partner gene [94], found 
in 5–10% of patients with acute myeloid leukemia (AML). In AML patients, MLL 
PTD also co-occurs with the loss of MLL in the second allele [95]. MLL PTD dis-
plays activation of similar target genes as MLL fusions such as HoxA, but through 
increased methylation of H3K4 [96].

Another gene fusion involves the chromatin reader, plant homeodomain (PHD) 
finger 23 (PHF23) with nucleoporin 98-KDa (NUP98) [97]. NUP98 fuses with 
either HOX or non-HOX partners. Interestingly, NUP98-PHF23 can also achieve 
activation of HOX, but through binding to H3K4me3 regions spanning HOX genes. 
The binding of NUP98-PHF23 to H3K4me3 is highly specific, occupying only 
1.6% of total H3K4me3 regions, but it remains unknown how such specificity is 
achieved [98]. In addition to fusing with the chromatin reader PHF23, NUP98 can 
also fuse with NSD1, the methyltransferase of H3K36 in AML [99]. In a manner 
similar to the MLL fusion and other NUP98 fusions, NUP98–NSD1 activates HoxA 
and Meis proto-oncogenes by recruiting p300 (histone acetyl transferase) and sup-
pression of EZH2 [100].

3.3  Gene Deregulation

Overexpression of EZH2 is an alternative but analogous mechanism to inactivating 
mutations. While mutations of EZH2 mainly occurs in hematopoietic cancers includ-
ing diffuse large B-cell lymphoma and follicular lymphoma, EZH2 overexpression 
can occur in a variety of solid cancers including prostate, breast, gastric, bladder, 
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kidney, liver and ovarian [101–105]. Multiple transcription factors can stimulate 
EZH2 overexpression. MYC binds to EZH2 promoter and directly activates its tran-
scription [106]. Other transcription factors that cause EZH2 overexpression include 
E2F [107], EWS-FLI1 fusion [108], SOX4 [109], and HIF1α [110].

Transcriptional upregulation of MLL1 and MLL2 can be induced by gain of 
function (GOF) p53 mutants. R273H p53 mutant, but not wildtype p53, binds at the 
promoter of MLL1 and MLL2 [111]. GOF p53 results in slight elevation in the 
global levels of H3K4me3, including regions around the hoxa gene cluster [111]. 
The oncogenic role of GOF p53 mutant is dependent on MLL1 expression [111].

Another example of overexpressed histone reader is PRMT5, found in leukemia, 
lymphoma [57], lung, gastric cancer [112] and glioblastoma [113]. PRMT5 can be 
directly upregulated by MYC [114] which physically associates with PRMT5 and 
stimulate H4R4me2s [115]. This implies that gene misregulation of chromatin mod-
ifiers often stem from mutations in classic oncogenes or tumor suppressors.

4  How do Changes in Histone Methylation Lead 
to Oncogenesis?

4.1  Activation of Developmental Master Regulators

Various mutational changes and gene rearrangements converge to activate develop-
mentally important master regulators. Often expressed in progenitor cells, these 
factors are essential for maintaining stemness during development but are turned off 
in differentiated cells. However, deregulated histone modifiers often re-activate 
these developmental regulators, thus contributing to tumorigenesis.

In vivo mouse model shows that Hoxa9 can collaborate with meis1a to induce 
AML in less than 3 months [116]. DOT1L induced by MLL fusion is targeted to 
hoxa9 [91], and the presence of DOT1L resulted in enhanced H3K79me2 at HoxA 
clusters and Meis1 [92]. Another translocation mentioned earlier, NUP98-PHF23 
fusion, also caused overexpression of Hoxa and Hoxb cluster. AML-derived myelo-
blastic cells with NUP98-PHF23 demonstrate both enrichment of H3K4me3 and 
depletion of H3K27me3 across the Hoxa, Hoxb and Meis loci [98]. Similarly, EZH2 
Y641F causes a re-distribution of H3K27me3. Even though the global level of 
H3K27me3 is elevated, this repressive mark is depleted from Hoxc cluster and 
Meis1 which are densely covered with H3K27me3  in normal B cells [74]. The 
 liberation of the repressive H3K27me3 from developmental regulators causes their 
overexpression and contributes to tumorigenesis.
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4.2  Suppression of Tumor Suppressors

The redistribution of histone mark can simultaneously activate oncogenes and 
repress tumor suppressors. The tumor suppressor Ink4a/Arf locus is epigenetically 
silenced in leukemia-initiating cells by strong enrichment of H3K27me3 [117]. 
Ezh2 knockout decreases H3K27me3 at Ink4a-Arf locus, implying that Ezh2 is 
required to maintain H3K27me3 and repression of the Ink4a/Arf locus [118].

Another important group of tumor suppressors inactivated by histone methyla-
tion is the retinoblastoma protein (RB family). PRMT5 recruitment to the promoters 
of RB, RBL1 and RBL2 is increased 3–4.7-fold, 4–9.5-fold and 3–5.2-fold respec-
tively in transformed lymphoid cell lines compared to that of normal B cells [57]. 
The increase in PRMT5 recruitment results in corresponding enrichment of the 
repressive marks, H3R8me2s and H4R3me2s, that suppress the mRNA levels of the 
RB tumor suppressor genes [57].

An example of a histone demethylase that contributes to suppression of tumor 
suppressor is the H3K4 demethylase KDM5B/PLU-1. Its recruitment and resulting 
depletion of H3K4me3 mark represses tumor suppressors including BRCA1, there-
fore its overexpression can contribute to breast cancer cell proliferation [63].

4.3  Splicing Defects

Besides marking transcriptionally active regions, H3K36me3 also plays an impor-
tant role in safeguarding splicing fidelity. H3K36me3 recruits polypyrimidine tract–
binding protein (PTB) which results in exon silencing [119]. Truncating mutations 
of SETD2 in ccRCC result in a global loss of H3K36me3 [120]. H3K36me3- 
deficient ccRCCs display a drastic increase in intron retention, affecting 95% of the 
transcripts [120]. Other defects in exon utilization, start and termination site usage 
were also observed [120]. The most affected genes include tumor suppressors, 
genes in the DNA repair pathway and cell cycle regulators [120].

4.4  Genomic Instability

Histone modifications may also influence genomic instability even though the exact 
mechanism is not completely well understood. SETD2 loss has also been associated 
with genomic instability. Even though the main cause of genomic instability due to 
SETD2 depletion may be a result of decreased methylation in microtubules, a non-
histone substrate [121], it is also observed that chromosomal breakpoints are located 
away from H3K36me3 [122]. SETD2 loss decreases nucleosomal occupancy and 
increases sensitivity to micrococcal nuclease, suggesting that SETD2 plays a role in 
maintaining nucleosome stabilization and coordination of DNA repair [122].
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Another histone modifying enzyme that safeguards genomic stability is MLL2. 
Tumor cells with MLL2 knockout had higher levels of sister chromatid exchange 
compared with the two control cell lines [123]. Deletion of SET domain alone mim-
ics the genomic instability seen in MLL2 knockouts, indicating that the catalytic 
domain is necessary for maintaining genomic stability [123]. However intriguingly, 
MLL2 deficient cells do not display differential H3K4 levels compared to MLL2 
wildtype at mutated genes since MLL2 mutation predominantly affects H3K4 meth-
ylation at enhancers [123]. Therefore, the connection between histone methylation 
and genomic instability remains to be elucidated.

5  Histone Methyltransferase/Demethylase Inhibitors 
as Treatment in Cancer

Unlike genetic abnormalities, epigenetic alteration are reversible, enabling restora-
tion of original function in cells showing disease phenotypes without altering the 
DNA sequences [124, 125]. Taken together, such findings has fueled immense inter-
est in using chromatin-associated proteins as anticancer drug targets.

Indeed, several epigenetic inhibitors have been approved by the Food and Drug 
Administration (FDA). These approved drugs include azacitidine (5-azacytidine) 
and decitabine (5-aza-2′-deoxycytidine) as DNA methyltransferase (DNMT) inhib-
itors; suberoylanilide hydroxamic acid (SAHA) romidepsin (depsipeptide or 
FK228) as histone deacetylase (HDAC) inhibitors. On the other hand, since inhibi-
tors of lysine methyltransferases (KMT) and demethylases (KDM) have been 
recently discovered, many of them are still in (pre-) clinical development (see 
Table 1 for a list of inhibitors and their drug development stage). Interestingly, the 
utility of such inhibitors in academic research demonstrated promising results in 
treating cancer with KMT/KDM inhibitors. Given the increasing importance of 
these compounds in cancer, pharmaceutical companies strive to develop more epi-
genetic drugs through collaborative discovery and development. Recently, Merck 
Sharp & Dohme (MSD) initiated collaboration with Cancer Research Technology 
to develop a portfolio of inhibitors of protein arginine methyltransferase 5 (PRMT5) 
for treatment of blood cancers. Other pharmaceutical companies developing PRMT 
inhibitors include Epizyme and GlaxoSmithKline [157]. Business acquisition of 
EpiTherapeutics by Gilead Sciences, and Quanticel Pharmaceuticals by Celgene 
Corporations further suggest the immense interest of pharmaceutical giants in epi-
genetic drugs. In essence, inhibitors targeting histone methylases/demethylases 
may render a previously-untapped reservoir of cancer therapeutic interventions.

Here, we highlight the clinical development of selected pharmacological inhibi-
tors targeting histone methyltransferases and demethylases. Anti-tumour effects fol-
lowed by treatment with inhibitors are also briefly discussed.
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Table 1 A list of methyltransferases and demethylases, and corresponding substrates and 
inhibitors

Enzyme Substrate Inhibitor Reference

KMT1C/EHMT2/G9a
KMT1D/EHMT1/
GLP

H3K9, 
H1.2K187, 
H1.4K26

BIX-01294
UNC0642
A-366
BRD9539
UNC0224

[126]
[127]
[128]
[129]
[130]

KDM5A
KDM5B/JARID1B
KDM5C/JARID1C
KDM5D

H3K4 EPT-103182 [131]

KDM1A/LSD1 H3K4, H3K9 Tranylcypromine
ORY-1001
GSK2879552

[132]
[131]
[133], NCT02177812, 
NCT02034123

EZH2 H3K27 GSK126
GSK343
EPZ005687
EPZ-6438
EI1
UNC1999
JQEZ5

[134], NCT02082977
[135]
[136]
[137], NCT02601950, 
NCT01897571, 
NCT02889523
[138]
[139]
[140]

KDM6A/UTX H3K27 GSK-J1 [141]
KDM6B/JMJD3 H3K27 GSK-J1

GSKJ4
[141]
[142]

KMT3C/SMYD2 H3K36 AZ505 [143]
KDM4A H3K36 C-4 [144]
DOT1L H3K79 EPZ-5676

EPZ004777
SGC0946

[145], NCT02141828
[146]
[147]

PRMT1 H4R3 AM1-1, AMI-8
allantodapsone
compound 6
DCLX069, 
DCLX078
MHI-21
E84
Stilbamidine

[148]
[149]
[150]
[151]
[152]
[153]
[149]

PRMT3 RPS2, p53 14u [154]
PRMT4/CARM1 H3R17 17b

MethylGene
[155]
[156]

PRMT5 H3R8 GSK3326595 NCT02783300

Inhibitors that are tested in ongoing clinical trials are indicated by the identifiers starting “NCT”
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5.1  EZH2 Inhibitors

As mentioned in the previous section, EZH2 is a histone-lysine N-methyltransferase 
enzyme that methylates H3K27, and thus has repressive effect on gene expression. 
Studies have shown that EZH2 overexpression associates with cancer development 
and poor prognosis in human cancer, including lymphoma, breast, prostate, kidney 
and lung [77, 158–161]. Therefore, inhibiting EZH2 could be an important thera-
peutic intervention.

Recent studies have revealed an array of small molecule inhibitors targeting 
EZH2 (Table 2). Amongst these inhibitors, 3-Deazaneplanocin A (DZNep) was pre-
viously reported as a SAH-hydrolase inhibitor, acting as an indirect EZH2 inhibitor 
[188, 189]. It is also a derivative of the antibiotic neplanocin-A. Despite indirect 
inhibition, DZNep was shown to induce apoptosis in cancer by reactivating PRC2 
target genes [188].

There are also inhibitors imposing direct inhibition on EZH2, such as GSK126 
and EPZ005687 leading to global decrease of H3K27me3 and also reactivation of 
silenced PRC2 target genes in haematological cancers, including diffuse large 
B-cell lymphoma (DLBCL) [134] and non-Hodgkin’s lymphoma [190]. Since acti-
vating mutations in EZH2 were reported in DLBCL and follicular lymphoma [75, 
77, 191–193], inhibitors were designed to be specific to EZH2 mutants. Specifically, 
GSK126 (GlaxoSmithKline) effectively inhibited the proliferation of EZH2 mutant 
DLBCL cell lines as well as xenografts in mice [134]. EPZ005687 (Epizyme) 
enables apoptotic cell killing in heterozygous Y641 or A677 mutant cells with non- 
Hodgkin’s lymphoma [136]. Treatment with UNC1999 also selectively killed 
DLBCL cell lines harboring the EZH2Y641N mutant [139]. EI1 (Novartis) showed 
reduced proliferation, cell cycle arrest and apoptosis in DLBCL cells carrying the 
Y641 mutations.

Unlike DLBCL and NHL, EZH2 is often overexpressed but not mutated in solid 
tumors. Inhibition of EZH2 in solid tumors has not been studied as extensively as in 
haematological cancers. This raises an important problem whether existing EZH2 
inhibitors are able to inhibit the expression carrying wild type EZH2. To address 
this concern, a previous study conducted on three-dimensional culture of epithelial 
ovarian cancer shows that the tumor culture is sensitive to EZH2 methyltransferase 
inhibition by GSK343 [135]. The inhibition results in suppression of cell growth 
and invasion, and induction of apoptosis. Additionally, treatment of non-small cell 
lung carcinoma with genetically engineered mouse models using JQEZ5 promotes 
regression of these tumors [140], and EPZ-6438 treatment in malignant rhabdoid 
tumors with mutated SMARCB1 caused apoptosis and differentiation [137]. In gen-
eral, most of the EZH2 inhibitors show effect in cancer cells with mutant and wild 
type EZH2, but with a few exceptions. For example, EPZ005687 is effective in tar-
geting cells carrying EZH2 mutant, but its effect on the proliferation of NHL cells 
with wild type EZH2 is minimal [136]. It is also worth noting that the kinetics of 
H3K27me3 turnover is slow, therefore prolonged EZH2 inhibition for several days 
is required to reduce tri-methylation of H3 lysine 27 and alter the transcriptional 
program in cancer cells [194].
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5.2  DOT1L Inhibitors

As discussed in the previous section, misregulation of DOT1L, a H3K79 methyl-
transferase, may serve as a potential oncogenic driver in leukaemia with MLL- 
fusion proteins [91]. Therefore, pharmacological inhibition of DOT1L may treat 
patients suffering from leukaemia.

Most DOTL1 inhibitors are SAM competitive inhibitors. Analysis of structure- 
activity relationships and co-crystal structures design principles using S-Adenosyl- 
L-Homocysteine (SAH), the demethylated form of SAM, [195] is used to identify 
small molecules targeting DOT1L catalytic activity. The first compound, 
EPZ004777, is a potent and highly selective DOT1L aminonucleoside inhibitor 
[146]. It competes with the universal methyl donor for binding to the DOT1L’s 
active site. Previous studies showed that the compound exhibited cell-killing effect 
in murine myeloid progenitors and human AML cells harbouring MLL rearrange-
ment [145–147, 196, 197]. The treatment with EPZ004777 led to dosage-dependent 
global depletion of H3K79 methylation [146]. However, such response to the inhib-
itor was only observed in primary AML cells with both wild type MLL and 
IDH1/IDH2 mutations [198]. Primary AML cells with wild type MLL alone dem-
onstrated limited antitumor effect [145–147, 196, 197].

EPZ-5676, an alternative DOT1L inhibitor with improved pharmacokinetics was 
demonstrated to activate apoptosis in MLL-translocated leukemia cell lines in a 
time- and dosage-dependent manner. Continuous infusion is necessary to achieve 
maximal efficacy. For example, complete regression of MV4-11 subcutaneous 
xenograft tumors in rats was observed after 21 days of continuous infusion of EPZ- 
5676. Similar to EPZ004777, treatment with the compound is also associated with 
depletion of H3K79me2 in the tumor [145]. Currently, EPZ-5676 is at phase I clini-
cal trial targeting AML patients with MLL-rearrangement (http://clinicaltrials.gov).

Taken together, the results showed that the aminonucleoside DOT1L inhibitors 
show favorable pre-clinical outcome, including improved survival in rats (MV4-11 
subcutaneous xenograft model) and treatment response. Such achievement should 
motivate more drug development and optimization to address some of the limita-
tions including insignificant oral bioavailability [199].

5.3  PRMT Inhibitors

Protein arginine methyltransferases (PRMT) have been identified as coactivators for 
nuclear hormone receptors [34, 200]. Misregulation of PRMT is associated with 
development in multiple diseases, notably cancer. Specifically, PRMT was found to 
be overexpressed in a wide range of cancers, including breast, prostate, lung, blad-
der and leukaemia [201]. Furthermore, aberrant activation of different PRMT iso-
forms, which have distinct functional role were also implicated in cancer [202–204]. 
Taken together, these findings motivated drug discovery effort in identifying lead 
compounds targeting specifically for one particular isoform enzyme.

W.F. Ooi et al.
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A series of compounds were identified as PRMT1-specific inhibitors using vir-
tual and structure-based screening. AMI-1 and AMI-8 are among the earliest small 
molecule inhibitors [148], followed by allantodapsone [149]. A newer inhibitor of 
PRMT1, compound 6 [150], showed improvement in the selectivity profile since it 
is inactive to CARM1 and SET7/9. Compound 6 showed growth inhibition of breast 
cancer cell line MCF-7a and prostate cancer cell line LNCaP [205]. It also showed 
significant reduction in androgen-dependent transcription [205]. Treatment with 
other compounds, such as DCLX069 and DCLX078, demonstrated reduced prolif-
eration rate by 40% in HepG2, MCF7 and leukemic monocyte cell line THP1 [151]. 
MHI-21 (compound 11) treatment on cervical cancer cell line HeLa caused cell 
arrest in the S-phase and led to cell growth inhibition [152]. Another compound E84 
was tested for cellular activity in three different hemotological cancer cell lines: 
Meg01 (chronic myelogenous leukaemia), MOLM13 (AML) and HEL (erythroleu-
kemia) [153]. Notably, the compound repressed cell proliferation and associated 
with depletion in global cellular methylation after 24 h treatment. The methylation- 
depleting effect is significant at 100 nM treatment for Meg01 and MOLM13 cells. 
Stilbamidine (compound 13) shows better activity than AMI-1 on reducing the tran-
scription activation of an estrogen-dependent gene in MCF-7-2a cells [149]. In 
short, these drug treatments in vitro delivered promising results, but more studies 
are needed to bring these compounds further to clinical testing.

Overexpression of PRMT4/CARM1 was reported in hormone-dependent cancer 
[206, 207]. For example, CARM1 expression associates with androgen-dependent 
transcription in prostate carcinoma. It also promotes tumour progression in androgen- 
independent prostate cancer [208]. Besides prostate cancer, elevated CARM1 expres-
sion is also linked to high-grade breast cancer tumours. Interestingly, inhibition of 
estrogen-dependent transcription, cell cycle progression and cancer cell growth were 
observed in breast cancer cells with CARM1 mutant [200, 209]. Taken these findings 
together suggest CARM1 as a novel anti-cancer drug target. In this regard, several 
pharmacological inhibitors, such as compounds by Methylgene [156], 17b by 
Bristol-Myers Squibb [155, 210] and 7g [211] were synthesized. The compound, 7g 
was tested in the prostate cancer cell line LNCaP, and showed a significant reduction 
of the prostate-specific antigen promoter activity in a dose- dependent manner. 
However, such treatment did not affect cancer cell viability [211].

5.4  LSD1/2 Inhibitors

Overexpression of LSD1, histone demethylase of H3K4me1/2 and H3K9me1/2 is 
oncogenic in several cancers including leukaemia [93], colon [212], breast [213], 
prostate [214] and liver [215]. For example, high expression of LSD1 was linked to 
activation of epithelial-mesenchymal transition (EMT) and cancer progression in 
estrogen receptor-negative tumors [213]. On the contrary, depleting LSD1 expres-
sion using small interfering (si) RNAs led to the suppression of proliferation in vari-
ous cancer cell lines [172]. Taken together, the LSD1 expression is important to 
tumorigenesis, thus making it as an attractive target for therapeutic intervention.

Misregulation of Histone Methylation Regulators in Cancer
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Tranylcypromine (TCP) is one of the firstly discovered KDM inhibitors. 
Interestingly, it is initially used clinically to treat depression. Mechanistically, it is an 
unselective compound that acts as an inhibitor of monoaminooxidase, and bonds to 
the cofactor of FAD at the C-terminal end of LSD1 [216]. Although the treatment 
with TCP showed anticancer effect in a mouse model [93], it also caused side- effects, 
such as dizziness, drowsiness [217, 218] and drug-induced anaemia in mice [93]. In 
light of these limitations, a more potent drug is desired. Treatment with ORY-1001, 
a potent and selective LSD1 inhibitor designed by Oryzon, demonstrated the accu-
mulation of H3K4me2 at LSD1 target genes in a time- and dosage- dependent man-
ner. It also activates gene expression involving in differentiation in THP-1 cells with 
MLL translocation (MLL-AF9). ORY-1001 treatment also shows reduced tumor 
growth in rodent MV (4;11) xenograft [219]. Its rival, GlaxoSmithKline, also 
reported a selective irreversible LSD1 inhibitor, GSK2879552, which is in a phase I 
study in AML and in small cell lung cancer. The compound promotes differentiation 
in AML cells. Treatment in SCLC and AML cells demonstrated a potent anti-prolif-
erative growth effect and favourable clinical outcome in mouse models [220]. 
Besides the irreversible inhibitor GSK2879552, GlaxoSmithKline also developed a 
reversible LSD1 inhibitor, GSK690. Favorable clinical outcome after treatment 
could be attributed to the underlying changes in epigenomic landscape in tumors, 
both locally or globally. For example, a previous study showed that an elevated 
enrichment of H3K4me2 at gene promoters is associated with myeloid differentia-
tion after inhibiting LSD1 in AML [132]. Another study also demonstrated a global 
increase of H3K4me2 and growth inhibition in breast cancer cells overexpressing 
LSD1 after treating with pharmacologic inhibitors targeting amine oxidases [213]. 
Besides targeting the enzyme directly to repress demethylation activity at H3K4, 
similar effect can be achieved through downregulating LSD1 expression by inhibit-
ing Sp1 with pan-HDAC inhibitor (HDI) treatment [221].

Despite promising therapeutics effect, these preclinical studies largely focused 
on the treatment in haematological cancer. More studies using solid tumor samples 
should be conducted in future to attest the benefit of LSD1 inhibitors in a wider 
spectrum of cancer. Given the dual capability of LSD1 in activating and repressing 
different sets of gene through modification of H3K4 and H3K9, the design of thera-
peutic strategies for targeting LSD1 should account for its multifaceted actions.

JMJC demethylases are another class of lysine demethylase. However, unlike 
LSD1 inhibitors, clinical candidates targeting JMJC domain-containing demethyl-
ases are still lacking. The drug development process is hindered by two factors: (1) 
high structural similarity of JMJC members, thus causing poor selectivity, and (2) 
poor cellular permeability of the inhibitors. To address this concern, selective phar-
macological intervention across the JMJ family has been achieved by designing 
small-molecule inhibitors [141]. For example, EPT-103182 (EpiTherapeutics) tar-
geting KDM5B/JARID1B showed anti-proliferative growth effect in cancer lines as 
well as in xenograft model [131]. GlaxoSmithKline also reported another compound, 
GSKJ1/4 targeting KDM6 [141]. It induced cell death and caused loss of self-
renewal and tumor-initiating capacity in ovarian cancer cell lines [142]. Studies to 
date have covered only a subset of lysine demethylases. Other lysine demethylases 
such H3K79 demethylase remain unknown, which might be distinct from existing 
classes of histone demethylase [222].
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6  Application of Combined Epigenetic Therapies with Other 
Cancer Treatments

In the previous section, we have discussed the application of single agent alone 
leading to antitumor effect. However, combining epigenetic therapies with other 
cancer treatments has become an emerging trend. Recent reports have demonstrated 
that combining epigenetic therapies with other treatment exerts synergistic activity 
and yields significantly improved clinical outcome in AML.  For example, the 
engraftment of primary AML cells in vivo in the NOD/SCID-IL-2receptor-γ-
deficient (NSG) mice diminished after co-treatment with the LSD1 inhibitor tranyl-
cypromine (TCP) and all-trans-retinoic acid [132]. Interestingly, a recent study 
using the combined therapy using a very potent LSD1 inhibitor (SP2509) and a 
pan-HDAC inhibitor (panobinostat) yielded synergistic lethal effect against cul-
tured and primary AML [223]. Such co-treatment also demonstrated more superior 
survival outcome in mice engrafted with the human AML cells. There is also evi-
dence that EPZ-5676, a DOT1L inhibitor shows synergistic anti-proliferative activ-
ity with standard agents (cytarabine and daunorubicin) in the treatment of patients 
with AML [224]. Combined therapies with all-trans retinoic acid (ATRA) differen-
tiation therapy with KDM1A inhibition also show potent anti-leukemic effect [132]. 
Such combination could sensitize otherwise ATRA-insensitive cells towards differ-
entiation. In summary, these findings highlight the importance and potential appli-
cation of combined therapies with standard cancer treatments.
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Other Histone Modifications

Hiroaki Kato

Abstract There are a lot of histone modifications other than methylation, many of 
which are known to be dysregulated in cancer cells. This chapter briefly introduces 
typical histone modifications associated with cancer, and then provides an overview 
of the current understanding of histone acetylation. Histone acetylation, which 
occurs at the α-amino group of the most N-terminal amino acid residue, and at the 
ε-amino groups of internal lysine residues in histone molecules, is catalyzed by 
various kinds of histone acetyltransferases. This modification causes alterations in 
the electrostatic property of the target residue, and thereby contributes to the 
dynamic regulation of the state of chromatin. N-terminal acetylation of histones is 
considered to occur constitutively, whereas the internal lysine acetylation is revers-
ible, being recognized by trans-acting bromodomain-containing proteins and 
removed by histone deacetylases. This chapter focuses on outlining representative 
histone acetyltransferases and their molecular mechanisms, to provide a picture of 
how their substrate-specificity is ensured. Next, how bromodomains recognize their 
target residues is presented. Finally, the molecular mechanisms of histone deacety-
lation and its inhibition are briefly summarized.

Keywords Histone methylation • Histone acetylation • Histone acetyltransferase • 
Bromodomain • Histone deacetylase • Molecular mechanism

1  Other Histone Modifications and Cancer

There are many post-translational modifications that occur at different positions in 
histone molecules, some of which are shown in (Fig.1). These modifications include 
histone acetylation, methylation, phosphorylation, ubiquitination and others. 
Histone methylation had been considered as a rather “static” modification until 
demethylation enzymes, which remove this modification, were identified. 
Additionally, various histone acetyltransferase (HAT) and deacetylase (HDAC) 
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enzymes were identified in rapid succession in 1995 and 1996 [1–5]. On the other 
hand, although the first histone methyltransferase was identified 4 years later [6], it 
took another 4 years for a demethylase to be identified [7]. Therefore, up until the 
year 2004, it remained uncertain whether histone methylation of a single histone 
molecule was reversible, and whether histone methylation-mediated epigenetic 
control was as dynamic as that mediated by acetylation. In the “pre-demethylase” 
period, other histone modifications such as acetylation and phosphorylation were 
preferentially investigated in epigenetic studies.

Patterns of several histone modifications are often altered in cancer. These 
include patterns of methylation as well as non-methylation modification such as 
acetylation, phosphorylation and ubiquitination. The discovery and analyses of 
those aberrant modification patterns were highly dependent on the generation of 
reliable antibodies that specifically recognize each modification [8–10].

A well-known hallmark of cancer cells in terms of histone modification that was 
reported in 2005, is the global reduction in acetylation and trimethylation of histone 
H4, which occurs at Lys16 (H4K16ac) and Lys20 (H4K20me3), respectively. These 
alterations are associated with hypomethylation of DNA repetitive sequences, 
which is common in tumorigenesis [11]. It was also reported in 2005 that four dis-
tinct histone modifications positively correlate with increasing grade of prostate 
cancer [12]: acetylation of histone H3 at Lys18 (H3K18ac) and of H4 at Lys12 
(H4K12ac); and dimethylation of H3 at Lys4 (H3K4me2) and of H4 at Arg3 
(H4R3me2). That study also showed that histone modification patterns can predict 
the risk of recurrence. Similarly, in breast tumor samples, the levels of acetylation 
of histone H3 at Lys9 (H3K9ac), of H3K18ac, H4K12ac, H4K16ac, H4K20me3, 
H4R3me2 and H3K4me2 are reduced [13].
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Fig. 1 Schematic representation of various posttranslational modifications of histones H3 and H4. 
Histone H3 and H4 amino acid residues whose side chains are targeted by posttranslational modi-
fications are shown. Ac acetylation, Ph phosphorylation, Me methylation. These modifications 
occur in the amino terminal (N-terminal tails) of the histones, except for acetylation at Lys-56 
(K56) and methylation at Lys-79 (K79) that are located in the histone-fold globular domain
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Alteration of histone modification in cancer cells is not restricted to methylation 
and acetylation. Phosphorylation of histone H3 at Ser10, which occurs during the M 
phase of the cell cycle, often increases in proliferating cancer cells, and is indispens-
able for cellular transformation [14–18]. Furthermore, the immunohistochemical 
analyses of tissue microarrays performed by Prenzel et al. showed that a decrease in 
the mono-ubiquitination level of histone H2B correlates with breast cancer progres-
sion and metastasis [19].

2  Histone Acetylation

Acetylation of histone molecules can occur in two distinct ways (Fig. 2); acetylation 
at the α-amino group of the most N-terminal amino acid residue is termed “N-α- 
acetylation” (Fig. 3), and acetylation at the ε-amino group in the side chain of a 
lysine residue is termed “N-ε-acetylation” (Fig. 4). In both acetylations, a respon-
sible HAT catalyzes the transfer of the acetyl moiety of acetyl Coenzyme A 

Bromo

N- -acetylation

N- -acetylation

NH3+ Ac-NH
acetyl-CoA

NH3+ NH
Acacetyl-CoA

NatD

HAT

HDAC

Writer

Writer Reader

Eraser

B

A

Fig. 2 The two types of histone acetylation. (a) In N-α-acetylation, the conserved N-terminal 
acetyltransferase NatD transfers the acetyl group of acetyl-CoA to the α-amino group of histones 
H2A and H4. This reaction is considered to occur co-translationally. No reader or eraser for this 
modification has been identified. (b) In N-ε-acetylation, the ε-amino group of the lysine side chain 
is acetylated by various histone acetyltransferases (HATs; “writers”). This modification can be 
recognized by bromodomain-containing “reader” proteins, and can be removed by “eraser” his-
tone deacetylases (HDACs). Amino acid residues are depicted as white circles. Amino acid side 
chains, except for those of the acetylated lysine, were omitted for clarity
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(acetyl-CoA) to the amino group. These two ways of acetylation should be distin-
guished with respect not only to the target amino group, but also to the catalyzing 
enzyme.

A variety of enzymes contribute to N-ε-acetylation, all of which belong to one of 
five HAT subfamilies [20–22]. Some of these enzymes are located in the cytoplasm 
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-PEPAK
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Fig. 3 Acetylation of the N-terminal serine. (a) The chemical structure of an unmodified serine 
and an N-α-acetyl-serine at the amino terminal (N-terminal) of a peptide are shown. Subsequent 
residues linked through peptide bonds are omitted. The position of the carbon atoms α and β are 
indicated. Co-translational cleavage of the initiator methionine forms a new N-terminal α-amino 
group (blue). The positive charge of this group is neutralized by the N-terminal acetylation. (b) The 
first five amino acids in the peptide sequence of core histones, and the modification state of their 
N-terminal amino acids are shown. Ac N-α-acetylated, NH3

+ unmodified. The chemical structures 
were drawn using MarvinSketch

Fig. 4 Acetylation and methylation of a lysine side chain. The chemical structure of an unmodi-
fied lysine, N-ε-trimethyl-lysine and N-ε-acetyl-lysine residues is shown. Neighboring residues 
linked through peptide bonds are omitted. The positions of the α-ε carbon atoms in the lysine side 
chain are indicated. The ε-amino group of a lysine residue is positively charged at physiological 
pH, and this charge is neutralized by acetylation but not by methylation. The relatively long ali-
phatic part of the lysine side chain is hydrophobic
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and acetylate free full-length histones. Others act in the nucleus and often acetylate 
nucleosomal histones. In either case, the N-ε-acetylation occurs in a  post- translational 
manner. In contrast to the diversity of the N-ε-acetylation enzymes, only one evolu-
tionarily conserved enzyme, called NatD, is responsible for the N-α- acetylation of 
histone molecules. Since this enzyme is associated with the ribosome, N-α-
acetylation of histones is considered to occur co-translationally as the target site 
emerges upon cleavage of the initiator methionine, which is also a co- translational 
event.

The enzymes that catalyze certain covalent modifications are generally referred 
to as “writers” (Fig. 2). Thus, HATs are writers for histone acetylation. In addition 
to writers, there are also specific “readers” (bromodomain-containing proteins) and 
“erasers” (histone deacetylases) for N-ε-acetylation. The existence of erasers allows 
the N-ε-acetylation of a single histone molecule to be reversed. In contrast, N-α- 
acetylation appears to be irreversible because no eraser for this modification has 
been identified so far.

N-ε-acetylation and methylation target the same ε-amino group of a lysine resi-
due (Fig.  4). Unlike the methylation of histone molecules, acetylation results in 
alterations in their electrostatic properties. As shown in Fig. 4, the ε-amino group of 
a lysine residue is positively charged at physiological pH. This positive charge is not 
neutralized by methylation but is neutralized by acetylation. Similarly, N-α- 
acetylation also neutralizes the positive charge of the α-amino groups of histones 
H2A and H4 (Fig. 3). Since the positive charge on histone molecules contributes to 
their strong affinity for DNA, which has a negative charge on the phosphate back-
bone, acetylation is thought to weaken the interaction between histone molecules 
and DNA, and thereby allow dynamic regulation of chromatin structure.

For example, histone N-ε-acetylation increases the accessibility of DNA-binding 
factors to their binding sites [23, 24]. It is also known that the formation of 30 nm- 
like fibers of nucleosomal arrays is inhibited by acetylation of histone H4 at Lys16 
(H4K16ac). H4K16ac is enriched in transcriptionally active decondensed chroma-
tin in HeLa cells [25]. H4K16ac is also enriched in the Drosophila male X chromo-
some [26, 27], in which genes are transcribed at twice the rate as that in females, as 
a result of a phenomenon known as “dosage compensation”.

The weakening of the interaction between histone molecules and DNA makes 
chromatin more relaxed and accessible to trans-acting factors. Thus, this state of 
chromatin is the preferred state for transcription by RNA polymerase II, the tran-
scription machinery for protein-coding and long non-coding RNA genes. The tran-
scription activity of this polymerase is in part regulated through chromatin structure. 
At the initiation step of transcription, nucleosomes must be depleted from the pro-
moter region in order to open it up for recruitment of the polymerase and transcrip-
tion factors so that the so-called pre-initiation complex can be assembled [28–30]. 
Furthermore, partial disruption of nucleosomes is necessary to let the polymerase 
pass through [31, 32]. Thus, N-ε-acetylation of histones is generally observed at 
actively transcribed genomic regions.
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2.1  N-α-Acetylation of Histones H2A and H4

The initiator methionine residues of all four core histones are co-translationally 
removed from the nascent polypeptides by methionine aminopeptidase. Of the four 
core histones, the newly emerged N-terminal serine residue of histones H2A and H4, 
whose first five residues at their N-terminal amino acid sequence are identical (Fig. 3), 
are subsequently acetylated at their α-amino groups by the evolutionarily conserved 
N-α-acetyltransferase NatD (also known as Naa40, Nat4 and Patt1) [33–35]. This 
modification is considered to occur co-translationally, on the basis that the enzyme 
localizes to ribosome fractions in yeast and human cells [34, 35].

The N-α-acetylation of histones H2A and H4 is considered to be irreversible and 
hence rather static, because no enzyme that removes such N-α-acetylation has been 
identified. However, as human NatD has been shown to localize not only in the cyto-
sol but also at high levels in the nucleus [35], it is also possible that this modification 
occurs post-translationally after the protein has been translocated to the nucleus.

The N-α-acetylation of histone molecules appears to have important roles in epi-
genetic regulation. Studies of yeast NatD have shown that deletion of its encoding 
gene leads to sensitivity of the cell to various stresses such as amino acid depletion and 
microtubule dysfunction [34], suggesting that N-α-acetylation of histones contributes 
to the response to those stresses. Interestingly, Schiza et  al. discovered that NatD-
dependent N-α-acetylation of histone H4 inhibits asymmetric dimethylation of histone 
H4 at Arg3 (H4R3me2a), which is catalyzed by the arginine methyltransferase Hmt1. 
The H4R3me2a level positively correlates with calorie restriction- driven silencing of 
ribosomal RNA expression [36]. Consistent with that result, depletion of human NatD 
in colon cancer cells leads to a reduction in the expression of ribosomal RNA [37].

Mammalian NatD was first identified by Liu et  al. as a Gcn5-related 
N-acetyltransferase (GNAT) family acetyltransferase that is highly expressed in 
liver and is downregulated in hepatocellular carcinoma [38]. They reported that 
increased expression of this enzyme in cultured hepatoma cells enhanced apoptosis 
[38], whereas its knockdown partially inhibited apoptosis. In contrast to their find-
ing, knockdown of NatD was later shown to induce apoptosis in colon cancer cells 
[37]. Thus, the functions of NatD, and the NatD-dependent N-α-acetylation of his-
tones, appear to be context-dependent.

In addition to the histone specific N-α-acetyltransferase NatD, there are five other 
N-α-acetyltransferases (NATs): NatA, NatB, NatC, NatE and NatF.  These five 
enzymes have distinct substrate specificities, but none of them acetylate histone mol-
ecules. Similar to NatD, NatA acetylates the N-terminal α-amino group that emerges 
after cleavage of the initiator methionine of a protein. However, in contrast to the 
strict substrate specificity of NatD, NatA has a broader substrate preference; this 
enzyme acetylates peptide substrates whose first amino acids harbor short side chains 
(Ala, Cys, Gly, Ser, Thr or Val) [39, 40]. The other four NATs all acetylate the initia-
tor methionine that has not been removed co-translationally, although they do so with 
different substrate specificities; for details, see the review by Varland et al. [41].
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Fig. 5 Substrate recognition by NatD. (a) Stereo views (cross-eyed) of the binding sites of NatD 
with CoA and a histone H2A/H4 peptide (PDB ID: 4U9W). CoA and the histone H2A/H4 peptide 
are colored orange and magenta, respectively. Since the CoA is located on the opposite side of the 
enzyme, only the proximal part, which contains the acetyl group to be transferred to Ser1 of the 
H2A/H4 peptide, is visible from this point of view. NatD is shown in cartoon and transparent sur-
face representation. The side chains of NatD involved in the contact are shown in green. Hydrogen 
bonds contributing to the substrate binding are shown as dashed yellow lines. Water molecules are 
shown as red spheres. Trp90 and Ile213 of NatD interact with the histone peptide via van der Waals 
contacts. Blue and red parts of the stick representation indicate nitrogen and oxygen atoms, respec-
tively. (b) The CoA and histone H2A/H4 peptide configured as in A. (c) The NatD side chains 
configured as in A. Note that the side chain of the Lys5 in the histone peptide is not visible in this 
structure. The 3D structures were drawn using PyMOL

Crystal structures of human NatD with substrates indicate how this enzyme 
specifically recognizes its substrate [42]. In the crystal structure of NatD in a com-
plex with coenzyme A (CoA) and a histone peptide that corresponds to the first five 
amino acids (Ser1-Gly2-Arg3-Gly4-Lys5) of histone H2A (or H4), the peptide is 
tightly packed within the structure in such a way that the α-amino group of Ser1 is 
located near the thiol end of CoA, from which the acetyl moiety is transferred 
(Fig. 5). The authors of that structural study stated that contacts between the peptide 
and NatD occur along the entire length of the peptide. These contacts ensure that 
histones H2A and H4 are the only substrates of NatD.
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2.2  The Molecular Basis of Histone N-ε-Acetylation

The acetyltransferases that catalyze the N-ε-acetylation of histone molecules have 
been classified into five major subfamilies based on their primary sequence homol-
ogy: Hat1, Gcn5/PCAF, MYST, p300/CBP and Rtt109 [20–22]. The Hat1, Gcn5/
PCAF and MYST subfamilies are evolutionarily conserved from yeast to humans. 
The HAT1 and Gcn5/PCAF subfamilies belong to a higher classification called the 
GNAT superfamily. These two subfamilies share a region spanning ~100 amino 
acids that corresponds to the A, B and D regions of the GNAT family [20]. In con-
trast, the MYST subfamily only shares the A region which is responsible for acetyl 
CoA-binding [43, 44]. The proteins that belong to the p300/CBP subfamily, which 
is less conserved than the other subfamilies, can be divided into two subgroups; 
those found in metazoans, which have a bromodomain in the middle and a glutamine- 
rich region at the C-terminus, and those found in plants, which lack these domains 
[45, 46]. The p300/CBP subfamily, which has been thoroughly reviewed elsewhere 
[47], and the fungal-specific Rtt109 subfamily, in which the representative budding 
yeast protein Rtt109 acetylates histone H3 at Lys56, will not be discussed in this 
chapter.

The HATs that are responsible for N-ε-acetylation have generic names as well as 
their traditional names. For example, the human proteins hGcn5 and PCAF are also 
called KAT2A and KAT2B, respectively. The prefix “KAT” in these synonyms 
stands for lysine (denoted as K) acetyltransferase (Table  1). These generic KAT 
names for lysine acetyltransferases, as well as those for other chromatin-modifying 
enzymes (e.g. lysine methyltransferase 2A (KMT2A) and lysine demethylase 2B 
(KDM2B)), were proposed in 2007 to help scientists better understand their func-
tions among different species [48]. In this regard, the budding yeast and Tetrahymena 
Gcn5 homologs should both be referred to as KAT2 since this terminology clearly 
shows that these enzymes are functionally related to the human homologs KAT2A 

Table 1 Symbols of human histone acetyltransferases approved by the HUGO Gene Nomenclature 
Committee

Symbol Name Synonyms Subfamily

HAT1 Histone acetyltransferase 1 KAT1 HAT1
KAT2A Lysine acetyltransferase 2A GCN5, PCAF-b Gcn5/PCAF
KAT2B Lysine acetyltransferase 2B P/CAF, GCN5L Gcn5/PCAF
CREBBP CREB binding protein KAT3A, CBP, RTS p300/CBP
EP300 E1A binding protein p300 KAT3B, p300 p300/CBP
KAT5 Lysine acetyltransferase 5 TIP60, PLIP, ZC2HC5 MYST
KAT6A Lysine acetyltransferase 6A MOZ, ZC2HC6A MYST
KAT6B Lysine acetyltransferase 6B MORF, MOZ2, ZC2HC6B MYST
KAT7 Lysine acetyltransferase 7 HBO1, ZC2HC7 MYST
KAT8 Lysine acetyltransferase 8 MOF, hMOF, ZC2HC8 MYST
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and KAT2B. In this chapter, generic names will be placed at the shoulders of the 
traditional names in the format: yGcn5KAT2 or hGcn5KAT2 (where y and h denote 
yeast and human respectively).

2.2.1  The HAT1 Subfamily

Yeast and human genomes each encode one enzyme that belongs to the HAT1 
subfamily. The yeast enzyme, yHat1KAT1, was identified in 1995 by Kleff et al., and 
in 1996 by Parthun et al., as a component of a cytoplasmic HAT complex [1, 2]. 
Kleff et  al. used a genetic approach to identify the gene encoding yHat1KAT1 in 
which they evaluated HAT activity of cell extracts from a collection of mutant 
strains [1]. On the other hand, Parthun et al. biochemically purified the HAT com-
plex from a yeast cytoplasmic extract, which led to identification of the non-cata-
lytic subunit, yHat2 [2]. The human homolog of yHat1KAT1 is hHat1KAT1 and that of 
yHat2 is the WD40- repeat protein RbAp46, which was initially identified as the 
retinoblastoma tumor suppressor protein (Rb)-associated protein p46 [2, 49]. 
Current understanding of the function and regulation of Hat1 subfamily enzymes 
has been reviewed [50, 51].

The Hat1 subfamily proteins specifically acetylate Lys12 and Lys5 of newly syn-
thesized histone H4 in the cytoplasm [1, 2, 52–55]. Both of these lysines, Lys5 and 
Lys12, lie within amino acid sequences that match the proposed motif (GxGKxG) 
for Hat1-dependent acetylation [2]. Before acetylation occurs, histone H4 forms a 
dimer with histone H3 with the aid of cytosolic histone chaperones [56, 57]. At least 
in human cells, histone H3 is mono-methylated at Lys9 by an unknown methyl-
transferase before dimer formation [57].

In yeast, the yHat1KAT1-yHat2 complex specifically acetylates histone H4 at 
Lys12 but not at Lys5 [2, 58]. In this complex, yHat2 acts as an enhancer of the 
enzymatic activity and as a regulator of substrate specificity. Thus, although yHat1 
itself, as a free molecule, can target not only Lys12 but also Lys5 to a lesser extent, 
incorporation of yHat2 into the complex protects Lys5 from acetylation [1, 2, 58]. 
In contrast, studies on this complex in other species have suggested that both Lys5 
and Lys12 of H4 are the primary targets. For example, homologous enzyme com-
plexes purified from maize, human and rat extracts apparently acetylate Lys5 as 
well as Lys12 of a single histone H4 molecule [52–54]. The human complex can 
also acetylate histone H2A at Lys5, which also lies within an amino acid sequence 
that matches the GxGKxG motif, yet the enzymatic activity towards histone H2A is 
much lower than that towards histone H4 [53]. Consistent with these data, depletion 
of the mouse Hat1 homolog leads to a substantial decrease in the levels of H4K5ac 
and H4K12ac on newly deposited nucleosomes [55]. Interestingly, a recent bio-
chemical study on the human hHat1KAT1-RbAp46 complex suggested that the sec-
ond acetylation of histone H4 at Lys5 occurs after the majority of H4 substrates 
have been mono-acetylated at Lys12, and that the efficiency of the second acetyla-
tion at Lys5 is much lower than that of the first acetylation [59].
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Structural studies of human and yeast Hat1 acetylation complexes indicate that 
Hat1 subfamily proteins specifically choose Lys12 of histone H4 as the acetylation 
target [58, 59]. A crystal structure of hHat1KAT1 in complex with acetyl-CoA and a 
histone H4 peptide shows that the side chain of the H4 Lys12 is located deep inside 
a canyon in the enzyme, in close proximity to the acetyl group of acetyl-CoA 
(Fig. 6) [59]. Although the histone H4 peptide in this complex consisted of the first 
20 amino acids, from Ser1 to Lys20, only the 15-residue region from Lys5 to Arg19 
adopts a well-defined structure. In this structure, the histone H4 peptide is tightly 
associated with hHat1, with fourteen of the fifteen H4 residues interacting with 
hHat1 residues via direct and/or water-mediated ways. The conserved hydrophobic 
residue Ile186 of hHat1 contacts the aliphatic region of Lys12 and influences its 
orientation. This study suggests that the highly conserved glutamic acid residues at 
positions 187 and 276 of hHat1 (Glu187 and Glu276) serve as the general base for 

Fig. 6 Substrate recognition by Hat1. (a) Stereo views (cross-eyed) of the binding site of hHat-
1KAT1 with acetyl-CoA and a histone H4 peptide (PDB ID: 2P0W). The acetyl-CoA and histone H4 
peptide are colored in orange and magenta, respectively. hHat1KAT1 is shown in green cartoon. The 
side chain of Ile186, which is involved in the orientation of H4-Lys12, is shown in light blue. The 
side chains of Glu187 and Glu276, which should serve as the general base, are shown in yellow. 
Dark blue, red and right orange parts of the stick representation indicate nitrogen, oxygen and 
sulfur atoms, respectively. (b) The acetyl-CoA and histone H4 peptide configured as in A. (c) The 
side chains of Hat1 and histone H4 configured as in A
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catalysis [21, 59]. These residues are within the correct distance from Lys12 of 
histone H4 if water molecules are considered to mediate the deprotonation of the 
positively charged ε-amino group [59].

A structural study of yHat1KAT1 in complex with yHat2, CoA and histone sub-
strates provides insights into the substrate specificity of the yHat1-yHat2 complex 
(Fig.  7) [58]. This study showed that the Lys20 of histone H4, which was not 
observed to be involved in the human hHat1-acetyl-CoA-H4 complex [59], forms a 
salt bridge with Asp335 of yHat2 (see Fig. 7c). Acetylation of Lys20, which is asso-
ciated with chromatin [60, 61], may compromise this interaction. Lys16 of histone 
H4, which is abundantly acetylated in chromatin, also contributes to complex for-
mation by making a salt bridge contact with Glu338 of yHat2 (see Fig. 7c). In addi-
tion, the region of histone H4 between aa 29 and aa 45 in the histone fold domain 
forms a helix and contributes to the interaction between yHat1KAT1 and yHat2. The 
interaction between this part of histone H4 and enzyme subunits is conserved from 
yeast to humans [58, 62]. As a consequence, histone H4 itself partially mediates the 
interaction between yHat1 and yHat2. This study also showed that yHat2 can bind 
to the N-terminal region of histone H3 (Fig. 7). Importantly, methylation of histone 
H3 at Arg2 and Lys4, which is common in chromatin, inhibits the interaction 
between yHat2 and histone H3, while mono-methylation of Lys9 does not have such 
an inhibitory effect (see Fig. 7d) [58]. Therefore, the Hat1-Hat2 complex appears to 
choose a dimer of newly synthesized histones as a substrate, by excluding histone 
substrates with chromatin-associated modifications.

2.2.2  The Gcn5/PCAF Subfamily

The Gcn5/PCAF subfamily of acetyltransferases is named after two well- 
characterized proteins: the budding yeast general control nonderepressible 5 
(yGcn5KAT2) protein and one of its mammalian homologs, p300/CBP-associated 
factor (PCAFKAT2B). The enzymes that belong to this subfamily are also referred to 
as Gcn5 homologs. The yeast gene encoding yGcn5KAT2 was cloned in 1992, as a 
new class of transcription regulators [63]. The HAT activity of yGcn5KAT2 was 
reported in 1996, when its Tetrahymena homolog tGcn5KAT2 was also demonstrated 
to have enzymatic activity [3].

The human genome encodes two proteins that belong to the Gcn5/PCAF subfam-
ily: hGcn5KAT2A and PCAFKAT2B. These proteins were both identified in 1996, as 
homologs of yGcn5KAT2 and a p300/CBP-associated factor, respectively [64, 65]. 
The C-terminal half of hGcn5KAT2A or PCAFKAT2B, which contains the evolutionarily 
conserved HAT and bromodomains, is highly homologous to the yeast yGcn5KAT2. 
However, the N-terminal half is only conserved from flies to humans [66]. hGcn5KAT2A 
and PCAFKAT2B are found in evolutionarily conserved multisubunit co- activator 
complexes called Ada-Two-A-Containing (ATAC) and Spt-Ada-Gcn5- 
Acetyltransferase (SAGA) complexes [67]. The total mass of these complexes is 
approximately 700 kDa and 2 MDa, respectively. The complexes contain either 
hGcn5KAT2A or PCAFKAT2B as a mutually exclusive HAT subunit [68, 69]. ATAC and 
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Fig. 7 Substrate recognition by the Hat1-Hat2 complex. (a) Overall structure of yHat1KAT1 com-
plexed with yHat2 and histone H3 and H4 peptides (PDB ID: 4PSX). CoA and the histone H3 and 
H4 peptides are colored in orange, magenta and light blue, respectively. yHat1KAT1 and yHat2 are 
shown in green and wheat cartoons, respectively. Dark blue, red and right orange parts of the stick 
representation indicate nitrogen, oxygen and sulfur atoms, respectively. (b) The CoA and histone 
peptides configured as in A. (c) Recognition of the unmodified Lys16 and Lys20 residues of histone 
H4. The side chains of Glu338 and Asp335 of yHat2, which make salt bridge contacts with the 
histone H4 Lys16 and Lys20 residues, are shown in yellow and light blue, respectively. The structure 
of the histone H3 peptide, which is located at the distal side, is omitted for clarity. (d) Recognition 
of the unmodified Arg2 and Lys4 residues of histone H3 (light blue). The side chains of yHat2 
(wheat) amino acid residues that make hydrogen bonds with H3-Arg2 (yHat2 Asn212 and Asp213) 
and with H3-Lys4 (yHat2 Glu120 and Asn162) are shown in green and magenta, respectively. Dark 
blue and red parts of the stick representation indicate nitrogen and oxygen atoms, respectively

SAGA share two additional subunits called hAda3 and hSgf29, respectively. These 
proteins are homologs of the yeast proteins yAda3 and ySgf29, respectively. In addi-
tion to a HAT subunit and these two shared subunits, the smaller ATAC complex 
contains nine specific subunits including hAda2a, as the complex name indicates. 
On the other hand, the larger SAGA complex contains 15 specific subunits including 
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hAda2b. hAda2a and hAda2b are two distinct human homologs of the yeast protein 
yAda2 [66, 67].

In yeast, yAda2, yAda3, yGcn5KAT2 and ySgf29 form a HAT module (Fig. 8) 
[70–74]. Similarly, in the human ATAC complex, hAda2a, hAda3, hGcn5KAT2A and 
hSgf29 act together as a HAT module, whereas hAda2a is replaced with hAda2b in 
the SAGA HAT module. Since PCAFKAT2B can replace hGcn5KAT2A, at least four 
sets of Gcn5-related HAT modules are present in humans. These HAT modules 
have intrinsic posttranslational-modification reader domains for their proper 
recruitment and target selection. The Sgf29 homologs have a conserved tandem 
Tudor domain, which recognizes di- and tri-methylation of histone H3 at Lys4 
(H3K4me2/3) [74, 75], whereas the Gcn5 homologs have a conserved bromodo-
main that recognizes acetylated histone tails [76–78]. A recent biochemical study 
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Fig. 8 Gcn5 homolog-containing HAT modules. (a) Schematic representation of the components 
of human Gcn5 homolog-containing histone acetyltransferase (HAT) modules. (b) Combinations 
of subunits for possible HAT modules. The yeast proteins yAda2, yAda3, yGcn5 and ySgf29 form 
the yeast HAT module. In humans, four different HAT modules with different combinations of 
subunits can be formed. The sole human homologs of yAda3 (hAda3) and ySgf29 (hSgf29) are 
incorporated into all four HAT modules. In contrast, one of the two human homologs of yAda2 
(hAda2a or hAda2b) and one of the two human homologs of yGcn5KAT2 (hGcn5KAT2A or PCAFKAT2B) 
are incorporated in a mutually exclusive manner
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indicated that incorporation of the human HAT modules into the ATAC or SAGA 
complex further increases HAT activity [79]. That study also showed that recombi-
nant hGcn5KAT2A alone and the hGcn5KAT2A-containing complexes primarily acety-
late histone H3 at Lys14 .

Crystal structures of the HAT domain of tGcn5KAT2 explain how the substrate is 
specifically recognized by the Gcn5 subfamily HATs and how the acetyl moiety is 
transferred [80, 81]. The structure shown in Fig. 9 is a ternary complex of tGcn5KAT2, 
coenzyme A and a 19-residue histone H3 peptide that corresponds to the amino acid 
sequence from Gln5 to Lys23. The amino acid residues 5–6 and 22–23 are disor-
dered. In this structure, the histone H3 peptide is buried in a long cleft in the enzyme, 
with the result that the ε-amino group of Lys14 is located near the sulfhydryl group 
(SH) of CoA. Each of the 13 residues of H3 is within H-bonding distance and/or van 

Fig. 9 Acetylation of histone H3 by Gcn5. (a) Structure of tGcn5KAT2 with a histone H3 peptide 
(PDB ID: 1PU9). The HAT domain of tGcn5KAT2 is shown as a light blue surface representation. 
CoA and the histone H3 peptide are colored in orange and magenta, respectively. Dark blue, red 
and right orange parts of the stick representation indicate nitrogen, oxygen and sulfur atoms, 
respectively. (b) CoA and the histone H3 peptide configured as in A. SH, the sulfhydryl group of 
CoA. (c) A magnified view of the catalytic center. The side chain of Glu122 of tGcn5KAT2, which 
acts as the general base for the catalysis, and the target residue of histone H3 (Lys14) are shown in 
stick representation. White arrows represent proton transfer. (d) Mechanism of tGcn5KAT2 mediated 
catalysis of histone H3. A proton is transferred from Lys14 of histone H3 to Glu122 of tGcn5KAT2, 
which is shuttled by the well-ordered water molecule. The activated ε-amino group makes a 
nucleophilic attack on the carbonyl carbon of acetyl-CoA to form a tetrahedral intermediate, which 
collapses to generate an acetylated lysine residue
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der Waals distance from tGcn5KAT2 residues [81]. Less extensive contacts are 
observed when tGcn5KAT2 forms complexes with less preferred substrates for acety-
lation [82, 83] Fig. 9.

A bi-bi ternary complex mechanism is proposed for the acetylation reaction cata-
lyzed by Gcn5 homologs [21, 80, 84]. In this mechanism, binding of the two sub-
strates is a prerequisite for the reaction to occur. The HATs in this family have a 
conserved glutamate residue that act as a general base for catalysis. The correspond-
ing residue of tGcn5KAT2 is Glu122, whereas that of hGcn5KAT2A and of PCAFKAT2B is 
Glu575 and Glu570, respectively. In the tGcn5KAT2 crystal structure, there is a well- 
ordered water molecule that is thought to shuttle a proton from the ε-amino group 
of Lys14 to Glu122 (Fig. 9c, d) [80, 81, 84].

2.2.3  The MYST Subfamily

The human genome contains five genes that encode MYST (MOZ, Ybf2/Sas3, Sas2 
and Tip60) subfamily proteins that each have a generic KAT name: Tip60KAT5 (also 
known as PLIP); MOZKAT6A (MYST3); MORFKAT6B (MYST4); HBO1KAT7 (MYST2); 
and MOFKAT8 (MYST1). The HAT domain of this subfamily contains a specific 
C2HC zinc finger and an acetyl-CoA binding region that is homologous to that of 
the Hat1 and Gcn5/PCAF subfamily members [85]. In contrast to the Hat1 or Gcn5/
PCAF subfamily members, which strictly or predominantly recognize histone mol-
ecules as acetylation targets, the MYST subfamily members are known to acetylate 
a variety of non-histone proteins, as previously reviewed [85, 86]. This section 
focuses on the enzyme male-absent on the first (MOFKAT8) as it has a HAT activity 
for H4K16Ac, which is a hallmark of cancer cells.

hMOFKAT8 is the human homolog of the first MOF identified, which was found in 
a genetic screen for genes required for dosage compensation in the fruit fly 
Drosophila melanogaster [43]. In this model organism, the genes on the X chromo-
some in male cells, which are heterogametic (XY), need to be transcribed at twice 
the rate as those in female cells, which are homogametic (XX), in order to equalize 
expression levels. Abrogation of this compensation system leads to the death of 
males as third-instar larvae or early pupae, which is referred to as the male-specific 
lethal (MSL) or maleless (mle) phenotype.

The hyper-active male X chromosome, but not the female X chromosomes, is 
cytologically associated with the characteristic chromatin mark H4K16ac, and with 
the MSL complex, which is responsible for this H4 acetylation [26, 27, 43]. The 
MSL complex contains the catalytic subunit dMOFKAT8, the four protein subunits 
MSL1, MSL2, MSL3 and MLE, and two redundant non-coding RNAs rna on X 1 
(roX1) and roX2 [26, 27, 87, 88]. MSL1 directly binds to dMOFKAT8 through its 
PEHE domain, and to MSL3 through its most C-terminal region [89, 90]. The bind-
ing of MSL1 and MSL3 to MOF enhances its activity and restricts its action towards 
nucleosomal histone H4 [90, 91]. MSL3 recognition of H3K36 trimethylation 
through a conserved chromo-domain recruits the MSL complex to chromatin [92, 
93]. The MLE subunit has an RNA helicase activity that incorporates roX1 and roX2 
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into the functional MSL complex, which is targeted to the X chromosome [94, 95]. 
Homozygous mutations in the MSL subunits lead to abrogation of the acetylation of 
H4K16, which is accompanied by male-specific lethality [27, 43]. In female cells, 
the RNA binding protein sex-lethal (sxl) inhibits translation of the mRNA for MSL2, 
which ensures that the assembly of the functional MSL complex and hence the 
hyper-activation of chromosome X, is restricted to male cells [96, 97].

In the fruit fly, there is another complex that contains dMOFKAT8, called the non- 
specific lethal (NSL) complex [98–100]. In this complex, dMOFKAT8 associates with 
the protein subunits MBD-R2, MCRS2, NSL1, NSL2, NSL3 and WDS [98, 99]. In 
contrast to the male-specific role of the MSL complex in X hyper-activation, the 
NSL complex associates with active promoters of autosomal and X chromosomal 
genes in both sexes to promote transcription [99]. At the targeted promoters, which 
are characterized by H4K16ac as well as by H3K4me2, H3K4me3 and H3K9ac, 
NSL activity is required in transcription for the pre-initiation complex assembly 
[100]. Therefore, in contrast to the MSL complex that is specific for dosage com-
pensation, the NSL complex appears to have general roles in transcriptional 
activation.

The human counterpart of dMOFKAT8, hMOFKAT8, is responsible for H4K16 acet-
ylation [101–104]. As in the fruit fly, there are two distinct hMOFKAT8-containing 
HAT complexes for H4K16 acetylation in human cells, called MSL and NSL com-
plexes [98, 104]. The mammalian MSL complex contains homologs of the fruit fly 
subunits MSL1, MSL2 and MSL3, that force hMOFKAT8 to acetylate nucleosomal 
histone H4 at Lys16 [105]. In addition, MSL2 has been shown to act with MSL1 as 
an ubiquitin E3 ligase that ubiquitinates nucleosomal histone H2B at Lys34. [106]. 
Neither a non-coding RNA component nor an RNA helicase subunit has been iden-
tified for the MSL complex in human cells.

The mammalian NSL complex contains the dMBD-R2 homolog PHF20, 
MCRS2, NSL1, NSL2, NSL3, the WDS homolog WDR5, HCF-1 and OGT [98]. 
The NSL1 subunit is also referred to as MSL1v1, because it has a PEHE domain 
that is closely related to that in MSL1 and hence this complex is also called MOF- 
MSL1v1 [104]. NSL1 directly binds to hMOFKAT8 through the PEHE domain, and 
this binding is sufficient for the restriction of HAT activity to nucleosomal histone 
H4 [98, 105]. In contrast to the MSL complex that only acetylates nucleosomal 
histone H4 at Lys16, the NSL complex has a broader range of targets; it can also 
acetylate Lys5 and Lys8 of nucleosomal histone H4, the tumor suppressor protein 
p53, and the lysine-specific histone demethylase LSD1 [105, 107, 108].

Many studies have shown that mammalian MOFKAT8 plays important roles in 
transcriptional regulation, the DNA damage response and various other processes, 
suggesting that functional impairment of MOFKAT8 leads to cancer development 
[101, 109–117]. However, the roles of MOFKAT8 appear to be context dependent, and 
some of those previous studies did not consider which of the MOF-containing 
 complexes act in the given context. The expression level of MOFKAT8 has shown to 
be either increased or decreased in cancer cells [112, 118–122]. Thus, the function 
of MOFKAT8 in cancer development can be said to remain poorly understood.
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A recent report by Luo et  al. showed that hMOFKAT8 acts as a suppressor of 
epithelial- to-mesenchymal transition (EMT) and tumor metastasis [108]. According 
to that report, NSL1-bound hMOFKAT8 acetylates the histone demethylase LSD1 in 
epithelial cells, which interferes with its demethylation of nucleosomal H3K4me2 
[108]. The expression level of hMOFKAT8 is dramatically reduced upon induction of 
EMT, causing LSD1 to repress epithelial gene expression via its demethylation of 
H3K4me2 [108, 123–125]. The study by Luo et  al. indicates the importance of 
investigating the function of hMOFKAT8 in terms of its subunit composition and of its 
target specificity in each biological context [108].

2.3  Recognition of Histone Side-Chain Acetylation

As mentioned above, acetylation of lysine residues of histones is thought to weaken 
the interaction between histone molecules and DNA. In addition, acetylated lysine 
residues of histones are themselves recognized by protein domains designed to spe-
cifically capture histone peptides including peptides with acetylated lysines (Fig. 2). 
Unlike the recognition of methylated lysine, where Chromo, PHD, Tudor and other 
domains act as readers, recognition of acetylated lysine is generally accomplished 
by proteins with bromodomains. Consistent with the well-known positive correla-
tion between histone acetylation levels and transcription levels, bromodomains are 
often found in transcription-related proteins, including in general transcription fac-
tors, chromatin remodeling factors and HAT complexes.

The currently released human reference genome (GRCh38.p7) contains 42 genes 
that encode proteins with at least one bromodomain (SMART ID: SM00297) [126]. 
Some of these proteins are known to bind the acetylated lysine of proteins other than 
histones. It therefore appears that the existence of a bromodomain in a protein does 
not necessarily mean that the protein binds to acetylated histone.

For example, the bromodomains of BRD3 and BRD4, which belong to the 
Bromo and extraterminal (BET) protein family, can recognize not only acetylated 
histone tails but also non-histone acetylated proteins. BET family proteins each 
contain two bromodomains, which are referred to here as the first and second bro-
modomains. The first bromodomain of BRD3 binds to GATA1, which is a transcrip-
tion factor that regulates the expression of erythroid and megakaryocyte-specific 
genes, when it is acetylated at Lys312 and Lys315 [127]. In a similar manner, the 
second bromodomain of BRD4 recognizes TWIST, which is a key transcription fac-
tor of epithelial-mesenchymal transition, when it is acetylated at Lys73 and Lys76 
[128]. BRD4 can also bind to cycline-T1, which is a component of positive tran-
scription elongation factor b (P-TEFb), when it is acetylated [129]. The functions 
and other aspects of the BET proteins have been thoroughly reviewed by Wang and 
Filippakopoulos [130].

Structural studies show that a bromodomain consists of a specific four-helix 
bundle with a left-handed twist (Fig. 10) [76, 131]. The helices are called alpha-Z, 
alpha-A, alpha-B and alpha-C. There is a long intervening loop named the ZA-loop 
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between the alpha-Z and alpha-A helices, and another loop between the alpha-B and 
alpha-C helices (BC-loop). These two loops form a hydrophobic cleft that accom-
modates acetylated lysine residues. A good example of such binding is illustrated by 
the crystal structure of the bromodomain of yGcn5KAT2 that is holding an histone H4 
peptide acetylated at Lys16 (Fig.  11) [77]. The hydrophobic residues Pro351, 
Val361, Tyr364 and Tyr413 are present on the walls of the cleft, which contribute to 
hydrophobic intermolecular interactions with the neutralized acetylated lysine resi-
due on the peptide. In this structure, as in other solved structures, the amide nitrogen 
of Asn-407, which is located at the beginning of the BC loop, forms a hydrogen 
bond with the oxygen of the acetyl carbonyl group in the acetylated lysine residue. 
This interaction plays a major role in orienting the N-acetyl group so that its car-
bonyl group fits into the hydrophobic cleft. A lysine residue that was not acetylated 
would be positively charged, and, as there is no compensatory negative charge 
within the cleft, such a lysine would be much less favorable for this interaction.

Although the overall structures of solved bromodomains are similar, each bro-
modomain has distinct target specificity. Some bromodomains recognize mono- 
acetylated histone tails, whereas others recognize histone tails that are doubly 
acetylated, with each acetylation at a different lysine residue. The bromodomains of 
yGcn5KAT2 and its homolog PCAFKAT2B prefer histone H4 mono acetylated at Lys8 
or Lys16, and H3 acetylated at Lys9 as substrates [76–78]. In the crystal structure of 
the complex between yGcn5KAT2 and an histone H4 peptide (Fig. 11), two residues 
(His-18 and Arg-19) of the histone H4 peptide near the acetylated Lys16 make sec-
ondary interactions with the yGcn5KAT2 residues Phe367, Tyr406, Arg404 and 

Fig. 10 Structure of a bromodomain. The structure of the bromodomain of PCAFKAT2B (PDB ID: 
1 N72) is shown in green cartoon representation. The specific four alpha-helices are labeled “Z”, 
“A”, “B” and “C”. The ZA- and BC-loops are colored magenta and orange, respectively. The side 
chain of the conserved asparagine residue Asn803 located in the BC-loop is shown in orange stick 
representation. Dark blue and red parts of the stick representation indicate nitrogen and oxygen 
atoms, respectively
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Asn407, raising the possibility that these four yGcn5KAT2 residues contribute to the 
specificity of its target recognition.

TAFII250, the largest subunit of the general transcription factor TFIID, contains 
two specific tandemly aligned bromodomains [132]. These two domains form a his-
tone reader module that prefers a doubly acetylated histone H4 peptide (Lys5/Lys12 or 
Lys8/Lys16) to a mono-acetylated peptide. The distance between the two hydrophobic 
pockets in the solved structure of this module is 25 Å, which would require a peptide 
about seven amino acid residues in length to span it [132]. This required amino acid 
length corresponds to the distance between the acetylated lysine residues in a doubly 
acetylated H4 peptide (e.g., Lys5 is indeed seven amino acids away from Lys12).

It is also known that even a single bromodomain can recognize a doubly acety-
lated histone peptide. The first bromodomain of BRD4 provides the best example of 
this phenomenon (Fig. 12) [130, 133]. This domain can hold distinct but similar 
types of histone H4 peptides that are doubly acetylated at Lys residues in close 

Ac-Lys16

His18Arg19

Pro351

Val361

Tyr364
Tyr413

Asn407

Ac-Lys16

His18Arg19

Asn407

Arg404

Tyr406

Phe367

A

C

B

D

Fig. 11 Recognition of histone H4 acetylated at Lys16 by the Gcn5 bromodomain. (a) Stereo 
views (cross-eyed) of the bromodomain of yGcn5KAT2 associated with an histone H4 peptide acety-
lated at Lys16 (PDB ID: 1E6I). The histone H4 peptide is shown in light blue stick representation. 
The bromodomain is shown in green cartoon. The side chain of Asn407 of yGcn5KAT2, which is 
conserved and critical for acetylated H4 recognition, is shown in orange. The yGcn5KAT2 residues 
Pro351, Val361, Tyr364 and Tyr413, which hydrophobically interact with the acetylated lysine 
residue, are shown in gray. Dark blue and red parts of the stick representation indicate nitrogen and 
oxygen atoms, respectively. (b) The yGcn5KAT2 side chains and acetylated histone H4 peptide con-
figured as in A. (c) Stereo views of the complex from a different point of view. The yGcn5KAT2 resi-
dues Phe367, Arg404 and Tyr406, which are involved in secondary interactions, are shown in 
yellow. (d) The yGcn5KAT2 side chains and acetylated histone H4 peptide configured as in C
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proximity (Lys5/Lys8, Lys12/Lys16 or Lys16/Lys20). In these peptides, acetylation 
occurs at lysine residues that are positioned three to four amino acids away from 
each other. Of the two acetylated lysine residues, the most N-terminal one (e.g. 
Lys5) interacts with the conserved asparagine that is located at the beginning of the 
BC loop. This interaction plays a major role in orienting the acetylated peptide for 
insertion of the carbonyl group of its acetylated lysine residue into the hydrophobic 
cleft in a manner similar to the folding of the yGcn5KAT2-histone H4 peptide com-
plex, in which the peptide was mono-acetylated at Lys16. The second acetylated 
lysine residue (e.g. Lys8) participates in the formation of a water-mediated interac-
tion network that further stabilizes the first lysine residue within the cleft.

2.4  Removal of Histone N-ε-Acetylation

The N-ε-acetylation of the lysine residues in histones and non-histone proteins is 
removed by histone deacetylases (HDACs), which are also referred to as protein 
lysine deacetylases (KDACs). Based on their primary sequences and catalytic activ-
ities, HDACs are currently classified into four groups: type I, II, III and IV [134, 
135]. The type I, II and IV HDACs catalyze deacetylation in a zinc-dependent 
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Gln85
Tyr97

Asn140

Ac-Lys5

Ac-Lys8
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Gly11

Fig. 12 Recognition by a bromodomain of a doubly acetylated histone peptide. (a) Stereo views 
(cross-eyed) of the first bromodomain of BRD4 associated with a histone H4 peptide doubly acety-
lated at Lys5 and Lys8 (PDB ID: 3UVW). The histone H4 peptide is shown in light blue stick 
representation. The bromodomain is shown in green cartoon. The side chain of Asn140, which is 
conserved and critical for H4 recognition, is shown in orange. The BRD4 residues Gln85 and 
Tyr97, which interact with the acetylated lysine residues in a water-mediated manner (dashed yel-
low lines), are shown in gray. Water molecules are shown as red spheres. Dark blue and red parts 
of the stick representation indicate nitrogen and oxygen atoms, respectively. (b) The BRD4 side 
chains and histone H4 peptide configured as in A
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manner, whereas the type III HDACs, which are called sirtuins, utilize nicotinamide 
adenine dinucleotide (NAD+) to remove the acetyl group (Fig. 13).

Before HDAC proteins or genes were identified, the HDAC inhibitors trapoxin 
(TPX) and trichostatin A (TSA) were known to possess antitumorigenic activities 
[136, 137]. TPX is a cyclic tetrapeptide with an aliphatic epoxydecanoic acid resi-
due that is sterically similar to acetyl lysine. This compound covalently binds to the 
active site of HDAC via its reactive epoxide, thereby irreversibly inhibiting HDAC 
activity [138]. The first HDAC, HDAC1, was identified in human Jurkat nuclear 
extracts following its co-precipitation with a derivative of TPX [4]. The identified 
protein shared homology with the yeast transcriptional regulator Rpd3, whose bio-
chemical function was previously unknown [139]. This finding led to the subse-
quent identification of other HDACs.

TSA and its derivative suberoylanilide hydroxamic acid (SAHA) contain a 
hydroxamic acid that is important for the inhibition of HDAC. Finnin et al. reported 
a structural study of the manner by which these compounds bind to an HDAC [140]. 
They used an HDAC-like protein from the hyperthermophilic bacterium Aquifex aeo-
licus for this study. Although this bacterium does not itself express histones, this 
HDAC-like protein that is called histone deacetylase like protein (HDLP) can deacet-
ylate histones in vitro, and this activity is inhibited by TSA and SAHA. They showed 
that HDLP has a deep narrow pocket, near the bottom of which the zinc ion that is 
required for catalysis is positioned. As shown in Fig. 14, the long aliphatic chain of 
the inhibitors is inserted into this pocket to inactivate the enzymatic activity.

Five HDAC inhibitors, Belinostat (Beleodaq), Chidamide (Epidaza), Vorinostat 
(SAHA), Romidepsin (Istodax) and Panobinostat (Farydak), have been approved 
for cancer therapy [134, 141, 142]. In addition, many other HDAC inhibitor com-
pounds are being investigated for their effectiveness in cancer treatment. The 
current knowledge regarding HDAC inhibitors for cancer therapy is summarized 

-acetyl-lysineN- Lysine

AcetateH2O

NAD+ O-Acetyl-ADP-ribose
Nicotinamide

Class I, II and IV HDACs

Class III HDACs (Sirtuins)

Zn2+

Fig. 13 Two kinds of reactions catalyzed by HDACs. Class I, II and IV HDACs catalyze lysine 
deacetylation in a zinc-dependent manner, whereas class III HDACs use NAD+ to remove the 
acetyl moiety from lysine residues, yielding O-acetyl-ADP-ribose and nicotinamide as reaction 
products
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in excellent reviews [134, 135]. In general, HDAC inhibitors are more effective 
for the treatment of hematological cancers than for solid tumors, probably 
because of the difficulty in delivering the drug to solid tumors [134]. The exact 
mechanisms of action of HDAC inhibitors in cancer treatment are still unclear. 
Mass spectrometry studies show that more than 2000 non-histone proteins are 
acetylated in human cells, which could potentially be targets of HDACs [142]. 
Therefore, it should be taken into consideration that HDAC inhibitors will affect 
cellular processes that involve these non-histone proteins.
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Abstract The discovery of microRNAs (miRNAs) has resulted in major advance-
ments in cancer research. miRNAs are small noncoding RNAs that function to fine 
tune the expression of protein coding/noncoding RNAs by repressing translation or 
cleaving RNA transcripts in a sequence-depending manner. The unique characteristic 
function of miRNAs is to regulate RNA transcripts in human cells. Therefore, 
dysregulated expression of miRNAs can disrupt tightly regulated RNA networks in 
cancer cells. miRNAs play critical roles in various biological processes, and their 
dysregulation has been observed in several human diseases, including cancers.

Recent studies of cancer epigenome analysis have demonstrated that epigenetic 
mechanisms, including DNA methylation and histone modification, regulate the 
expression of a number of miRNAs, and conversely, these miRNAs control the 
expression of various epigenetic modulators, including DNA methyltransferases 
(DNMTs), histone deacetylases (HDACs), and polycomb group genes. When this 
complicated feedback loop between miRNAs and epigenetics is dysregulated by 
aberrant expression of miRNAs, normal physiological functions are disrupted, 
and as a result, several diseases occur, including cancer. That is, dysregulation of 
miRNAs can affect epigenetic alterations in cancer. The present review focuses on 
some tumor-suppressive miRNAs that have been shown to regulate epigenetic mod-
ulators in cancer; the functional roles of these miRNAs in epigenetics are described. 
Elucidation of the relationship between miRNA dysregulation and epigenetic alter-
ations will lead to the discovery of new therapeutic strategies for cancer.
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1  Introduction

MicroRNAs (miRNAs) are endogenous, short, noncoding, single-stranded RNAs 
(18–23 nucleotides in length) that post-transcriptionally regulate protein/nonprotein- 
coding gene expression by repressing mRNA translation or cleaving mRNA 
transcripts through binding to the 3′-untranslated region (UTR) of mRNAs [1]. Lee 
et al. identified the first miRNAs in Caenorhabditis elegans in 1993 [2]. Currently, 
2588 human miRNAs are registered in the miRBase (Release 21, June 2014). A 
number of studies have indicated that miRNAs play critical roles in various cellular 
processes, including cell proliferation, differentiation, and apoptosis [1, 3]. 
Furthermore, aberrantly expressed miRNAs disrupt normal RNA regulatory net-
works, promoting the development of various human diseases, including cancers. 
miRNAs can behave as oncogenes or tumor suppressors depending on the functions 
of target genes. In general, downregulated miRNAs in cancer tissues appear to act 
as tumor-suppressor genes, and conversely, upregulated miRNAs in cancer tissues 
appear to act as oncogenes [4]. Recent studies have identified a number of aber-
rantly expressed miRNAs in human cancer. However, the underlying molecular 
mechanisms of miRNA dysregulation in cancer have still not been fully elucidated.

Recently, the expression of miRNAs has been shown to be regulated by genetic 
and epigenetic mechanisms [5, 6]. Many miRNAs are located in cancer-associated 
genomic regions, and their promoter regions are epigenetically regulated by DNA 
methylation and histone modification. Furthermore, these miRNAs, called epi- 
miRNAs, can affect the expression of epigenetic modulators, including DNA 
methyltransferases (DNMTs) and histone deacetylases (HDACs) [7]. This compli-
cated feedback loop between dysregulated miRNAs and epigenetic pathways has 
become increasingly recognized as an important factor contributing to cancer 
development [8].

In the present review, we focused on some epi-miRNAs in several cancers and 
described current knowledge regarding the roles of these miRNAs in targeting 
epigenetic modulators in cancer. Although the network of miRNAs and epigenetics 
is highly complicated, increasing our understanding of this feedback loop will 
provide insights into the discovery of new cancer treatment strategies.

2  miRNA Biogenesis

miRNA genes are transcribed by RNA polymerase II or RNA polymerase III 
(mainly RNA polymerase II) and form primary miRNAs (pri-miRNAs) measuring 
approximately 200 to several thousand nucleotides in length. Pri-miRNAs are 
single- stranded RNAs that contain loop sequences. The 5′-ends of pri-miRNAs are 
cleaved by the ribonuclease III enzyme Drosha and its binding partner DiGeorge 
syndrome chromosomal region 8 (DGCR8) [9]. The products form small 
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hairpin-shaped RNAs called precursor miRNAs (pre-miRNAs). Pre-miRNAs are 
70–100 nucleotides in length and are transported from the nucleus to the cyto-
plasm via exportin-5 with Ran-GTP as a cofactor. The terminal ends of the pre-
miRNAs are then cleaved by another RNase, Dicer, generating duplex 
guide-passenger duplex miRNAs (miRNA/miRNA* complex). Duplex miRNAs 
are about 22 nucleotides in length and can be arranged in two directions; the result-
ing miRNAs are called guide strand or passenger strand miRNAs (miRNA or 
miRNA*) or can be labeled according to their direction (miRNA-5p or miRNA-3p). 
The mature miRNA strands are incorporated into the RNA-induced silencing com-
plex (RISC), which contains Argonaut (AGO) protein. AGO protein plays central 
roles in the RISC and consists of N, PAZ, MID, and PIWI domains. miRNAs 
assemble with AGO protein family members. miRNAs are loaded onto AGO pro-
teins by chaperones (e.g., heat- shock cognate protein [Hsc70]/heat-shock protein 
90 [Hsp90]), and one end of the duplex is opened by AGO proteins, followed by 
release of the passenger strand [10]. In the RISC, the 5′-end of miRNAs, which is 
called the seed sequence, binds to the 3′-untranlsated region (UTR) of the target 
mRNA in a sequence-specific manner and consequently represses mRNA transla-
tion or cleaves mRNA. Previous study suggested that the miRNA passenger strand 
(miRNA*) was degraded, and only the miRNA guide strand (miRNA) exerted its 
functions. However, recent analyses revealed that both strands have functions and 
are incorporated into the RISC.  The precise mechanisms of the miRNA-RISC 
complex are unclear.

These are canonical biogenesis pathways for miRNAs; however, recent research 
had indicated alternative pathways for miRNA biogenesis. Through this alternative 
pathway, miRNAs called miRtrons are generated [11]. miRtrons are produced from 
short introns with hairpin potential. After splicing, these introns debranch and fold 
to form miRNA hairpins and then enter the canonical miRNA biogenesis pathway 
before transportation into the cytoplasm. This pathway bypasses Drosha cleavage. 
miRtron pathways were originally reported in flies and worms and were subse-
quently confirmed in other species, including humans.

3  Epigenetically Dysregulated miRNAs in Cancer

As described the previous section, miRNA biogenesis has been well-studied. 
However, the mechanisms regulating miRNAs are still not fully understood. In 
addition to protein-coding genes, miRNAs appear to be regulated by both genetic 
and epigenetic mechanisms. In general, the expression of miRNAs is epigenetically 
regulated by DNA methylation and histone modifications.

DNA methylation is the most common epigenetic regulation mechanism and 
involves addition of a methyl group at the carbon 5 position of cytosine in CpG 
islands by three DNMTs (DNMT1, DNMT3A, and DNMT3B). DNMT3A and 
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DNMT3B have de novo methylation activity, and DNMT1 maintains methylated 
DNA replication. In cancer, DNA hypermethylation of CpG islands within the 
 promoter region leads to the silencing of several tumor-suppressive miRNAs, and 
conversely, DNA hypomethylation activates several oncogenic miRNAs.

Histone modification is also the most important epigenetic mechanism; this path-
way involves the activities of HDACs and histone acetyltransferases (HATs). 
HDACs condense chromatin by removing acetyl groups from lysine residues of 
histones, leading to transcriptional repression [12]. Recent studies have shown that 
HDAC silences tumor-suppressive miRNAs in cancer. Furthermore, HDAC inhibi-
tion leads to the increase of active histone marks at the promoters of the miRNAs, 
thereby upregulating miRNAs.

4  miRNAs Targeting Epigenetic Pathway-Related Genes

Many studies have indicated that a single miRNA can regulate multiple genes; con-
versely, a single gene can be regulated by several different miRNAs. Table 1 lists 
several epi-miRNAs and the targeted epigenetic pathway-related genes in various 
human cancers. Additionally, Table 2 shows some typical epigenetic effectors regu-
lated by different miRNAs. In this review, we focus on some miRNAs that function 
as tumor suppressors by targeting epigenetic pathway-related genes and describe 
them in detail.

4.1  miR-7

Zhang et  al. indicated that miR-7 suppresses colorectal cancer tumorigenesis by 
targeting the oncogenic Yin Yang 1 (YY1) gene directly [13]. YY1 is a transcription 
factor of the polycomb group protein family and exerts its oncogenic functions by 
inhibiting the transcription factor p53 and promoting Wnt-dependent signaling 
pathways [13, 14]. YY1 expression has been shown to be positively associated with 
poor survival in patients with colorectal cancer.

4.2  miR-25

miR-25 inhibits the proliferation of thyroid carcinoma cells by targeting EZH2 [15]. 
EZH2 is a member of the polycomb group proteins and functions as the conserved 
catalytic subunit within the polycomb repressive complex 2 (PRC2). EZH2 regu-
lates histone (H3) trimethylation at lysine 27 (H3K27me3) [16]. EZH2 is a master 
regulator of epigenetic modifications.
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4.3  miR-26a

miR-26a has been shown to have a tumor-suppressive role in various type of can-
cers, such as prostate cancer, renal cell carcinoma, oral squamous cell carcinoma, 
and head and neck squamous cell carcinoma [17–20]. Lu et al. reported that miR-
26a exhibits tumor-suppressive effects in nasopharyngeal carcinoma by repressing 
EZH2 [21].

Table 1 miRNAs and targeting epigenetic pathway-related genes in several cancers

miRNAs Target genes Cancer type Citation

miR-7 YY1 Colorectal cancer [13]
miR-25 EZH2 Thyroid carcinoma [15]
miR-26a EZH2 Nasopharyngeal carcinoma [21]
miR-29 s DNMT3A, DNMT3B Lung cancer, Glioblastoma [22, 23]
miR-30d EZH2 Thyroid carcinoma [15]
miR-34a YY1 Esophageal squamous cell carcinoma, 

Gastric cancer
[26]

miR-34b DNMT1, DNMT3B, 
HDAC1, HDAC2, HDAC4

Prostate cancer [25]

YY1 Gastric cancer [26]
miR-34c YY1 Gastric cancer [26]
miR-101 UHRF1, EZH2 Renal cell carcinoma [27]

EZH2 Hepatocellular carcinoma [28]
DNMT3A Lung cancer [29]

miR-125a HDAC4 Breast cancer [30]
miR-138 EZH2 Osteosarcoma [31]
miR-140 HDAC4 Osteosarcoma [33]
miR-143 DNMT3A Colorectal cancer [39]
miR-145 DNMT3B Prostate cancer [40]

UHRF1 Bladder cancer [41]
miR-148a DNMT1 Cholangiocarcinoma [43, 44]
miR-152 DNMT1 Cholangiocarcinoma, Hepatocellular 

carcinoma
[43, 44]

miR-181 YY1 Cervical cancer [46]
miR-182 DNMT3A Cervical cancer [48]
miR-185 DNMT1 Glioma [49]
miR-200b BMI1 Hepatocellular carcinoma [51]
miR-212 MeCP2 Gastric cancer [52]
miR-338 BMI1 Gastric cancer [54]
miR-340 EZH2 Laryngeal squamous cell carcinoma [58]
miR-342 DNMT1 Colorectal cancer [60]
miR-376c BMI1 Cervical cancer [63]
miR-449a HDAC1 Prostate caner, Lung cancer [65, 66]
miR-449b HDAC1 Lung cancer [66]
miR-452 BMI1 Lung cancer [68]
miR-506 EZH2 Colon cancer [72]
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4.4  The miR-29 Family

The miR-29 family (miR-29a, miR-29b, and miR-29c) targets DNMT3A and 
DNMT3B directly in lung cancer and glioblastoma and targets DNMT1 indirectly in 
acute myeloid leukemia [22, 23].

4.5  miR-30d

miR-30d has been reported to be downregulated in non-small cell lung cancer and 
thyroid carcinoma [15, 24]. Moreover, ectopic expression of miR-30d suppresses 
the proliferation of thyroid carcinoma cells by regulating EZH2 [15].

4.6  The miR-34 Family

Majid et al. reported that miR-34b is silenced by CpG hypermethylation in prostate 
cancer and that ectopic expression of miR-34b reduces the expression of both 
DNMTs (DNMT1 and DNMT3B) and HDACs (HDAC1, HDAC2, and HDAC4) 
[25]. Additionally, YY1 is directly targeted by the miR-34 family (miR-34a, miR- 
34b, and miR-34c) in gastric cancer [26].

4.7  miR-101

The tumor-suppressive roles of miR-101 have been reported in several cancers, 
including renal cell carcinoma, lung cancer, hepatocellular carcinoma, gastric can-
cer, and breast cancer [27]. In particular, we showed that UHRF1 and EZH2 are 

Table 2 Epigenetic pathway-related genes regulated by miRNA

Target genes miRNAs Citation

DNMT3A miR-29s, miR-101, miR-143, miR-182 [22, 23, 29, 39, 48]
DNMT3B miR-29s,miR-34b, miR-145, miR-148, miR-221 [22, 23, 25, 40, 42]
DNMT1 miR-34b, miR-148, miR-152, miR-185, miR-342 [25, 43, 44, 49, 60]
HDAC1 miR-34b, miR-449a, miR-449b, miR-874 [25, 65, 66, 78]
HDAC2 miR-34b [25]
HDAC4 miR-34b, miR-125a-5p, miR-140 [25, 30, 33]
EZH2 miR-25, miR-26a, miR-30d, miR-101, miR-138, 

miR-340, miR-506
[15, 21, 27, 31, 58, 72, 
76]

UHRF1 miR-101, miR-145 [27, 28, 41]
BMI1 miR-200b, miR-141/200c, miR-338-5p, miR-376c, 

miR-452
[50, 51, 54, 63, 68]

YY1 miR-7, miR-34, miR-181 [13, 26, 46]
MeCP2 miR-212 [52]
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directly suppressed by miR-101 in RCC cells [27]. In addition to EZH2, UHRF1 is 
a master regulator of epigenetic modifications and is required for DNMT1 function 
through direct binding to DNMT1 and activation of DNMT1 function for mainte-
nance of DNA methylation. Furthermore, genomic loss of miR-101 in cancer 
leads to overexpression of EZH2, resulting in cancer progression [28]. miR-101 also 
suppresses lung tumorigenesis by targeting DNMT3A [29].

4.8  miR-125a

Low circulating miR-125a-5p has been shown to be an independent prognostic 
biomarker associated with poor survival rates in breast cancer, and miR-125a-5p 
directly targets HDAC4 mRNA [30].

4.9  miR-138

miR-138 acts as a tumor suppressor in gallbladder carcinoma, non-small cell lung 
cancer, and osteosarcoma. Some miRNAs play pivotal roles in cancer chemoresis-
tance. miR-138 was shown to have a tumor-suppressive function by targeting EZH2 
and enhancing cisplatin-induced apoptosis in osteosarcoma [31].

4.10  miR-140

miR-140 has been reported to have tumor-suppressive functions in non-small cell 
lung cancer, osteosarcoma, and esophageal cancer [32–34]. Additionally, ectopic 
expression of miR-140 inhibits osteosarcoma cell proliferation by targeting 
HDAC4 [33].

4.11  miR-143/145

miR-143 forms a cluster with miR-145 on chromosome 5q32-q33, and these cluster 
miRNAs have been shown to be downregulated in several types of human cancer, 
such as prostate cancer, bladder cancer, renal cell carcinoma, and colorectal cancer 
[35–38]. In colorectal cancer, miR-143 targets DNMT3A [39]. Furthermore, cross-
talk occurs between miR-145 and DNMT3B via a double-negative feedback loop in 
prostate cancer [40]. Our recent report indicated that dual-strand miR-145 (miR- 
145- 5p and miR-145-3p) inhibits bladder cancer cell aggressiveness by targeting 
UHRF1 [41].
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4.12  miR-148

miR-148 has been shown to target DNMT3B directly by binding a recognition site 
located in the coding region [42]. Braconi et al. demonstrated that miR-148a and 
miR-152 directly regulate DNMT1 in human cholangiocarcinoma [43, 44]. 
Downregulation of DNMT1 restores the expression of the methylation-sensitive 
tumor-suppressor genes Rassf1a and p16INK4a.

4.13  miR-152

Braconi et al. reported that DNMT1 is directly regulated by miR-152 in human chol-
angiocarcinoma [43]. Additionally, Huang et al. reported that miR-152 is downregu-
lated in tissues from patients with hepatitis B virus-related hepatocellular carcinoma 
and is inversely correlated with DNMT1 expression [44].

4.14  miR-181

miR-181 has been shown to act as a tumor suppressor by suppressing the epithelial- 
mesenchymal transition (EMT) pathway in glioblastoma [45]. Furthermore, 
miR- 181 inhibits cervical cancer progression by targeting YY1 [46].

4.15  miR-182

miR-182 is silenced by HDACs in acute myelogenous leukemia (AML), and 
inhibition of HDACs induces miR-182, leading to sensitization of AML cells to 
DNA- damaging agents [47]. Additionally, Sun et al. showed that miR-182 inhibits 
DNMT3a and induces cervical cancer cell apoptosis [48].

4.16  miR-185

Zhang et  al. reported that miR-185 is downregulated in glioma cells and targets 
DNMT1 [49]. In glioma, the miR-185 locus on chromosome 22q11.2 has been 
reported to exhibit loss of heterozygosity (LOH), and ectopic expression of miR- 
185 inhibits global DNA methylation and induces the expression of promoter- 
hypermethylated genes.
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4.17  miR-200 Family

The miR-200 family is classified into two groups (miR-141/200c and miR- 
200a/200b/429). miR-141 and miR-200c are located on chromosome 12p13.31, 
whereas miR-200a, miR-200b, and miR-429 are located on chromosome 1p36.33. 
miR-141 and miR-200c have been reported to function as tumor suppressors by tar-
geting B cell-specific Moloney murine leukemia virus integration site 1 (BMI1) [50]. 
BMI1 is a member of the polycomb repressive complex 1 (PRC1) and functions as 
a transcriptional repressor. Furthermore, Wu et al. reported that miR-200b had tumor-
suppressive functions by targeting BMI1 in hepatocellular carcinoma [51].

4.18  miR-212

miR-212 is downregulated in gastric cancer and targets methyl-CpG-binding pro-
tein (MeCP2) [52]. MeCP2 is a nuclear protein containing a methyl-CpG-binding 
domain (MBD) [53]. MBDs are able to bind to methylated DNA specifically. 
MeCP2 is a global transcriptional repressor and has a role in mediating epigenetic 
signaling and tumor progression.

4.19  miR-338-5p

miR-338-5p has been shown to suppress gastric cancer cell growth by targeting 
BMI1 directly; this anti-proliferative effect can be suppressed by MeCP2 [54].

4.20  miR-340

miR-340 has a tumor-suppressive role in various types of cancers, such as breast 
cancer, hepatocellular carcinoma, colorectal cancer, and laryngeal squamous cell 
carcinoma [55–58]. Moreover, miR-340 inhibits laryngeal squamous cell carcinoma 
progression by targeting EZH2 [58].

4.21  miR-342

miR-342 has been reported to be frequently silenced epigenetically in colorectal 
cancer [59]. Wang et al. reported that miR-342 is downregulated in colorectal cancer 
cells and directly targets DNMT1 [60].
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4.22  miR-376c

miR-376c has been reported to be downregulated in various types of cancers, such 
as osteosarcoma, non-small-cell lung cancer, cervical cancer, and melanoma [61–
64]. Deng et al. reported that miR-376c targets BMI1 and inhibits cervical cancer 
cell invasion [63].

4.23  miR-449 Family

miR-449a regulates HDAC1 directly in prostate cancer and lung cancer [65, 66]. In 
lung cancer, the miR-449 family (miR-449a and miR-449b) has been shown to regu-
late HDAC1.

4.24  miR-452

The tumor-suppressive function of miR-452 has been demonstrated in glioma, non- 
small cell lung cancer, and prostate cancer [67–69]. miR-452 suppresses non-small 
cell lung cancer metastasis by targeting BMI1 directly [68].

4.25  miR-506

miR-506 has a tumor-suppressive role in ovarian cancer and cervical cancer 
[70, 71]. Zhang et al. showed that miR-506 suppresses colon cancer metastasis by 
targeting EZH2 directly [72].

4.26  miR-874

miR-874 acts as a tumor suppressor in various types of cancers, such as gastric can-
cer, colorectal cancer, osteosarcoma, maxillary sinus squamous cell carcinoma, and 
head and neck squamous cell carcinoma [73–78]. Nohata et al. reported that miR- 
874 acts as a tumor suppressor by directly targeting HDAC1 in head and neck squa-
mous cell carcinoma [78] (Fig. 1).
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5  Conclusions

In this review, we focused on some tumor-suppressive miRNAs and described their 
regulatory epigenetic mechanisms in cancer. Epigenetic alterations lead to aberrant 
miRNA expression, and miRNA dysregulation leads to epigenetic abnormalities in 
cancer. Additional studies of the relationship between miRNAs and epigenetics will 
facilitate the discovery of new therapeutic strategies in the treatment of human 
cancers.
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Fig. 1 pri-miRNAs are transcribed in the nucleus, and the 5′-ends of them are cleaved by Drosha. 
The products, called pre-miRNAs, are transported from the nucleus to the cytoplasm via exportin-
 5. The terminal ends of the pre-miRNAs are cleaved by Dicer, generating mature miRNAs. They 
can be arranged in two directions, guide strand or passenger strand miRNAs. Both of them are 
incorporated into the RISC, and have function by repressing mRNA translation or cleaving 
mRNA. DNA methylation and histone modification are the most common epigenetic regulation 
mechanisms. DNA methylation inactivates the transcription of CpG in the promoter regions of 
tumor suppressor genes and leads to gene silencing. DNA methyltransferases (DNMTs) is involved 
in the process of methylation, and the expression of them is regulated by several miRNAs. Histone 
modification plays a critical role in the regulation of chromatin, and the major roles are histone 
methylation and histone acetylation. Histone methylation condenses chromatin, and is involved in 
the regulation of chromatin inactivation (heterochromatin). Several epigenetic modulators are 
involved in the process of histone methylation, and the expression of them is regulated by several 
miRNAs. Histone acetylation reduces affinity between DNA and histones, leading to the chroma-
tin activation (euchromatin). Several transcription factors are involved in the process of histone 
acetylation, and the expression of them is regulated by several miRNAs
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Genomic Imprinting Syndromes and Cancer

Ken Higashimoto, Keiichiro Joh, and Hidenobu Soejima

Abstract Genomic imprinting is an epigenetic phenomenon that leads to parent- 
specific differential expression of a subset of mammalian genes. Some imprinted 
genes are expressed from the maternal allele and repressed on the paternal allele, 
whereas others are expressed from the paternal and not the maternal allele. Because 
most imprinted genes play important roles in growth and development, and metabo-
lism, the aberrant expression of imprinted genes due to epigenetic or genetic altera-
tions often causes human disorders. These include genomic imprinting syndromes 
and tumors. Since loss of imprinting (LOI) of IGF2 (which means biallelic expres-
sion of IGF2) was first reported in Wilms tumor in 1993, aberrant methylation of 
differentially methylated regions (DMRs), which regulate expression of imprinted 
genes and/or aberrant expression of imprinted genes, have been reported in various 
tumors. In this section, general imprinting mechanisms, representative clinical fea-
tures and causative molecular alterations of eight imprinting syndromes are 
described. In addition, representative molecular alterations of imprinted DMRs or 
imprinted genes associated with tumors are also described.

Keywords Genomic imprinting • Imprinting syndromes • Imprinted genes  
• Differentially methylated regions (DMRs) • Imprinting control regions (ICRs)

1  Genomic Imprinting

1.1  Genomic Imprinting and Human Disorders

Genomic imprinting is an epigenetic phenomenon that leads to parent-specific dif-
ferential expression of a subset of mammalian genes. Some imprinted genes are 
expressed from the maternal allele and repressed on the paternal allele, whereas 
others are expressed from the paternal not maternal allele. Because most imprinted 
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genes play important roles in the growth and development of embryos, placental 
formation, and metabolism, the aberrant expression of imprinted genes due to epi-
genetic or genetic alterations often cause human disorders, such as genomic imprint-
ing syndromes and tumors [2, 220]. In addition, recent studies show that imprinted 
genes are involved in wide biological phenomena, such as feeding, maintenance of 
body temperature, neurological and behavioral processes, sleep, and stem cell 
maintenance and renewal. These indicate that altered expression of imprinted genes 
may influence the development of a wide-range of human disorders [181].

Genomic imprinting in mammals was identified by pronuclear transplantation 
experiments in the early 1980s [150, 214]. Such experiments indicated that maternal 
and paternal contributions to the mouse embryonic genome are not equivalent. It is 
noteworthy that ovarian teratoma developed by parthenogenesis and complete 
hydatidiform mole developed by androgenesis both also indicate separate contribu-
tions of the two parental genomes in humans. In 1991, three imprinted genes were 
firstly identified in mice. These include: insulin-like growth factor 2 (Igf2), insulin- 
like growth factor 2 receptor (Igf2r), and H19, a non-coding RNA. In humans, uni-
parental disomy was described as a new genetic concept in 1980 [50]. This was 
defined as the inheritance of two copies of a chromosome or part of a chromosome 
from one parent and no copies from the other parent. In addition, Prader-Willi syn-
drome (PWS) was identified as the first imprinting disorder in 1989 [170]. Thus far, 
eight genomic imprinting syndromes are known. These are: Beckwith-Wiedemann 
syndrome (BWS), Silver-Russell syndrome (SRS), Prader-Willi syndrome (PWS), 
Angelman syndromes (AS), Kagami-Ogata syndrome (KOS), Temple syndrome 
(TS), pseudohypoparathyroidism (PHP), and transient neonatal diabetes mellitus 
type 1 (TNDM1).

1.2  The Control of DNA Methylation Imprints

To date, approximately 150 imprinted genes have been identified in the mouse with 
approximately 70% conserved in humans. Many imprinted genes form clusters, or 
imprinting domains. The expression of imprinted genes within these domains is 
regulated by imprinting control regions (ICRs) [181, 209]. ICRs show differential 
methylation between the two parental alleles, forming so-called differentially meth-
ylated regions (DMRs). DMRs are classified into maternally and paternally methyl-
ated DMRs, as well as into gametic and somatic DMRs. Maternally methylated 
DMRs are methylated maternal alleles only, and not paternal alleles, and vice versa 
for paternally methylated DMRs. Gametic DMRs acquire DNA methylation in the 
maternal and paternal germ cells and most gametic DMRs are identical to ICRs. In 
contrast, methylations of somatic DMRs are established after fertilization in 
response to nearby gametic DMRs (ICRs) [55, 209].

To date, there are 28 known gametic DMRs (ICRs) in the mouse and 38  in 
humans [153]. DNA methylation of the genome, including DMRs, is erased in pri-
mordial germ cells (PGCs). After this, sex-specific methylation marks at DMRs 
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(ICRs) are acquired and established in developing germ cells. The establishment of 
methylation marks requires de novo DNA methyltransferase Dnmt3a and its regula-
tory factor Dnmt3l [18, 96]. In mouse developing oocytes, the Dnmt3a-Dnmt3l 
complex shows low affinity to H3K4me3, but interacts with unmethylated H3K4. 
This suggests that demethylation of H3K4 is a prerequisite for de novo DNA meth-
ylation at some ICRs [30, 176]. Transcription through the ICR regions would thus 
be critical for methylation acquisition in developing oocytes because transcription 
may make the chromatin more accessible via the Dnmt3a-Dnmt3l complex [29, 55].

After fertilization, zygotes undergo global demethylation until implantation. The 
paternal genome is rapidly demethylated, indicating an active mechanism associ-
ated with Tet3-mediated oxidation of 5 mC converting to 5 hmC [66]. The maternal 
genome is gradually demethylated due to a passive replication-dependent dilution 
mechanism. During the global demethylation, methylation of ICRs must be main-
tained. Dppa3 (also known as Pgc7 or Stella) is a factor protecting methylation of 
the maternal genome, including ICRs. Dppa3 recognizes and binds to H3K9me2 on 
the methylated ICRs and prevents them from Tet3-mediated demethylation [166, 
236]. Dppa3 also protects paternally methylated ICRs, such as H19-DMR and 
Rasgrf1, in the mouse [166].

Zfp57 is another factor, which protects imprinted methylation. This KRAB zinc- 
finger protein binds to a methylated sequence, such as TGCCGC, and interacts with 
Trim28 (also known as Kap1) to recruit Dnmt1 and H3K9 methyltransferase Setdb1. 
This results in protection of methylated ICRs [125, 186]. In humans, homozygous 
recessive mutations of ZFP57 have been found in TNDM1 patients. Such patients 
show loss of DNA methylation (LOM) at several ICRs other than ZAC-DMR, which 
is an ICR responsible for TNDM1 [138].

After implantation, the global DNA methylation level increases. Dnmt3b is a 
responsible de novo methyltransferase for this increase [153]. At this stage, it is 
important to protect unmethylated DMRs against de novo methylation. CTCF binds 
to unmethylated maternal H19-DMR and protects it from de novo methylation [51, 
205]. Rex1/Zfp42 also protects Peg3 and Gnas DMRs [131]. In addition, most 
unmethylated ICRs overlap promoter CpG islands with active transcription enriched 
with H3K4me3. Since H3K4me3 prevents binding of DNMT3L, which leads to 
impairment in de novo methylation, those ICRs may be protected [176]. Furthermore, 
formation of R-loops (double-stranded RNA-DNA structures forming on the tran-
scribed DNA strand) on the unmethylated transcriptional active ICRs protects the 
unmethylated status against de novo DNA methylation by Dnmt3b in the early 
embryo [63].

1.3  Regulation of Imprinted Gene Expression by ICRs

Imprinting domains contain both maternally and paternally expressed genes, as well 
as genes that encode proteins and those that encode non-coding RNAs. Gene expres-
sion within the domains is also regulated by ICRs, as previously mentioned [181]. 
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Maternally methylated ICRs are found at promoters of protein-coding genes or non- 
coding RNA genes, whereas paternally methylated ICRs are found in intergenic 
regions [55]. ICRs act in cis to express genes within the domains monoallelically. 
Although the precise mechanisms differ among loci, there are two principal mod-
els—the long non-coding RNA (lncRNA) model and the insulator model [181].

The lncRNA model is thought to implicate four imprinting domains: Igf2r, 
Kcnq1ot1, Snrpn, and Gnas [55, 181]. Maternally methylated ICRs at promoters 
repress lncRNAs, but unmethylated ICRs on the paternal alleles are active in tran-
scription and repression of neighboring protein-coding genes in cis. The best char-
acterized locus for the insulator model is H19-DMR.  When CTCF binds to 
unmethylated H19-DMR on the maternal allele, it insulates the Igf2 promoter from 
downstream enhancers, resulting in silencing of Igf2 [14, 71].

2  Genomic Imprinting Syndromes

2.1  Beckwith-Wiedemann Syndrome

Beckwith-Wiedemann syndrome (BWS; OMIM 130650) is a model of imprinting 
disorder, which shows prenatal and postnatal macrosomia, macroglossia, abdomi-
nal wall defects, a predisposition to tumorigenesis, and other variable features. 
Incidence is approximately one in 13,700 live births [208]. The chromosomal locus 
for BWS is 11p15.5, which consists of two imprinting domains: IGF2/H19 and 
CDKN1C/KCNQ1OT1. H19-DMR and KvDMR1 are the ICRs for the IGF2/ H19 
and CDKN1C/KCNQ1OT1 domains, respectively (Fig. 1a). The important genes in 
the IGF2/H19 domain are insulin-like growth factor 2 (IGF2) and lncRNA, H19. 
IGF2 is expressed from the paternal allele and H19 is expressed from the maternal 
allele. For the CDKN1C/KCNQ1OT1 domain, the important genes are CDKN1C 
and KCNQ1OT1. CDKN1C encodes cyclin-dependent kinase (CDK) inhibitor and 
shows preferential maternal expression. KCNQ1OT1 is a paternally expressed gene 
encoding lncRNA.

So far, several causative alterations have been identified. These are gain of meth-
ylation (GOM) at H19-DMR (~5% of patients), loss of methylation (LOM) at 
KvDMR1 (~50% of patients), paternal uniparental disomy (pUPD) encompassing 
11p15.5 (~20% of patients), loss of function mutation of CDKN1C (~5% of 
patients), and chromosomal rearrangement involving 11p15.5 (<1% of patients). 
However, no alteration of 11p15.5 can be found for ~20% of BWS patients [209]. 
H19-DMR-GOM leads to biallelic expression, or IGF2 LOI and reduced expression 
of H19. KvDMR1-LOM leads to expression of KCNQ1OT1 RNA, which in turn 
results in repression of CDKN1C expression on the maternal chromosome. In Sects. 
3.1 and 3.2 the detailed molecular mechanisms of the domains are described. The 
minimal region of pUPD is 2.7 Mb from the 11p telomere, which includes both 
H19-DMR and KvDMR1-LOM, leading to both IGF2 LOI and silencing of 
CDKN1C [175].
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drome (AS) locus at 15q11-q13. (c) Kagami-Ogata syndrome (KOS)/Temple syndrome (TS) locus 
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The development of embryonal tumors is an important feature of BWS, where 
the overall tumor risk has been estimated at 7.4% [163]. Tumor risk is different 
depending on molecular alterations. It is 22.8% in H19-DMR-GOM, 13.8% in 
pUPD, 8.6% in CDKN1C mutation, and 2.5% in KvDMR1-LOM. A specific type of 
pUPD, denoted as genome-wide pUPD (GWpUPD) mosaic, has been recognized 
among patients of pUPD. Patients with mosaic GWpUPD showed a high incidence 
(81%) of tumor development, significantly higher than in segmental pUPD patients 
[175]. Tumor type also differs depending on molecular alteration, e.g. Wilms tumor 
is associated with H19-DMR-GOM and pUPD, hepatoblastoma and adrenal carci-
noma associated with pUPD, and neuroblastic tumors associated with CDKN1C 
mutation [163]. In addition, there are reports of altered gene expressions and meth-
ylation status of DMRs in many tumors (Table 1). These alterations are described in 
detail in Sects. 3.1 and 3.2.

2.2  Silver-Russell Syndrome

Silver-Russell syndrome (SRS; OMIM 180860) is characterized by clinical pheno-
types opposite to BWS, such as intrauterine growth restriction, poor postnatal 
growth, relative macrocephaly, triangular face, asymmetry, and feeding difficulties 
[46]. Incidence is one in 100,000. SRS patients do not appear to have a significantly 
increased incidence of neoplasia [197]. H19-DMR becomes hypomethylated (H19- 
DMR- LOM) in more than 45% of SRS patients, leading to increased H19 expres-
sion and decreased IGF2 expression [46] (Fig. 1a). Maternal uniparental disomy of 
chromosome 7, or upd(7)mat, is found in 4.5% of SRS patients. The disturbed 
expression of imprinted genes on chromosome 7 has been estimated and several 
imprinted genes were found at 7p11.2-p13 and 7q31-qter. However, the molecular 
link between upd(7)mat and SRS is currently unknown [46].

2.3  Prader-Willi Syndrome and Angelman Syndrome

Incidence of Prader-Willi syndrome (PWS; OMIM 176270) and Angelman syn-
drome (AS; OMIM 105830) is 1:15,000–1:25,000 live births. PWS is characterized 
by severe hypotonia and feeding difficulties in early infancy, followed in later 
infancy or early childhood by excessive eating and gradual development of morbid 
obesity [23]. The evaluation of the cancer risk using the PWS registry in the US 
showed an increased risk of myeloid leukemia, but not other cancers [39]. AS is 
characterized by microcephaly, gait ataxia, severe mental retardation, and absent or 
severely limited speech [23]. Tumor development in AS has been rarely reported.

These two distinct disorders develop as a result of imprinting disruption of 
15q11-q13 (Fig. 1b). ICR is maternally methylated and regulates expression of the 
genes within this region [23]. Approximately 70% of patients with PWS show 
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5–7 Mb de novo interstitial deletion of paternal 15q11-q13. In addition, PWS devel-
ops as a result of maternal uniparental disomy 15 (upd(15)mat) (20–30%) and GOM 
at the ICR (1–3%). These alterations lose or reduce the expression of paternal genes, 
including SNORD116, which is a probable major gene contributing to the PWS 
phenotype [41, 198]. As for AS, maternal deletion of 15q11-q13 (70%), paternal 
uniparental disomy (15upd(15)pat) (3–7%), LOM at the ICR (2–4%), and mutation 
in the UBE3A (10%) are found. A causative gene, UBE3A, which is expressed from 
the maternal allele in the brain, is inactivated by the alterations [23, 106].

2.4  Kagami-Ogata Syndrome and Temple Syndrome

Since chromosome 14q32.2 harbors an imprinting domain, paternal uniparental 
disomy 14 (upd(14)pat) results in Kagami–Ogata syndrome (KOS, OMIM 608149) 
and maternal uniparental disomy 14 (upd(14)mat) results in Temple syndrome (TS, 
OMIM 616222). This domain contains three paternally expressed protein-coding 
genes and numerous maternally expressed genes that encode noncoding RNAs 
(Fig. 1c). The IG-DMR and the MEG3-DMR are paternally methylated and func-
tion as ICRs for the domain [173].

The two disorders are very rare with approximately 50 reported patients for each 
syndrome [85, 173].

KOS shows unique phenotypic features, which include increased coat-hanger 
angle to the ribs and decreased ratio of the mid to widest thorax diameter, abdomi-
nal wall defects, prenatal overgrowth/overweight, and developmental delay. The 
ribs and thorax abnormalities are detectable by chest roentgenogram. KOS is devel-
oped as a result of upd(14)pat (65%), deletion of maternal 14q32.2 (19%), and 
GOM at the IG-DMR and the MEG3-DMR (19%). These alterations induce the 
excessive RTL1 expression and reduced expression of maternally expressed genes, 
which are the primary underlying factors for phenotypic development [173]. 
Hepatoblastoma has been identified in three infantile patients with KOS, which 
invariably occurred before 4 years of age [173]. Aberrant methylations of DMRs 
within this imprinted region were reported in several tumors (Table 1), which are 
described in Sect. 3.3.

The cardinal features of TS are low birth weight, hypotonia and motor delay, 
feeding problems early in life, early puberty onset, and significantly reduced final 
height. Many of the clinical features are nonspecific, making diagnosis difficult 
[85]. Tumor development has been rarely reported in TS.  TS is developed by 
upd(14)mat (70–80%), microdeletion of paternal 14q32.2 (~12%), and LOM at 
the IG-DMR and the MEG3-DMR (~12%). Such alterations decrease DLK1 and 
RTL1 expression, which both play a major role in the development of TS pheno-
types [85, 90].
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2.5  Pseudohypoparathyroidism

Pseudohypoparathyroidism (PHP) is an endocrine disorder characterized by resis-
tance to the parathyroid hormone. The GNAS locus at 20q13.32, a disease locus for 
PHP, is imprinted and contains three protein coding transcripts. These are: the GNAS 
gene encoding α–subunit of heterotrimeric guanine nucleotide-binding protein 
(Gsα), extra-large Gsα (XLαs), neuroendocrine secretory protein 55 (NESP55). 
And two noncoding RNAs, including the A/B transcript and an antisense GNAS 
transcript (GNAS-AS1) are also contained in this locus (Fig.  1d). The imprinted 
expressions are regulated by multiple DMRs (see Sect. 3.4). GNAS is a tissue- 
specific imprinted gene showing maternal expression in renal proximal tubules, thy-
roid, gonads, hypothalamus, and pituitary. There are several disorders associated 
with GNAS mutations or defective imprinting. These are pseudohypoparathyroid-
ism type 1A (PHP1a, OMIM 103580), PHP1b (OMIM 603233), pseudo-PHP 
(PPHP, OMIM 612463), progressive osseous heteroplasia (POH; OMIM 166350), 
and McCune-Albright syndrome (MAS; OMIM 174800) [101, 144]. Of these, 
PHP1a and PHP1b are related to genomic imprinting. PHP1a is caused by mater-
nally transmitted inactivating mutations of GNAS, resulting in loss of function in 
imprinted tissues. Sporadic PHP1b is caused by LOM at A/B-DMR, which is nor-
mally methylated on the maternal allele. The LOM induces expression of A/B tran-
script, resulting in suppression of GNAS. Familial PHP1b shows a microdeletion 
within the maternal STX16 gene, which is located approximately 220 Kb upstream 
of A/B-DMR (Fig. 1d). The deletion induces LOM at A/B-DMR, which also results 
in suppression of GNAS. PPHP and POH are caused by paternally transmitted inac-
tivating mutations of GNAS, and results in haploinsufficiency in non-imprinted tis-
sues. MAS is caused by activating mutations of GNAS. Several cancers including 
bone, thyroid, testicular, and breast have been reported in MAS [19]. Aberrant 
methylations of DMRs within the GNAS locus were reported in several tumors 
(Table 1), which are described in Sect. 3.4.

2.6  Transient Neonatal Diabetes Mellitus Type 1

Transient neonatal diabetes mellitus type 1 (TNDM1; OMIM #601410) is a subtype 
of neonatal diabetes. It presents as hyperglycemia that begins in the neonatal period 
and resolves by age 18 months, as well as dehydration, absence of ketoacidosis, and 
intrauterine growth retardation [139]. Approximately 50% of TNDM1 patients 
relapse diabetes in adolescence or early adulthood. Its incidence was estimated at 
1:215,000 to 1:400,000 births [216]. TNDM1 is caused by overexpression of the 
imprinted genes PLAGL1/ZAC, which encode a transcription factor and HYMAI, a 
non-coding RNA, on chromosome 6q24. It is due to paternal uniparental disomy of 
chromosome 6 (40%), duplication of the imprinted region at 6q24 (32%), and 
maternal hypomethylation of the ZAC-DMR (28%), which is normally methylated 
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on the maternal allele (Fig.  1e). Tumor development in TNDM1 has not been 
reported, however, PLAGL1 is downregulated in cancers, including breast, ovarian 
and cervical cancer, hepatocellular carcinoma (HCC), and squamous cell carcinoma 
of the head and neck [1].

3  Imprinted Genes and Cancer

As previously mentioned, imprinted genes play an important role in growth and 
development. Disruption of imprinting due to aberrant methylation of DMRs and/or 
aberrant expression of imprinted genes is associated with tumor growth. Indeed, 
global loss of imprinting is associated with increased tumorigenesis in mice [77]. In 
humans, loss of imprinting (LOI) of IGF2, which is the same as biallelic expression 
of IGF2, was first reported in Wilms tumor in 1993 [174, 187]. IGF2 LOI in Wilms 
tumor has been associated with hypermethylation of H19-DMR [155, 211]. IGF2 
LOI is also reported in many adult tumors [31]. To date, aberrant methylation of 
DMRs and/or aberrant expression of imprinted genes occurs in various tumors from 
individuals lacking imprinting disorders [181]. Aberrant methylation of DMRs 
involved in tumors is summarized in Table 1. In this section, representative imprinted 
domains or DMRs associated with tumors are described.

3.1  IGF2/H19

3.1.1  The Regulation of the Imprinted IGF2/ H19 Domain

The IGF2/H19 domain is one of the firstly identified imprinted domains. The ICR 
of this domain is H19-DMR, located upstream of H19, and is DNA methylated on 
paternal but not maternal allele. For unmethylated maternal H19-DMR, the CTCF 
insulator protein can successfully bind as a result of methylation sensitive binding 
to H19-DMR. In maternal allele, the existence of CTCF at H19-DMR blocks access 
of enhancers downstream of H19 to the IGF2 promoters. This instead activates the 
H19 promoter, resulting in maternal H19 expression. Conversely, in paternal allele, 
IGF2 is activated by allowing the promoters to access the enhancers due to the 
unbound of CTCF on methylated H19-DMR, resulting in paternal IGF2 expression 
[74] (Fig. 1a).

The CTCF also involves the formation of chromatin looping in addition to insu-
lator function. Studies of chromosome conformation capture (3C) show that, 
depending on the methylation status of H19-DMR, H19-DMR alters interaction 
regions, such as Igf2-DMR1, DMR2, or Igf2 promoters, and Igf2/H19 domain forms 
allele specific chromatin-looping that regulates the expression of Igf2 and H19 [113, 
161, 243]. Furthermore, interaction between CTCF bound maternal H19-DMR and 
Igf2 promoters forms chromatin-loop and polycomb repressive complex 2 (PRC2) 

Genomic Imprinting Syndromes and Cancer



314

is recruited through the CTCF. This results in maternal specific histone H3 lysine 27 
methylation (H3K27me) and represses maternal Igf2 promoters [123]. Subsequently, 
genome-wide analyses of CTCF and cohesin, a ring-like protein complex, reveal 
that both proteins were largely co-localized [235]. Cohesin is required to stabilize 
CTCF-mediated chromatin-loop in the IGF2/H19 domain [169].

Most of the above studies have been performed using mice. In human cells, novel 
CTCF/cohesin-binding sites, were identified at the upstream site of the IGF2 gene 
(CTCF AD), upstream site of H19-DMR (CCD), and at the downstream site of the 
enhancer (CTCF DS) (Fig.  2a). CTCF/cohesin bound to all these sites on both 
alleles because they were unmethylated. 3C studies show that unmethylated H19- 
DMR interacted with CTCF DS on the maternal allele, while CTCF DS interacts 
with CTCF AD on the paternal allele. The allele specific chromatin-loop formed by 
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Fig. 2 (a) Simplified model of CTCF/cohesin complex mediated interactions in the human 
IGF2/H19 domain. The CTCF/cohesin binding region and enhancer are indicated by purple rect-
angles and yellow ovals, respectively. Methylated and unmethylated CpG dinucleotides regions are 
shown by black and open lollipops, respectively. On the maternal allele, unmethylated H19-DMR 
interacts with CTCF DS, resulting in maternal H19 expression. Conversely, on the paternal allele, 
CTCF DS interacts with CTCF AD because methylated H19-DMR prevents CTCF binding, result-
ing in paternal IGF2 expression. The allele specific chromatin-loops, formed by these interactions, 
regulate imprinted expression in this domain by bringing enhancers into the proximity of the pro-
moters. The interaction between CTCF AD and CCD on both alleles is omitted. (b) Structure 
characteristics of the human IGF2 gene. The nine exons of the IGF2 gene are indicated by the 
numbered boxes and the promoters (P1–P4) are indicated by arrows. The transcripts from P2, P3, 
and P4 promoters are expressed from the paternal allele, whereas transcripts from P1 are expressed 
from both parental alleles. IGF2-DMR0 and DMR2 are methylated on the paternal allele
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these interactions regulates imprinted expression in this domain by bringing enhanc-
ers into the proximity of the promoters [168].

3.1.2  The Role of IGF2 in Cancer

IGF2 is a potent mitogenic growth factor, which is particularly important for embry-
onic and placental growth during embryogenesis [21]. IGF2 signals occur via the 
IGF1 receptor (IGF1R), insulin receptor isoform A (IR-A), and the IGF1R/ IR-A 
hybrid receptor. The binding of IGF2 to IGF1R activates the tyrosine kinase recep-
tor. Tyrosine kinase phosphorylates two main substrates: the insulin receptor sub-
strates (IRSs) and Src homologous and collagen (Shc). Phosphorylated IRSs recruit 
the phosphatidylinositol 3-kinase (PI3K) and activates the PI3K/AKT pathway. The 
PI3K/AKT pathway exerts a variety of functions, such as releasing the anti- apoptotic 
protein Bcl-2 from BAD, activating protein synthesis via mTOR and promoting 
glucose metabolism by inhibiting GSK-3β, which is implicated in preventing cell 
death [43]. Conversely, activating Shc by IGF1R stimulates the Ras/mitogen- 
activated protein (MAP) kinase pathway, resulting in increased cellular prolifera-
tion [43].

The upregulation of IGF2, observed in various tumors, is associated with pro-
moting tumor development, tumor angiogenesis, drug resistance, and prognosis 
[21]. One cause of this upregulation is IGF2 LOI, which occurs in childhood tumors 
(e.g., Wilms tumor, rhabdomyosarcoma, and hepatoblastoma) and a majority of 
adult tumors (e.g., prostate, breast, lung, colon, and liver cancer) [31]. Theoretically, 
the IGF2 LOI leads to a 2-fold increase in IGF2 expression. In fact, Wilms tumors 
with IGF2 LOI showed a 2.2-fold increase in IGF2 expression compared with nor-
mal imprinting of IGF2 [188]. The relationship between LOI and intestinal tumori-
genesis was investigated using a mouse model of Igf2 LOI in the APCmin background. 
Compared with LOI negative APCmin mice, LOI positive APCmin mice develop about 
twice the adenomas in both the small intestine and colon. LOI positive APCmin also 
show a shift toward a less differentiated normal intestinal epithelium. The same 
phenomenon is seen in the normal colonic mucosa with LOI in humans [199]. In 
addition, Igf2 LOI per se led to increased expression of proliferation-related genes 
in intestinal crypts and enhancement of sensitivity to IGF2 signaling in Igf2 LOI 
mice [95].

Endothelial progenitor cells (EPCs) contribute to tumor angiogenesis, which 
plays a critical role in tumor growth and progression. Both recruiting and incorpo-
rating EPCs to ischemic sites are involved in IGF2-IGF2R-PLCβ2 axis [141]. IGF2 
also promotes embryonic stem cell differentiation into endothelial cells through 
IGF1R [183]. Thus, IGF2 may contribute to tumor angiogenesis.

The development of drug-resistant tumors is an obstacle to effective treatment. 
The ovarian cancer cell lines resistant to Taxol and other microtubule-stabilizing 
drugs increase IGF2 expression compared with their drug sensitive cell lines of 
origin. Inhibition of IGF2 signaling in the Taxol-resistant ovarian tumor cell lines 
by IGF1R/IR inhibitor NVP-AEW541 or IGF2 RNAi restores Taxol sensitivity 
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[79]. High IGF2 mRNA expression is also significantly associated with clinically 
evident drug resistance and poor prognosis in ovarian tumor patients [22, 79].

Increased IGF2 expression is associated with a poor prognosis in various tumors, 
including: ovarian, breast, esophageal tumor, and chronic myeloid leukemia [132]. 
Meanwhile, IGF2 LOI can occur in normal colonic mucosa and peripheral blood of 
patients with LOI in cancer tissues and, less frequently, in normal individuals [33]. 
These results suggest the possibility that LOI may be an effective marker of colorec-
tal cancer risk. In a pilot study, the adjusted odds ratio for LOI in lymphocytes was 
5.15 for patients with a positive family history, 3.46 for those with adenomas, and 
21.7 for those with colorectal cancer. This supports that LOI in lymphocytes may be 
able to predict colorectal cancer risk [32].

3.1.3  The Mechanisms of IGF2 LOI

The mechanisms of IGF2 LOI can be caused by alteration in IGF2 promoter usage, 
H19-DMR hypermethylation, and the aberrant methylation of IGF2-DMRs. There 
are, however, many unsolved and controversial issues (Table 1).

3.1.3.1 Alterations in IGF2 Promoter Usage

IGF2 mRNA is transcribed from separate promoters (P1-P4), which are activated in 
a developmental stage, in a tissue-specific manner. The transcripts from P2, P3, and 
P4 promoters are imprinted and activated during fetal development. Conversely, the 
transcripts from P1 are expressed from both parental alleles in the liver and chon-
drocytes (Fig. 2b). P1 promoter activity is very weak in the fetal, but increases in the 
adult liver [47, 124, 229]. This suggests that IGF2 LOI may occur by promoter 
switching from imprinted promoters P2–P4 to non-imprinted promoter P1. This 
assumption has been tested in several types of tumor. However, it was recognized 
only in cervical carcinoma [105]. Many other tumors, such as laryngeal squamous 
cell carcinoma and Wilms tumor, did not show the promoter switch [65, 228].

3.1.3.2 H19-DMR Hypermethylation

Given regulation of the imprinted IGF2/H19 domain, gain of methylation of unmeth-
ylated maternal H19-DMR (H19-DMR hypermethylation) leads to IGF2 LOI and 
H19 repression because the maternal H19-DMR changes to paternal mode. IGF2 LOI 
and H19 repression by H19-DMR hypermethylation has been identified in Wilms 
tumor and hepatoblastoma [16, 78, 201]. Conversely, some Wilms tumors with H19-
DMR hypermethylation show normal IGF2 imprinting. This indicates that hyper-
methylation is necessary, but not sufficient for IGF2 LOI in Wilms tumor [34]. Of 
note, IGF2 LOI and H19 LOI (biallelic expression of H19) are accompanied by H19-
DMR hypermethylation and hypomethylation, respectively, in osteosarcoma [223].
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3.1.3.3 Aberrant Methylation of IGF2-DMRs

The human IGF2 gene contains two DMRs, DMR0 and DMR2. The aberrant meth-
ylation of these DMRs is reported in various tumors. IGF2-DMR0, which is pater-
nally methylated, is located between exons 2 and 3 of IGF2 (Fig. 2b). IGF2 LOI is 
tightly connected with IGF2-DMR0 hypomethylation, but not H19-DMR methyla-
tion status, in colorectal tumors and matched normal mucosae [35]. This suggests 
that IGF2-DMR0 hypomethylation is a different mechanism for LOI from H19- 
DMR aberrant methylation [35]. However, IGF2-DMR0 hypomethylation was not 
always associated with LOI because some tumors with IGF2-DMR0 hypomethyl-
ation showed normal IGF2 monoallelic expression in colorectal tumors [87]. 
Further, there was no association between DMR0 hypomethylation and LOI in 
osteosarcoma, bladder, and ovarian tumors [24, 158, 223]. These results suggest 
that IGF2-DMR0 hypomethylation does not directly induce LOI.  Furthermore, 
since it appears unlikely that paternally methylated IGF2-DMR0 contributes to 
IGF2 repression from maternal allele in trans, no association is plausible. 
Determining the function of IGF2-DMR0 could resolve the above controversy. 
Meanwhile, IGF2-DMR0 hypomethylation is associated with poor prognosis in 
colorectal tumor and esophageal squamous cell carcinoma, suggesting its potential 
role as a prognostic marker [11, 157].

IGF2-DMR2, which is paternally methylated, is located between exons 8 and 9 
of IGF2 (Fig. 2b). The function of IGF2-DMR2 is unknown. In pancreatic endo-
crine tumors (PETs), IGF2-DMR2 hypermethylation occurs specifically in insuli-
nomas, but not in any of other tumor types, namely gastrinomas or non-functioning 
PETs. DMR2 hypermethylation in insulinomas is also correlated with IGF2 LOI 
and overexpression. Gastrinomas and non-functioning PETs also show significant 
DMR0 hypomethylation and some degree of DMR2 hypomethylation while exhib-
iting less IGF2 expression than normal pancreatic tissue. In addition, decreased 
levels of methylation in DMRs is associated well with worse malignancy according 
to the World Health Organization (WHO) classification of PETs, except insulino-
mas, which suggests it has a potential role as a methylation-based biomarker for 
classification and staging [42].

3.1.4  The Role of H19 in Cancer

H19 is the first imprinted ncRNA identified. It is highly expressed during embryonic 
development, but decreases significantly in most tissues after birth [93]. H19 has 
been identified as a tumor suppressor candidate due to its inactivation in Wilms 
tumors [155, 211]. The growth inhibition by exogenous expression in embryonal 
tumor cell lines and the tumorigenesis in murine models lacking H19 indicate the 
tumor suppressor activity [70, 244].

Conversely, exogenous expression of H19 in choriocarcinoma cell lines and its 
expression pattern in the testicular germ cell tumors of adolescents and adults sug-
gests H19 shows oncogenic activity [135, 225]. Indeed, overexpression of H19 is 
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observed in several tumors [147] and the molecular evidence for oncogenic H19 
functions has been demonstrated recently. For example, tumor suppressor p53 was 
partially inactivated via the association between p53 and H19 in a gastric cancer cell 
line [241]. H19 is also associated with EZH2, which is known to methylate H3K27. 
This association results in inhibition of E-cadherin, associated with invasion and 
metastasis of tumor cells through Wnt/β-catenin activation in bladder cancer [133]. 
Furthermore, H19 acts as a molecular sponge for let-7 tumor suppressor miRNA. 
H19 trapping of let-7 promotes tumor metastasis [240]. H19 is also a primary 
miRNA precursor of miR-675. Although miR-675 is expressed exclusively in the 
placenta under normal physiological conditions, aberrant expression of miR-675 
can directly suppress the tumor suppressor RB1 in colorectal cancer [102, 221]. The 
above results underline the oncogenic functions of H19. Thus, this gene may play 
contrary roles in tumorigenesis and may differ between embryonal and adult tumors 
in the human and mouse.

3.1.5  H19 LOI and its Mechanism

H19 LOI (biallelic expression of H19) is observed in several tumor types and can 
result in its overexpression [147]. Indeed, previous work shows H19 LOI is associ-
ated with its overexpression in lung and esophageal cancers [75, 109]. 
Hypomethylation of H19-DMR and H19 promoter has also been correlated with 
H19 LOI in osteosarcoma and lung cancer, respectively [109, 223] (Table  1). 
However, due to a lack of comprehensive research into the association between 
LOI, DNA methylation, and/or histone modifications in H19-DMR and H19 pro-
moter in various tumors, the mechanism behind LOI has not been fully elucidated.

3.2  KCNQ1OT1/CDKN1C

3.2.1  The Regulation of the Imprinted KCNQ1OT1/CDKN1C Domain

The ICR of this domain is KvDMR1, located in intron 10 of KCNQ1, and is methyl-
ated on the maternal but not paternal allele. It also contains the promoter of 
KCNQ1OT1, a long non-coding RNA. The paternal KCNQ1OT1 is expressed from 
unmethylated paternal KvDMR1 in the antisense direction to KCNQ1, resulting in 
cis-repression of neighboring genes [143]. On the maternal allele, neighboring 
genes, such as CDKN1C, KCNQ1, SLC22A18, and PHLDA2 are expressed due to 
lack of KCNQ1OT1 expression (Fig. 1a). The regulatory mechanisms have been 
studied in genetically engineered mice and in vitro systems, e.g. episomal vector 
system in detail. In mice, when deletion of KvDMR1 or the Kcnq1ot1 promoter 
within KvDMR1 is paternally transmitted, the paternal Kcnq1ot1 transcript is elimi-
nated and leads to LOI in maternal expressed genes within the domain [57, 143].
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However, in the above results, it is difficult to distinguish which is important for 
imprinting regulation: the act of Kcnq1ot1 transcription or Kcnq1ot1 RNA itself. It 
was documented conclusively that Kcnq1ot1 RNA was necessary for imprinting by 
truncating Kcnq1ot1 in an episomal vector system and in mice, in which transcrip-
tion was preserved, and by flanking the destabilizing sequences from the c-fos 
3′UTR to the Kcnq1ot1 in an episomal vector system [143, 178, 219]. Furthermore, 
Kcnq1ot1 RNA interacts with H3K9 methyltransferase G9a and the H3K27 meth-
yltransferase complex PRC2. It does so by recruiting these proteins in cis to neigh-
boring gene promoters to deposit repressive chromatin marks, such as H3K9me3 
and H3K27me3 in mouse placenta, but not in the liver [178, 217, 230]. In the mouse 
liver, Kcnq1ot1 RNA interacts with Dnmt1 and contribute to maintaining somatic 
DMRs of Cdkn1c and Slc22a18 [152]. In normal human fibroblast cell lines, accu-
mulation of KCNQ1OT1 RNA has been recognized at CDKN1C and SLC22A18 
[156]. Together, these findings indicate that paternal KCNQ1OT1 RNA is pivotal in 
imprinting, although the imprinting regulation of this domain shows lineage- specific 
differences.

Conversely, KvDMR1 itself can function as a regulatory element, such as a 
silencer or an insulator in enhancer-blocking assays [94, 142, 218]. The insulator 
protein CTCF binding sites conserved between mouse and human have also been 
identified, whereby CTCF binds to KvDMR1 in vivo in a methylation-sensitive 
manner [56]. Currently, it is unclear whether KvDMR1 represses paternal Cdkn1c 
expression by a Kcnq1ot1 RNA-independent mechanism. However, given that 
imprinting regulation differs between extra-embryonic tissues and the embryo 
proper [120, 152], this suggests that the mechanistic differences of imprinting regu-
lation may exist among various embryonic lineages.

3.2.2  The Role of CDKN1C in Cancer

CDKN1C is a type of cyclin-dependent kinase inhibitor (CKI) belonging to the Cip/
Kip family and the first imprinted cell-cycle regulator. CDKN1C binds to cyclin- 
CDK complexes and inhibits cell cycle progression [116, 148]. In addition, 
CDKN1C regulates tumor differentiation, apoptosis, cell invasion and metastasis, 
and angiogenesis [98]. For example, CDKN1C-overexpressed LNCaP prostate can-
cer cells reduce invasive ability in vitro and, when transplanted to a nude mouse, can 
form well-differentiated squamous lesions [89]. Induction of CDKN1C expression 
in HeLa cells enhances sensitivity to apoptotic agents through the mitochondrial 
apoptotic cell death pathway [227]. The interaction between CDKN1C and the actin 
cytoskeleton modifying enzyme, LIM-kinase 1 (LIMK-1), can enhance the kinase 
activity of LIMK-1 and thereby stabilize actin filaments. This results in inhibited 
cell migration [226]. In placenta of mice lacking Cdkn1c, the expression of vascular 
endothelial growth factor (VEGF), a potent angiogenic factor, increased compared 
with wild type mice [149]. The aforementioned studies combined with reports of 
decreased CDKN1C expression in various tumors [17] suggest that CDKN1C is a 
multifunctional tumor suppressor gene [98].
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3.2.3  The Mechanism of CDKN1C Inactivation

CDKN1C inactivation occurs in various tumors but mutation is infrequent. 
Abnormal expression of CDKN1C is caused by multiple mechanisms at transcrip-
tional and posttranscriptional levels, as well as by posttranslational modification. 
Here, we focus on the mechanisms of epigenetic transcriptional silencing in 
CDKN1C.

3.2.3.1 CDKN1C Promoter Silencing by DNA Methylation

Aberrant DNA methylation in the promoter region is often invoked as a mechanism, 
which causes transcriptional inactivation of tumor suppressor genes. Aberrant DNA 
methylation at CDKN1C promoter is also a strong mechanism, which attenuates 
CDKN1C expression in many tumors. These include gastric, hepatocellular, pancre-
atic, and breast cancers, and acute myeloid leukemia [17, 103, 107] (Table 1). The 
clinical significance of the CDKN1C methylation status was reported in hematologi-
cal malignancies. In acute lymphocytic leukemia (ALL), the methylation status in 
p73, p15, and CDKN1C composing a cell-cycle regulatory pathway was investi-
gated. Philadelphia chromosome-negative patients with two or three methylated 
genes of this pathway showed significantly worse overall survival compared with 
those with zero or one methylated genes. Although, CDKN1C methylation status 
alone had no relevance to any clinical parameters [207]. In diffuse large B-cell lym-
phoma (DLBCL), CDKN1C promoter methylation occurs frequently [130]. Thus is 
may be applied as a biomarker for detecting minimal residual disease in DLBCL 
[69]. However, CDKN1C methylation was proposed as a favorable prognostic 
marker for a low-risk DLBCL group based on the International Prognostic Index. 
This is because patients with rather than without methylation show longer overall 
survival despite the unknown mechanism behind this favorable prognosis [118].

3.2.3.2 CDKN1C Promoter Silencing by Histone Modifications

The chromatin structure is regulated by histone modifications, such as acetylation, 
methylation, phosphorylation, and ubiquitination, as well as DNA methylation 
[110]. The chromatin structure in gene regulatory elements such as promoter and 
enhancer could influence the accessibility of transcriptional factors. In rhabdoid 
tumor cell lines lacking SMARCB1, a subunit of the SWI/SNF ATP-dependent 
chromatin-remodeling complex, induction of SMARCB1 upregulates CDKN1C 
expression by increasing permissive modifications, H3 and H4 acetylation at the 
CDKN1C promoter. In addition, the histone deacetylase (HDAC) inhibitor can 
restore CDKN1C expression in these cell lines [3]. In breast cancer cell lines, 
CDKN1C is repressed by repressive modification, H3K27me3 by histone methyl-
transferase EZH2 [242]. These results highlight the important role of histone modi-
fications in CDKN1C repression.
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3.2.3.3 CDKN1C Repression by DNA Hypomethylation at KvDMR1

DNA hypomethylation of maternal KvDMR1, leading to aberrant maternal 
KCNQ1OT1 expression, is consequently associated with CDKN1C repression. Such 
methylation abnormalities have previously been described in various tumors, such 
as liver, breast, cervical, gastric, vulva, Wilms tumors, and colorectal cancer cell 
lines [167, 201, 204] (Table 1). However, CDKN1C expression is not associated 
with KvDMR1 methylation status in colorectal cancer cell lines and Wilms tumors 
[167, 201]. Conversely, in esophageal cancer cell lines, diminished CDKN1C 
expression is statistically correlated with KvDMR1 hypomethylation, but not meth-
ylation of the CDKN1C promoter itself [210]. Thus, the CDKN1C silencing mecha-
nism associated with KvDMR1 may depend on cancer type. In addition, it is difficult 
to explain the mechanisms of CDKN1C repression in only the epigenetic status of 
CDKN1C promoter and KvDMR1, as the expression is also regulated by microR-
NAs and signaling pathways [67].

3.2.4  PHLDA2 in Cancer

PHLDA2, a homologue of mouse TDAG51, is the first apoptosis-related imprinted 
gene. PHLDA2 is related to growth inhibition and apoptosis induction via the mito-
chondrial apoptosis pathway, and enhanced chemosensitivity, as well as stemness 
decrease in osteosarcoma [37, 82]. Furthermore, it is regulated by EGFR/ErbB2 
signaling and inhibits cell proliferation through repressing AKT activation in lung 
cancers in a negative feedback loop [232]. Thus, PHLDA2 plays a potent role in 
tumor suppression.

The loss of PHLDA2 expression has been reported in Wilms tumors, complete 
hydatidiform moles, and osteosarcomas [37, 203, 206]. Previous work has shown that 
DNA methylation or EZH2-associated H3K27me3 of the promoter in osteosarcoma 
cell lines mediates transcriptional repression of PHLDA2 (Table  1), although its 
molecular mechanisms in primary tumors have not been well investigated [127, 136].

3.3  DLK1/MEG3

The human DLK1-MEG3 locus spans about 840 kb at 14q32.2. This imprinted 
domain contains three paternally expressed protein-coding genes and numerous 
maternally expressed genes that encode noncoding RNAs, such as lncRNAs, 
 miRNAs, and small nucleolar RNAs (snoRNAs) (Fig. 1c) [36, 173]. Parental allele- 
specific expression of the imprinted genes is controlled by two paternally methyl-
ated DMRs: IG-DMR and MEG3-DMR. The methylation of IG-DMR is established 
in germ cells and MEG3-DMR methylation is established after fertilization. The 
MEG3 gene (referred to as Gtl2 in mice) encodes an lncRNA and is expressed in 
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many normal human tissues, but repressed in various types of human cancers and 
cancer cell lines. Ectopic gene expression shows various tumor suppressor func-
tions, such as inhibited cellular proliferation, induced apoptosis, and induced p53 
activity in many types of cancer and normal cell lines [20, 231, 250, 251]. RTL1 is 
a paternally expressed protein-coding gene in this locus. In mice, hepatic expression 
of this gene can promote cell growth in vitro and drive carcinogenesis of HCC in 
vivo. 30% (10/33) of human HCC also shows RTL1 expression, while normal livers 
show no significant expression of this gene [192].

Silencing or reduced MEG3 expression is observed in many types of tumors, 
such as pituitary tumors [252], neuroblastoma [10], meningioma and meningioma 
cell lines [250], HCC and HCC cell lines [20], and glioma [231]. In addition to 
reduced expression, hypermethylation at the MEG3-DMR occurs in these tumors 
and cell lines. MEG3-DMR hypermethylation also occurs in a small fraction of 
pheochromocytomas and Wilms’ tumors [10]. Further, treatment with 5-aza-dC can 
reactivate MEG3 in neuroblastoma, meningioma, and HCC cell lines [10, 20, 250]. 
In addition to reactivation by 5-aza-dC, overexpression of miR-29, which modulates 
the expression of DNMT1 and DNMT3B, can also reactivate MEG3 expression in 
HCC cell lines [20]. Furthermore, HCC tissues show frequently reduced miR-29 
expression [238]. These results indicate that MEG3 is inactivated by hypermethyl-
ation of maternal MEG3-DMR in many types of cancers.

miR-370, maternally expressed from the genomic region between RTL1 and 
MEG8 in the locus, is downregulated in cholangiocarcinoma [5]. Cancers with 
reduced miR-370 expression harbor hypermethylation at IG-DMR. Further, miR- 
370 expression levels show negative correlations with methylation levels of the 
DMR. Among the possible targets of miR-370 is WNT10B, whose role is not clear, 
but enhances cellular proliferation. miR-127-3p, miR-154, and miR-495, are 
expressed from the anti-RTL1 region, the proximal miRNA cluster, and the 
snoRNA region in DLK1-MEG3 locus, respectively. Hypermethylation at MEG3-
DMR is found in majority of colorectal adenomas [151]. Two of the three  miRNAs: 
miR- 127- 3p and miR-154, show lower expression in adenomas with hypermethyl-
ation than in adenomas with normal methylation. Conversely, miR-495 is expressed 
in similar or slightly higher levels in adenomas with hypermethylation. These four 
miRNAs inhibit cellular proliferation when overexpressed in cancer cell lines 
[26, 27, 58]. In contrast to the downregulation in adenomas, expression of miR-379 
from the snoRNA region and miR-154 is elevated in prostate cancer cell lines and 
primary cancer tissues [68]. Expression levels are correlated with cancer malig-
nancy and overexpression of these miRNAs induces epithelial to mesenchymal 
transition in prostate cancer cells. DNA methylation was not analyzed in these 
cancer tissues and cell lines. Some miRNAs expressed from this imprinting locus, 
may have oncogenic or tumor suppressing functions. Further investigation is 
needed to elucidate how such miRNAs are involved in carcinogenesis of various 
types of cancer.

K. Higashimoto et al.



323

3.4  GNAS Locus

The GNAS complex locus occurs on the long arm of human chromosome 20 
(20q13.32) and is a complex imprinted domain, which contains multiple imprinted 
genes and DMRs [13, 222] (Fig. 1d). As mentioned in Sect. 2.5, this locus expresses 
multiple transcripts that encode Gsα (GNAS gene), XLαs, and NESP55. The tran-
scripts initiate from unique first exons: GNAS, XL, and NESP55, and are spliced 
onto a common set of exons 2-13.

Gsα is involved in a signaling pathway that mediates the actions of various hor-
mones by elevating intracellular cyclic AMP levels. The roles of the proteins, XLαs 
and NESP55, are not yet well understood. Two noncoding RNAs: A/B and 
GNAS-AS1, are expressed from the locus in addition to the protein-coding tran-
scripts. Transcript A/B is transcribed from exon A/B and is spliced onto the common 
exons 2-13 (Fig. 1d). GNAS-AS1 initiates from exon AS1 and is transcribed in an 
antisense orientation to other transcripts.

The transcripts, XLαs, GNAS-AS1, and A/B are expressed only from the paternal 
allele, while NESP55 is expressed only from the maternal allele. GNAS is expressed 
biallelically in most human tissues, but shows maternal expression in some tissues, 
such as renal proximal tubules, thyroid, gonads, hypothalamus, and pituitary. The 
imprinted expressions are regulated by multiple DMRs. The GNAS-AS1, XL, and 
A/B promoters are DMRs that are methylated on the maternal allele, while the 
NESP55 promoter is a DMR methylated on the paternal allele. The promoter of 
GNAS is not methylated on both alleles. The A/B transcript and/or A/B-DMR is 
involved in the tissue-specific imprinting of GNAS.

Constitutively activating GNAS mutations have been reported in endocrine 
tumors. Further, elevated activity of the Gsα signaling pathway may contribute to 
the pathogenesis of endocrine tumors. The mutations are always of maternal origin 
in growth hormone-secreting pituitary adenoma, consistent with the imprinted 
maternal expression of GNAS in the pituitary [115, 145]. De-repression of the GNAS 
paternal allele was found in somatotroph pituitary adenomas [73, 182]. However, 
the loss of imprinting did not result in the increase of total GNAS mRNA levels 
because decrease of the maternal expression was concomitant with increased pater-
nal expression [182]. This result suggests that imprinting relaxation is not involved 
in tumorigenesis, but is a secondary phenomenon that is part of the tumorigenic 
process.

Recently, human miRNAs: miR-296 and miR-298, were found to lie within the 
GNAS-AS1 transcription unit and show paternal allele-specific expression as mem-
bers of the GNAS imprinting locus [193]. Prostate cancer cell lines and cancer tis-
sues express miR-296 at low levels and HMGA1, a high-mobility group AT-hook 
gene, at high levels. The expression of miR-296 inversely correlates with the expres-
sion of HMGA1 mRNA and the HMGA1 protein. HMGA1 is an oncogene involved 
in carcinogenesis of prostate cancer and one of the target genes of miR-296 [234]. 
Reduced expression of the miRNA was also observed in pancreatic intraepithelial 
tumors and pancreatic ductal adenocarcinomas [245]. The more progressed pancreatic 
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tumors expressed the lower miR-296. Methylation analysis at GNAS-AS1-DMR was 
not performed in these tumors, but colorectal adenoma showed reduced expression 
of miR-296 along with aberrant methylation at GNAS-AS1-DMR [151]. Frequent 
hypermethylation (ca. 50%) and some hypomethylation were found in 50 colorectal 
adenomas. Expression of miR-296 in adenomas with hypermethylation is lower 
than those in adenomas with normal methylation [151].

3.5  DIRAS3/ARHI

The DIRAS3 gene at 1p13.3, also known as ARHI, encodes small 26 kDa GTP bind-
ing GTPase belonging to the Ras/Rap superfamily. This is a maternally imprinted 
tumor suppressor gene that is expressed exclusively from the paternal allele in many 
adult human tissues. The gene contains two start exons and three CpG islands des-
ignated as CGI I, CGI II, and CGI III (Fig. 3a). The CGI I and the CGI II identify 
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Fig. 3 Representative human imprinting loci associated with tumors. (a) DIRAS3 locus at 1p13.3. 
(b) PEG3 locus at 19q13.43. (c) RB1 locus at 13q14.2. Blue: paternally expressed genes; filled 
ovals: methylated gametic DMRs; open ovals: unmethylated gametic DMRs; filled diamond: 
methylated somatic DMR; open diamond: unmethylated somatic DMR
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the first and second start exons, respectively, and are gametic DMRs with maternal 
methylation. The CGI III lies within the last exon and its methylation level varies 
from hypermethylation to intermediate levels among different tissues, so is presum-
ably a tissue-specific somatic DMR [134, 172, 248] (UCSC browser, chr1:68,045,962-
 68,051,631, hg38, http://genome.ucsc.edu/).

DIRAS3 is silenced in most ovarian and breast cancer cell lines [246] and can 
inhibit growth of breast and ovarian cancer cell lines when the expression constructs 
are introduced in the cancer cells. This growth inhibition is accomplished by down-
regulation of cyclin D1 and up-regulation of p21WAF1/CIP1. In a study of ovarian can-
cer, cancer cell lines showed DIRAS3 silencing and CGI I hypermethylation with 
frequencies of 80% (8/10) and 60% (6/10), respectively [54]. Analysis of cancer 
tissues showed 88% (35/40) of the cancers expressed lower levels of DIRAS3 than 
normal ovarian tissues. CGI I and CGI II were hypermethylated in 31% (13/42) and 
12% (5/42) of cancers, respectively. All cancers with hypermethylation showed 
reduced expression of the gene. Frequent LOH (41%, 9/22) occurred in these can-
cers, which led to loss of the active paternal allele. In spite of the frequent LOH, 
there were many cancers that retained heterozygosity and thus the gene was also 
silenced by aberrant hypermethylation at the CGIs.

CGI methylation status of the DIRAS3 gene has also been reported in breast 
cancer cell  lines, in which DIRAS3 was silenced. CGIs I and III were frequently 
hypermethylated and CGI II showed either hypermethylation or hypomethylation in 
the cell lines [248]. Aberrant methylation at the DIRAS3-CGIs was also observed in 
breast cancer tissues [53, 248]. However, no characteristic feature was seen in the 
aberrant methylation, such as hypermethylation or hypomethylation, and frequen-
cies at each of the CGIs. Because DIRAS3 expression and chromosomal abnormal-
ity were not analyzed in either of these studies on breast cancer tissues, it is not clear 
whether the observed aberrant methylation alters DIRAS3 expression and whether 
aberrant methylation is due to changes in DNA methylation or loss of methylated or 
unmethylated alleles. On the other hand, some studies suggest that histone modifi-
cations are also involved in inactivation of the DIRAS3 gene. A histone deacetylase 
inhibitor, trichostatin A, could reactivate gene expression in breast cancer cells, in 
which DIRAS3 is repressed without hypermethylation at CGI II [59]. Breast cancer 
tissues highly express JMJD2A, a histone demethylase, which acts on tri- and di- 
methylated H3K9 and H3K36. Expression of this enzyme is positively correlated 
with progression of cancers and negatively correlated with DIRAS3 expression. 
JMJD2A binds the DIRAS3 promoter together with HDAC1 and HDAC3 and 
represses gene expression [122].

Many other types of cancer, such as follicular thyroid carcinoma, oligodendro-
glioma, and HCC, have downregulated DIRAS3 and shown aberrant methylation of 
DIRAS3 CGIs. LOH of the DIRAS3 locus was found in 64% (9/14) of follicular 
thyroid carcinoma [233] and 53% (20/38) of oligodendrogliomas [190]. A LOH case 
of follicular thyroid carcinoma showed hypermethylation at all DIRAS3 CGIs and 
most LOH cases of oligodendroglioma showed hypermethylation of at least one of 
three CGIs. These indicate deletion of the paternal allele. Furthermore, among oligo-
dendroglioma cases with ROH, several cases showed hypermethylation of the CGIs, 
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resulting in reduced expression of the gene. In contrast to the above two types of 
tumors, LOH of the DIRAS3 locus was a very rare event in HCC, which showed 
frequent reduction of DIRAS3 expression [80]. Downregulation of the gene was 
observed in 79% (33/42) of HCCs; however, only one HCC showed LOH of the 
locus. Methylation analysis of the CGIs detected hypermethylation only at CGI II 
with a 47% (8/17) frequency. No aberrant methylation was observed at CGIs I and 
III. These results strongly suggest that hypermethylation at the promoter of DIRAS3 
occurred in HCCs and such hypermethylation caused downregulation of the gene.

3.6  PEG3

The PEG3 gene on chromosome 19q13.43 encodes a Krüppel-C2H2 type zinc fin-
ger protein and is expressed in a wide variety of human tissues. The gene is imprinted 
and is expressed from the paternal allele the same as its mouse homologue, Peg3 
[76, 140, 159]. Exon 1 of the gene lies within a CpG island, which is a maternally 
methylated gametic DMR (PEG3-DMR) (Fig. 3b) [140, 159]. PEG3 shows tumor 
suppressor activity in human glioma cell lines upon its overexpression [108].

This gene is silenced or downregulated with hypermethylation of PEG3-DMR in 
glioma cell lines [108, 140]. Treatment with 5-aza-dC can reactivate the silenced 
PEG3 [140]. Primary glioma tissues also show aberrant hypo- or hypermethylation 
at PEG3-DMR together with changes in PEG3 expression [177]. Hypermethylation 
at PEG3-DMR and downregulation of the gene are more frequent in grade IV glio-
blastoma than lower-grade gliomas, such as astrocytoma, oligodendroglioma, and 
ependymoma. Further, hypomethylation is observed only in lower-grade gliomas. 
In contrast to glioma cell lines, methylation levels at PEG3-DMR correlate weakly 
with PEG3 expression in glioma tissues and some tumors with normal methylation 
also show reduced PEG3 expression [177]. These results suggest that PEG3 is 
downregulated by various mechanisms, including hypermethylation at PEG3-DMR 
in glioma.

Further work shows PEG3 is downregulated and PEG3-DMR is hypermethyl-
ated in ovarian cancer cell lines and cancer tissues. Gene expression is also shown 
to be negatively correlated with DMR methylation level [45, 54, 64]. Treatment 
with 5-aza-dC and/or a histone deacetylase inhibitor, trichostatin A, can reactivate 
the gene in silenced cell lines [45, 54]. Overexpression of PEG3 also inhibits prolif-
eration of ovarian cancer cells [54]. PEG3 silencing and PEG3-DMR hypermethyl-
ation are also found in two other gynecologic cancer cell lines, endometrial cancer 
and cervical cancer [45].

Pediatric germ cell tumors show aberrant methylation at PEG3-DMR with pat-
terns characteristic of histologic tumor subtypes. Hypermethylation has been 
observed in ovarian teratoma and yolk sac tumors, and hypomethylation in female 
germinoma [4]. Aberrant methylation, mainly hypermethylation, at PEG3-DMR 
also occurs in invasive breast cancers [12].
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3.7  RB1

RB1 was the first identified tumor suppressor gene and is frequently inactivated in 
several cancers. This gene is expressed biallelically; however, a variant transcript, 
RB1-E2B, was found to be imprinted and expressed only from the paternal allele in 
lower levels than the main RB1 transcript (Fig. 3c) [92]. The variant transcript initi-
ates from a novel first exon, called E2B, which lies in intron 2, and is spliced onto 
exon 3 of the RB1 gene. The RB1-E2B transcript harbors a coding sequence in the 
same reading frame as one of the RB1 mRNAs, which encodes a shortened version 
of pRb.

The function, if any, of the presumptive protein is not well understood yet. The 
exon E2B lies in a CpG island called CpG85 that is a maternally methylated 
DMR.  The RB1-E2B transcription interferes with expression of the main RB1 
mRNA. This results in an allelic imbalance of the RB1 expression in favor of the 
maternal allele. Frequent aberrant methylation, hyper- or hypomethylation, at 
CpG85 has been found in HCC [7]. Some HCCs with hyper- or hypomethylation 
retains both alleles, suggesting that aberrant methylation occurs on the methylated 
or unmethylated allele. Further work suggests hypermethylation at CpG85 causes 
reduced RB1-E2B expression, which results in increased primary RB1 expression 
[7, 92]. Hypermethylation at CpG85 is also associated with reduced overall survival 
of HCC patients. These results are contradictory to the tumor suppressor activity of 
pRB1 [7]. Eloy et  al. also reported frequent hypermethylation (93%, 42/45) at 
CpG85 in retinoblastoma, although no expression analysis was performed [49].

3.8  Multilocus Methylation Defects at Imprinted DMRs 
in Cancers

Complete hydatidiform mole (CHM) is an abnormal form of pregnancy carrying 
diploid genomes with the risk of developing into choriocarcinoma. Most CHMs are 
sporadic and carry only paternal genomes (androgenetic CHM). A fraction of CHMs 
can be recurrent and familial. These CHMs have biparental genomes (biparental 
CHM). Biallelic mutations of NLRP7 and KHDC3L genes occur in patients with 
familial biparental CHM [154, 180]. Multilocus methylation defects at imprinted 
loci have been reported in androgenetic CHM and familial biparental CHM from 
mothers with NLRP7 mutations [200]. Hypomethylation occurs in the majority of 
more than 30 maternal gametic DMR analyzed in androgenetic and biparental 
CHM. H19-DMR is the only analyzed DMR of paternal gametic imprinting and is 
hypermethylated in androgenetic CHM, but normally (ca. 50%) methylated in bipa-
rental CHM. Multilocus methylation analysis has not yet been reported in biparental 
CHM with KHDC3L mutation. It is highly possible that NLRP7 and KHDC3L 
involves establishment and/or maintenance of maternal imprints and that mutations 
in these genes may cause methylation defects at maternally methylated imprinted 
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loci. Multilocus aberrant methylation at imprinted loci could result in abnormal 
proliferation of trophoblastic tissue to form CHM, and may result in tumors, such as 
choriocarcinoma.

These days, DNA methylation analysis of cancer genomes is performed in a 
more comprehensive or genome-wide manner. Recent work has analyzed 33 
imprinted DMRs for aberrant methylation in hepatoblastoma tissues by quantita-
tive methylation analysis with MALDI-TOF MS [196]. Such research has found 
frequent hypermethylation at INPP5Fv2-DMR, CpG85 (RB1-DMR), and GNASXL- 
DMR. IGF2-DMR0 and KvDMR1 showed frequent hypomethylation. Bisulfite-
pyrosequencing at IGF2-DMR2, IGF2-DMR0, DIRAS3-DMR, GRB10- DMR, 
PEG3-DMR, MEST-DMR, H19-DMR, KvDMR1, and SNRPN-DMR has also 
revealed aberrant DNA methylation in breast cancer tissues [12].

DNA methylation microarray analyses can identify aberrant methylation of 
genes, including imprinted genes in cancers. DNA methylome analyses were per-
formed in three subtypes of pediatric germ cell tumors, including germinoma, tera-
toma, and yolk sac tumor. Hyper- or hypomethylation were found at several 
imprinted genes, such as H19-DMR, IGF2, KvDMR1, SNRPN, and PEG3 [4]. 
Similarly, 22 out of 56 imprinted genes analyzed were aberrantly methylated in 
prostate tumors. This work also found that hypermethylation was more frequent 
than hypomethylation [88]. In contrast, in HCC, hypomethylation was observed 
more frequently than hypermethylation [8, 114]. Aberrant methylation, mainly 
hypomethylation, was observed in 27 genes out of 59 imprinted genes [114]. These 
results suggest that paternally expressed imprinted genes are more susceptible to 
epigenetic disruption. Hypomethylation at imprinted loci correlates with global loss 
of DNA methylation, mutation in CTNNB1 gene encoding β-catenin, and shortened 
overall survival of HCC patients [8].

Kim et al. analyzed data sets from TCGA (The Cancer Genome Atlas) to identify 
aberrant expression and epigenetic change at promoters and/or ICRs of imprinted 
genes in multiple human cancers [104]. They found some abnormal characteristics 
of imprinted genes in cancer. The number of cancers showing aberrant expression 
of imprinted genes is greater than those showing aberrant methylation at imprinted 
loci. DNA methylation instability among the imprinted genes is relatively higher 
than those among total genes. The number of imprinted genes with  hypermethylation 
is much greater than those with hypomethylation. Some imprinted genes, such as 
PEG3, DLK1, MEST, and GNAS, are more susceptible to epigenetic change than 
others.
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Abstract Brain tumors are not rare solid cancer. Among them, gliomas are the 
most frequently occurring primary brain tumors in adults. Although they exist in 
different malignant stages, including histologically benign forms and highly aggres-
sive states, most gliomas are clinically challenging for neuro-oncologists because of 
their infiltrative growth patterns and inherent relapse tendency with increased 
malignancy and dismal prognosis. Extensive genetic analyses of glioma have 
revealed a variety of deregulated genetic pathways involved in DNA repair, apopto-
sis, cell migration/adhesion, and cell cycle. Recently, it has become evident that 
epigenetic alterations may also be an important factor for glioma genesis. Epigenetic 
events can be defined as mitotically heritable changes in gene expression that are 
not due to changes in the primary DNA sequence. Epigenetic mechanisms, includ-
ing those involving enzymatic modifications to DNA or histone proteins, thereby 
regulating gene expression, are increasingly recognized as a source of phenotypic 
variability in biology. Of epigenetic marks, DNA and histone methylation is a key 
mark that regulates gene expression and thus modulates a wide range of oncogenic 
processes. In this review, I discuss the neuro-oncological significance of DNA and 
histone methylation in patients with brain cancer while briefly overviewing the bio-
logical roles of histone modifications.
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1  Introduction

Epigenetics can be defined as mitotically heritable changes in gene expression that 
are not due to changes in the primary DNA sequence. Epigenetic mechanisms, 
including those involving enzymatic modifications to DNA or histone proteins, 
thereby regulating gene expression, are increasingly recognized as a source of phe-
notypic variability in biology. The discovery of altered epigenetic profiles in human 
neoplasia has been a major factor in constructing a new paradigm, in which epigen-
etic variability contributes significantly to human disease. Because of their revers-
ible nature and their role in gene expression and DNA structure, epigenetic 
alterations, especially those related to changes in histone acetylation, are a current 
focus for therapeutic drug targeting in clinical trials.

Covalent modifications of DNA and amino acids on histones are two major 
mechanisms of epigenetic gene regulation (Fig. 1). First, DNA methylation results 
from the addition of a methyl group to cytosine thereby creating 5-methylcytosine. 
In mammals, this almost always occurs at the 5′-CpG-3′ dinucleotide, though occa-
sionally methylation is also observed at CpNpGs [10]. DNA methylation is con-
trolled by DNA methyltransferases (DNMT) that create (DNMT3A, DNMT3B) or 
maintain (DNMT1) patterns of methylation [53]. DNA methylation is required to 
silence genes on the inactive X chromosome [26] or for the allele-specific expres-
sion of some imprinted loci [37]. Methylation is also required to silence transpos-
able elements, to maintain genomic stability [17] and is a critical regulator of genes 
that contribute to cell pluripotency [20].

Another major epigenetic mechanism is the post-translational modification of 
the N-terminal tails of histone proteins by acetylation, methylation, phosphoryla-
tion, ubiquitylation, sumoylation, ADP ribosylation, biotinylation and other poten-
tial modifications [80]. Several families of enzymes catalyze post-translational 
modifications of histones, including acetyltransferases and deacetylases, methyl-
transferases and demethylases. Additionally, multiple types of modifications can 
take place on a single histone molecule, increasing combinatorial complexity. In 
addition, each amino acid residues can be modified in different states, such as 
mono-, di-, or tri-methylation at lysine residues.

In addition to DNA methylation and histone modifications, there are other poten-
tial epigenetic mechanisms that include specific deposition of histone variants, non-
coding RNAs, chromatin remodeling, or nuclear organization of DNA. The interplay 
between histone modifications and other chromatin modifications leads to the 
dynamic regulation of chromatin structure and thereby affects several relevant cel-
lular processes including transcription, DNA replication, DNA repair, and genomic 
stability [66]. Together, these add additional layers to the regulation of gene expres-
sion in both normal and diseased states.
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2  Histone Modifications

Chromatin is the condensed combination of DNA and histones within the nucleus 
of a cell. The structural and functional unit of chromatin is the nucleosome, which 
consists of a disc-shaped octamer composed of two copies of each histone protein 
(H2A, H2B, H3, and H4), around which 147 base-pairs of DNA are wrapped twice 
(Fig.  2a) [34]. Electron microscopy studies have revealed that organization of 
nucleosomal arrays structurally resembles a series of “beads on a string”, with the 
“beads” being the individual nucleosomes and the “string” being the linker DNA 
[26]. Linker histones, such as histone H1, and other non-histone proteins interact 
with the nucleosomal arrays to further package the nucleosomes into higher-order 
chromatin structures [66].

Fig. 1 Three major mechanisms of inheritable epigenetics. Mammalian gene expression is tightly 
controlled by genetic as well as epigenetic mechanisms. Epigenetics modifies the phenotype with-
out altering the genotype of a cell. Shown here are some well-defined epigenetic mechanisms that 
include histone modifications, DNA methylation, and the noncoding RNA-mediated modulation 
of gene expression. Some of these mechanisms are inheritable through successive cell divisions 
and contribute to the maintenance of cellular phenotype. Recent studies show that the association 
of components of transcriptional regulatory machinery with target genes on mitotic chromosomes 
is a novel epigenetic mechanism that poises genes involved in key cellular processes, such as 
growth, proliferation, and lineage commitment, for expression in progeny cells (Adapted by Zaidi 
et al. [92] and modified by authors) [93]

DNA and Histone Methylation in Brain Cancer



350

Fig. 2 Schematic representation of the nucleosome and mammalian core histone modifications. 
(a) Histones provide the basis for the nucleosome, the basic unit of chromatin structure, as seen as 
“beads-on-a-string” structures on electron micrographs. The nucleosome core is comprised of a 
histone octamer [(H2A-H2B)X2, (H3-H4)X2]. The DNA double helix is wrapped around (~1.7 
times) the histone octamer. With nuclease digestion, 146 bps of DNA are tightly associated with 
the nucleosome but ~200 bps of DNA in total are associated with the nucleosome (modified image 
which was obtained at the website of http://www.mun.ca/biology/desmid/brian/BIOL2060/
BIOL2060-18/18_21.jpg). (b) N- and C-terminal histone tails extend from the globular domains of 
histones H2A, H2B, H3, and H4. DNA is wrapped around the nucleosome octamer made up of two 
H2A-H2B dimers and an H3-H4 tetramer. Post-translational covalent modifications include acety-
lation, methylation, phosphorylation, and ubiquitination. Human histone tail amino acid sequences 
are shown. Lysine positions 56 and 79 on histone H3 are located within the globular domain of the 
histone (Adapted by Mercurio et al. [43] and modified by authors)

Histones are highly conserved across species. These proteins contain a conserved 
globular domain, which mediates histone-histone interactions within the octamer 
(Fig. 2a) [34]. In addition, there are two small tails protruding from the globular 
domain: an amino(N)-terminal domain, constituted by 20–35 residues that are rich 
in basic amino acids, and a short, protease accessible carboxy(C)-terminal domain 
[34]. Histone H2A is unique among the histones due to its possession of an addi-
tional 37 amino acids in the carboxy-terminal domain that protrudes from the 
nucleosome [34]. Additional histone variants have been identified [56].

In particular, their tails can be subject to a remarkable number of modifica-
tions, although examples of modifications within the globular domain have also 
been identified. Histone modifications include acetylation, methylation and 
phosphorylation, but also some less-studied modifications such as ubiquity-
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lation, sumoylation, ADP ribosylation, deamination and proline somerization 
(Fig. 2b) [28, 34, 36]. Each of these histone modifications directly or indirectly 
affect chromatin structure, thereby leading to alterations in DNA repair, replica-
tion and gene transcription (Table  1). The effect of histone modifications on 
gene transcription can broadly be categorized into active versus passive marks. 
Moreover, numerous studies have reported the presence of site-specific combi-
nations and interdependence of different histone modifications, which may be 

Table 1 Different classes of histone modifications and its regulated biological functions

Chromatin modification Residues modified Function regulated

Acetylation Lysine Transcription, DNA repair, replication 
and condensation

Methylation (lysine) Lysine me1, me2, me3 Transcription, DNA repair
Methylation (arginine) Arginine-me1, Arginine-

me2a, Arginine-me2s
Transcription

Phosphorylation Serine, threonine, tyrosine Transcription, DNA repair and 
condensation

Ubiquitination Lysine Transcription, DNA repair
Sumoylation Lysine Transcription
ADP ribosylation Glutamic Transcription
Deimination Arginine Transcription
Proline isomerization P-cis, P-trans Transcription

Fig. 2 (continued)
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interpreted as the so-called “histone code”. The role of histone modifications 
and their crosstalk in different cellular processes will be described in the fol-
lowing two sections. In particular, I will focus on discussing the well-studied 
histone marks: histone methylation.

2.1  Histone Methylation

Protein methylation is a covalent post-translational modification that commonly 
occurs on carboxyl groups of glutamate, leucine, and isoprenylated cysteine, or on the 
side-chain nitrogen atoms of lysine, arginine, and histidine residues [51]. As described 
in 1964, histones have long been known to be substrates for methylation [11]. For 
histones, methylation occurs on the side chain nitrogen atoms of lysines and arginines. 
The most heavily methylated histone is histone H3, followed by histone H4.

Arginine can be either mono- or di-methylated, with the latter in symmetric or 
asymmetric configuration [49]. Protein arginine methyltransferases (PRMTs) are 
the enzymes that catalyze arginine methylation. PRMTs share a conserved catalytic 
core but are very different on the N- and C- terminal regions, which likely determine 
substrate specificity [21]. There are two types of PRMTs: type I enzymes catalyze 
mono and asymmetric di-methylation of arginine and type II enzymes catalyze 
mono- and symmetric di-methylation of arginine [88]. Several studies have sug-
gested that certain arginine methyltransferases, such as PRMT5, may repress the 
expression of genes involved in tumor suppression [88].

Similar to arginine methylation, lysine methylation can occur in mono-, di-, and 
tri-methylated forms. Some of the lysine residues methylated in histones H3 and H4 
are also found to be substrates for acetylation. The enzymes that catalyze methyla-
tion on lysine residues have been grouped into two classes: lysine-specific, SET 
domain-containing histone methyltransferases (HMTs) share a strong homology 
with a 140-amino acid catalytic domain known as the SET (Su(var), Enhancer of 
Zeste, and Trithorax) domain, and non-SET containing HMTs. It is important to 
note that not all SET domain-containing proteins are HMTs nor are all HMT activi-
ties mediated by SET domains [54].

The consequences of lysine methylation are extremely diverse. Depending upon 
a particular lysine, methylation may serve as a marker of transcriptionally active 
euchromatin or transcriptionally repressed heterochromatin [19]. For instance, 
methylation of histones H3K9, H3K27, and H4K20 are mainly involved in forma-
tion of heterochromatin (closed chromatin conformation). On the other hand, meth-
ylation of H3K4, H3K36, and H3K79 are correlated with euchromatin (open 
chromatin conformation) (Table 2). Moreover, it seems that H3 clipping, a mecha-
nism involving the cleavage of 21 amino acids of histone tails following the induc-
tion of gene transcription and histone eviction, occurs on histone tails that carry 
repressive histone marks [72].

Until very recently, the dogma was that methylation was an irreversible pro-
cess. With the identification of the first lysine demethylase, lysine-specific 
demethylase 1 (LSD1) in 2004, the view of histone methylation regulation became 
much more dynamic, opening the way for identification of many more histone 
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demethylases [60]. LSD1 demethylates both mono- and di-methylated K4 on H3 
[60]. In 2006, the protein JHDM1A was identified as the first jumonji-domain-
containing histone demethylase that removes methyl groups from mono- and di-
methyl H3K36 [68]. The jumonji (JmjC)-domain-containing proteins belong to 
the deoxygenase superfamily and use a demethylation mechanism distinct from 
that of LSD1/KDM1 [79]. These enzymes can demethylate tri-methylated lysine 
residues. The JMJD2/KDM4 demethylases are tri-methyl demethylase families 
that were reported soon after the first JHDM1A was discovered [1]. Over the past 
few years, a series of studies have identified additional jumonji-domain-contain-
ing families that have methylated substrates K4, K9, K27 and K36. Despite the 
tremendous and exciting progress in the last few years, the field of histone demeth-
ylases is still in its early days and our knowledge of the biological role of these 
enzymes is still rather limited.

Table 2 Major modifications of histone and their genetic regulations

Modification 
of histone Mono-methylation Di-methylation Tri-methylation Acetylation

H2AK5 Activation
H2AK7 Activation
H2AK9 Activation
H2AK13 Activation
H2BK5 Activation
H2BK12 Activation
H2BK15 Activation
H2BK20 Activation
H2BK120 Activation
H3R2 Activation
H3K4 Activation Activation Activation
H3K9 Activation/repression Repression Activation/repression
H3K14 Activation
H3R17 Activation
H3K18 Activation
H3K23 Activation
H3R26 Activation
H3K27 Activation Repression Repression Activation
H3K36 Activation Activation
H3K56 Activation
H3K79 Activation Repression Repression
H3K115 Activation
H4R3 Activation
H4K5 Activation
H4K8 Activation
H4K12 Activation
H4K16 Activation
H4K20 Activation/repression Repression Repression Activation
H4K59 Repression
H4K91 Activation
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2.2  Protein Lysine Methylation

Protein lysine methylation has gained tremendous attention since the discovery of 
SUV39H1 as the first histone lysine methyltransferase in 2000 [58]. Following the 
discovery, numerous proteins have been found to possess methyltransferase activity, 
such as G9a/GLP [76, 77], MLLs [47], EZH2 [8], SET2 [73], SET7/9 [87], DOT1 
[19, 84] and PR-SET7 (also known as SETD8) [50]. These enzymes catalyze the 
transfer of methyl group from the co-factor S-adenosyl-L-methionine (SAM) to the 
lysine residues of histones. More recently, many non-histone proteins have been 
identified as substrates for these enzymes, hence the name protein lysine (K) 

Table 3 Genetic alterations in the cancers associated with the protein methylases and demethylases

Target Genetic alterations Cancer type

Methylase

EZH2 1.  Heterozygous activating mutations occurring at 
Y641, A677 & A687 that result in 
hypermethylation of H3K27me3

2.  Deletion of miR-101 leads to EZH2 
overexpression

3. Deletion of SNF5 leads to EZH2 dependency

1. Lymphoma
2. Prostate cancer
3.  Malignant rhabdoid 

tumor

DOT1L 1.  11q23 chromosomal translocations fusing MLL1 
(without its catalytic SET domain) to DOT1L 
binding partners such as AF4, AF9, AF-10 and 
ENL leading to aberrant H3K79 methylation

2.  CALM-AF10 and SET-NUP214 fusions are 
known to mis-target DOT1L

Leukemia

NSD1 t(5;11)(q35;p15.5) translocation create NSD1-
NUP98 fusions

Acute myeloid leukemia

WHSC1 t(4:14)(p16:q32) chromosomal translocations that 
places WHSC1 gene under the control of the IGH 
promoter and results in the overexpression of 
WHSC1

Multiple myeloma

WHSC1L1 1.  t(8;11)(p11.2;p15) chromosomal translocations 
fuses WHSC1L1 to NUP98

2. 8p11–12 focal amplifications

1.  Acute myeloid leukemia 
breast cancer

2.  Squamous cell lung 
cancer

SETDB1 1q21 amplifications Melanoma
SMYD2 1q32 amplifications Esophageal squamous cell 

carcinoma
Demethylase

JMJD2C 1. 9p23–24 amplifications
2.  t(9;14)(9p24.1q32) translocations creating 

fusions to IGH

1.  Esophageal squamous 
cell carcinoma
Squamous cell lung 
cancer

2.  Medulloblastoma basal 
breast cancer

LSD2 6p22 amplifications Urothelial carcinomas
UTX Inactivating mutations of UTX lead to pro-

oncogenic hypermethylation of H3K27me3 and 
dependence on EZH2

Multiple blood and solid 
cancers
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methyltransferases (PKMTs) (Table 3). It is worth pointing out that PKMTs play 
important roles in other biological processes including developmental biology and 
stem cell differentiation. However, here we will focus on the implications of PKMTs 
in cancers, especially.

Methylation of lysines residues is known to occur usually on histone H3 (K4, K9 and 
K27) and H4 (K20). As mentioned above, the SUV39 protein was the first histone meth-
yltransferase to be discovered [58]. The methyltransferase activity of SUV39 is directed 
against lysine 9 of histone H3 and its catalytic domain resides within a highly conserved 
structure, the SET domain. The sequences within the SET domain are not however suf-
ficient for enzymatic activity. Methylation is only seen when two flanking cystein-rich 
sequences (PRE-SET and POST-SET) are fused to the SET domain. Use of the simple 
modular architectural research tool (SMART) indicates that there are 73 entries in the 
human database which possess a SET domain. In contrast, there are 6 SET domain 
proteins in Saccharomyces cerevisiae, 11  in Schizosaccharomyces pombe, 41  in 
Drosophila and 37 in Caenorhabditis elegans. Previously characterized human proteins 
possess a SET domain showing that they can be grouped into four classes (Fig. 3). The 
classification is based on the similarity between the human SET domains as primary and 

Fig. 3 A dendogram showing the relationship between some of the more characterized human 
SET-domain proteins. The comparison is based on the homology within the SET-domain. The 
Clustal W program was used to generate the figure. On the right are the four families defined by 
the homologues (Adapted from Kouzarides [35])
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Fig. 4 Summaries of protein lysine methylation/demethylation and their biological roles in terms 
of transcriptional activity

their relationship to SET domains in yeast (S. cerevisiae) as secondary. Two groupings 
show similarity to either yeast SET1 or SET2, thus defining two of the classes. Another 
class has SUV39 as its defining member and a fourth family represents homologues of 
the RIZ SET domain. The four families described may subdivide to further classes when 
more information is available. Overall, the subdivisions indicate that enzymes with 
sequence similarity in their SET domain also have other structural features (i.e. domains) 
in common. Figure 4 illustrates protein lysine methylation/demethylation and their bio-
logical roles in terms of transcriptional activity, Fig.  5 summaries methylase and 
demethylase at the major 6 lysines of histone tail according to genetic regulatory activ-
ity. Next topic is a description of the defining features of each family emphasizing 
wherever possible, their links to chromatin and transcriptional regulation.

2.3  Protein Lysine Demethylation

Like other protein modifications, lysine methylation is also subject to its counter 
modification, demethylation (Table 4). For histones, the first reported demethyl-
ase is lysine-specific demethylase 1 (LSD1, also known as BHC110) [24, 70]. 
However, LSD1 can only demethylate mono- or di-methylated lysines. Shortly 
after the discovery of LSD1, a second family of enzymes, Jmj C-domain 
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Fig. 5 Illustration of the methylase and demethylase at the six major lysines of histone tail accord-
ing to genetic regulatory activity

containing proteins, was found to have demethylation activity for tri-methylated, 
as well as mono- and di-methylated lysines [79]. These enzymes are referred to as 
protein lysine demethylases (PKDMs). The roles for PKDMs in human diseases, 
including cancer and neurological disorders, are beginning to be delineated [63, 
67]. The clinical relevance of demethylase inhibitors has not been demonstrated 
using a small molecule; however, a few interesting inhibitors have been disclosed. 
Demethylases of the LSD1/KDM1 family share some sequence and structural 
similarities to amine oxidases [91] and monoamine oxidase. Inhibitors, such as 
tranylcypromine, have been shown to inhibit LSD 1 by forming a covalent adducts 
between the flavin cofactor and the inhibitor [81]. The Jmj C-domain containing 
demethylase (JHDM) family conforms to a different catalytic mechanism, relying 
on an active site iron and a 2-oxoglutarate cofactor. Analogs of the 2-oxoglutarate 
cofactor have been shown to be inhibitors of recombinant enzyme and to increase 
methylation in cell systems [25].

2.4  Protein Arginine Methylation

Apart from lysine methylation, arginine (R) methylation has been also known to play 
certain roles in cancer. The history of arginine methylation was recently surveyed 
[30]. Several arginine residues are also modified by methylation. These include, R2, 
R8, R17, and R26 of histone H3, and R3 of histone H4. Arginine residues may undergo 
mono-methylation, symmetric di-methylation, or asymmetric di-methylation. There 
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are five known arginine methyltransferases that have a highly conserved catalytic 
domain. PRMT1, PRMT3 and PRMT4/CARM1 are classified as Class I enzymes as 
they can catalyze the formation of asymmetric di-methylated arginine whereas 
PRMT5/JBP1 is classified as a class II enzyme as it catalyzes symmetric di-methyla-
tion. The PRMT2 protein has not yet been established as an enzyme [42]. H3R2 is 
asymmetrically di-methylated by CARM1/PRMT4 [64] and PRMT6 [23]. H3R8 is 
methylated by PRMT5 [12], while H3R17 and H3R26 are asymmetrically di-methyl-
ated by CARM1/PRMT4, which also methylates H3R2 [64]. Finally, H4R3 is 

Table 4 Summary of histone lysine methyltransferases and demethylases

Mark Methylation Demethylation
Catalytic specificity of the 
demethylase

H3K4 MLL1/KMT2A
MLL2/KMT2B
MLL3/KMT2C
MLL4/KMT2D
MLL5/KMT2E
hSET1A/KMT2F
hSET1B/KMT2G
ASH1/KMT2H
SET7–9/KMT7

LSD1/KDM1  
JARID1A/RBP2/ 
KDM5A JARID1B/ 
PLU-1/KDM5B  
JARID1C/SMCX/ 
KDM5C JARID1D/ 
SMCY/KDM5D  
NDY1/JHDM1B/ 
FBXL10/KDM2B

me2/me1 → me0 me3/ 
me2/me1 → me0 me3/ 
me2/me1 → me0 me3/ 
me2 → me1 me3/ 
me2 → me1
me3 → me2

H3K9 SUV39H1/KMT1A
SUV39H2/KMT1B
G9a/KMT1C
EuHMTase/GLP/ 
KMT1D
ESET/SETDB1/ 
KMT1E
CLL8/KMT1F
RIZ1/KMT8

LSD1/KDM1  
JHDM2A/JMJD1A/ 
KDM3A  
JHDM2B/5qNCA/ 
KDM3B JHDM2C/ 
TRIP8/KDM3C  
JMJD2A/JHDM3/ 
KDM4A JMJD2B/ 
KDM4B JMJD2C/ 
GASC1/KDM4C  
JMJD2D/KDM4D

me2/me1 → me0 me2/ 
me1 → me0
me2
me3/me2 → me1 me3/ 
me2 → me1 me3/ 
me2 → me1 me3/me2/ 
me1 → me0

H3K27 KMT6/EZH2 UTX/KDM6A
JMJD3/KDM6B
UTY

me3/me2 → me1 me3/ 
me2 → me1

H3K36 SET2/KMT3A
NSD1/KMT3B  
SMYD2/KMT3C

NDY2/JHDM1A/ 
FBXL11/KDM2A
NDY1/JHDM1B/ 
FBXL10/KDM2B
JMJD2A/JHDM3/ 
KDM4A
JMJD2B/KDM4B
JMJD2C/GASC1/ 
KDM4C

me2/me1 → me0 me2/ 
me1 → me0 me3/ 
me2 → me1
me3

H3K79 DOT1L/KMT4
H4K20 PR-SET7–8/KMT5A

SUV4–20H1/KMT5B
SUV4–20H2/KMT5C

Adapted from Kampranis et al. [33]
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mono-methylated by PRMT1 and di-methylated, both symmetrically and asymmetri-
cally by PRMT5 [2]. The methylation of specific arginine residues contributes to the 
regulation of cell fate. For example, ectopic expression of CARM1 in mouse blasto-
mers increases the levels of arginine methylation and promotes the dramatic upregula-
tion of the pluripotency genes NANOG and SOX2. This, in turn, promotes the cycling 
of pluripotent cells and the expansion of the inner cell mass of the blastocyst [78].

The molecular mechanisms by which arginine methylation contributes to chro-
matin structure and transcriptional regulation are not yet clear. However, it has been 
shown that arginine methylation may regulate the modification or recognition of 
neighboring histone residues. Thus, it has been shown that methylation of H3R2 
prevents the tri-methylation of H3K4 and vice versa [76]. Furthermore, it has been 
shown that asymmetric methylation of H3R2 inhibits the association of the TFIID 
subunit TAF3 with H3K4me3 [85].

2.5  Histone Code

Over the past few years, the field of epigenetics has provided a great deal of evidence 
arguing that histone modifications act in a combinatorial and consistent manner, lead-
ing to the concept of the “histone code” (Table 5) [90]. Different histone modifications 
present on histone tails generate a “code”, which can be read by different cellular 
machineries thereby dictating different cellular outcomes, such as activation or repres-
sion of transcription, DNA replication, and DNA repair (Fig. 6) [90]. The histone code 
hypothesizes that the transcription of genetic information encoded in DNA is in part 
regulated by chemical modifications to histone proteins, primarily on their unstruc-
tured ends. Along with similar modifications such as DNA methylation, it is part of 
the epigenetic code. Many of the histone tail modifications are associated with chro-
matin structure, and both histone modification state and chromatin structure are cor-
related with gene expression levels. The histone code hypothesis is that histone 
modifications serve to recruit other proteins by specific recognition of the modified 
histone via specialized protein domains, rather than through simply stabilizing or 
destabilizing the interaction between a histone and the underlying DNA.  These 
recruited proteins then act to actively alter chromatin structure or to promote tran-
scription. The combinatorial nature of different histone marks therefore adds a layer 
of complexity in recruiting epigenetic modifiers and regulating cellular processes. For 
instance, Msk1/2-mediated H3S10 phosphorylation enhances binding of GCN5, 
which leads to acetylation of H3K14, methylation of H3K4, and inhibition of H3K9 
methylation, the sequence of which results in open chromatin conformation [31]. 
Moreover, phosphorylation of H3S10 favors H3K9 acetylation since Aurora-B kinase 
can only bind unmodified or acetylated histone H3K9, thus preventing SUV39H1 
binding and histone H3K9 methylation [58]. On the other hand, histone H3K9 meth-
ylation inhibits H3S10 phosphorylation and represses gene transcription [31]. 
Recently, phosphorylation of histone H3T6 by protein kinase C beta I was shown to 
be a major event in preventing LSD1 from demethylating histone H3K4 during andro-
gen receptor-dependent gene activation [29].
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Table 5 Two major histone modifications driving histone code hypothesis

Modification Histone Residue Enzyme
Possible 
role

Acetylation H2A K4 Esa1 TA
K5 Tip60, Hat1, P300/CBP TA, RA
K7 Hat1, Esa1 TA

H2B K5 ATF2 TA
K11 Gcn5 TA
K12 ATF2, P300/CBP TA
K15 ATF2, P300/CBP TA
K16 Gcn5, Esa1 TA
K20 P300 TA

H3 K4 Esa1, Hpa2 TA
K9 Gcn5, SRC-1 TA, RA
K14 Gcn5, PCAF, Tip60, SRC-1, hTFIIIC90, 

TAF1, p300/ Gcn5, Esa1, Elp3, Hpa2, 
TAF1, Sas2, Sas3

TA, RA, 
RE

K18 P300, CBP/Gcn5 (SAGA) TA, RA
K23 P300, CBP/Gcn5 (SAGA), Sas3 TA, RA
K27 Gcn5 TA, RA

H4 K5 Hat1, Tip60, ATF2, p300/Hat1, Esa1, 
Hpa2

TA, RA, 
RE

K8 Gcn5, PCAF, Tip60, ATF2, p300/Esa1, 
Elp3

TA, RA, 
RE

K12 Hat1, Tip60/Hat1, Esa1, Hpa2 TA, RA, 
RE

K16 MOF, Gcn5, Tip60, ATF2/Gcn5, Esa1, 
Sas2

TA, RA

Methylation H1 K26 EZH2 TR
H3 R2 CARM1 TA

K4 MLL4, SET1, MLL1, SET7/9, MYD3/
Set1

TA

R8 PMRT5 TR
K9 SUV39h1, SUV39h2, ESET, G9A, EZH2, 

Eu-HMTase1/Clr4, S.p. Clr4
TA, TR

R17 CARM1 TA
R26 CARM1 TA
K27 EZH2, G9A TA, TR
K36 HYPB, NSD1/Set2, S.c. TA
K79 DOT1L/S.c. Dot-1 TA, TR, 

RA
H4 R3 PRMT1, PRMT5 TA

K20 PR-SET7, SUV4-20/SET9 TA, TR, 
RA

TA transcriptional activation, TR transcriptional repression, RA DNA repair, RE DNA replication
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Fig. 6 Illustration of histone code according to active and repressive markers. DNA is wrapped 
around histone octamer of the four core histones H2A, H2B, H3, and H4. Histone H1, the linker 
protein, is bound to DNA between nucleosomes. Different amino acids constituting histone tails 
are represented along with the different covalent modification specific of each residue. Active 
marks are represented in the upper part of the figure and repressive marks are represented in the 
lower part of the figure. K lysine, R arginine, S serine, T threonine (Adapted by Sawan et al. [61] 
and modified by authors)
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Furthermore, this histone modification crosstalk can occur between different his-
tones. Methylation of H3K4 and H3K79, which are involved in transcriptional activa-
tion, depend on, and are regulated by, H2BK123 ubiquitination [45]. The combination 
of specific histone modifications is due to the specificity of histone-modifying enzymes 
to a specific residue on their target substrate. Epigenetic marks on histone tails provide 
binding sites for specific domains of effector proteins [90]. For instance, bromodomains 
recognize and target acetylated residues, whereas chromo domains recognize methyla-
tion marks [74]. Together, the combinatorial and sequential modifications of histone 
tails provide a promising field of research that will allow for a better understanding of 
different cellular processes.

3  Role of Histone Modifications in Cellular Processes

Covalent modifications on histone tails are now established as key regulators of 
chromatin-based processes. This section discusses the role of different histone mod-
ifications in the regulation and coordination of transcription, DNA repair, and DNA 
replication (Fig. 7).

Fig. 7 Summaries of cellular role of histone modification. Functional implications in transcription 
regulation (a–c), DNA damage response (d) and DNA replication (e) are illustrated. The labels 
“Ub”, “Ac”, “Me” and “P” refer to mono-ubiquitination, acetylation, di- and trimethylation, and 
phosphorylation respectively (Adapted by Vissers et al. [86] and modified by authors)
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3.1  Transcription

In response to different stimuli, the regulation of gene expression in eukaryotes 
requires certain chromatin modifiers and specific histone modifications that allow 
for an “open”, permissive chromatin (Fig. 8). These epigenetic modifiers facilitate 
and open the way for transcription factors to bind the DNA and activate a cascade 
of events resulting in gene transcription. On the contrary, other histone modifica-
tions and modifiers can result in transcriptional repression by inducing a condensed 
chromatin state and closing DNA accessibility to transcription factors. Thus, his-
tone modifications dictate whether the chromatin state is transcriptionally permis-
sive or not (Fig. 8).

As mentioned earlier, histone methylation plays two different roles in gene 
transcription. COMPASS-catalyzed histone H3K4 methylation is associated with 
RNA polymerase II in its initiating form. Methylated histone H3K36 is found at 

Fig. 8 Schematic diagram illustrating euchromatin and heterochromatin. Heterochromatin on the 
left is characterized by DNA methylation and deacetylated histones, is condensed and inaccessible 
to transcription factors (closed chromatin conformation), which is repressive regulation of tran-
scription. On the contrary, euchromatin on the right is in a loose form and transcriptionally active; 
DNA is unmethylated and histone tails acetylated (open chromatin conformation), which is active 
regulation of transcription (Adapted by Benetatos et al. [3] and modified by authors)
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the 3′ end of active genes in combination with the elongating form of RNA poly-
merase II [69]. Similar to the above mechanisms, methylated histone H3K4 may 
provide docking sites for downstream effectors that are involved with transcrip-
tional activation, thus affecting gene expression [71]. Conversely, the methyl-
transferase for H3K9, H4K20, and H3K27 leads to a repressive effect on gene 
transcription. Chromatin modifiers that mediate these methylation marks function 
by inducing a repressive chromatin state and recruiting repressive complexes to 
transcription sites [71]. Lysine demethylation usually antagonizes the effect of 
methylation at the specific sites [44].

3.2  DNA Repair

Eukaryotic cells continuously face numerous endogenous and exogenous geno-
toxic stresses that can cause deleterious DNA lesions, including DNA double-
strand breaks (DSBs). To combat these threats, cells have evolved mechanisms 
of DNA damage repair to maintain genomic stability and prevent oncogenic 
transformation or development of disease [46]. Compacted chromatin can be a 
major obstacle in the orchestration of DNA repair and other chromatin-based 
processes. After the induction of DNA damage, chromatin must first be relaxed 
to give repair proteins access to the site of breaks. Biochemical and molecular 
studies have revealed the link between different histone modifications and DNA 
repair highlighting the major role of chromatin-remodeling enzymes in repair 
mechanisms [83]. For efficient repair, chromatin structure needs to be altered 
and access to the break sites must be available; both of which require post-
translational histone modifications, ATP-dependent nucleosome mobilization, 
and exchange of histone variants. In this section, we focus on the role of post-
translational histone modifications in DNA repair.

One of the earliest events in DSB signaling is the phosphorylation of H2AX, a 
variant of H2A. This phosphorylation is carried out by the phosphatase inositol-3 
family of kinase (PI3K) and is spread over kilo-bases (in yeast) and mega-bases 
(in mammal cells) from the break site [70]. This modification is required for 
retention and accumulation of repair proteins to damaged sites [15]. Moreover, it 
has been shown that H2AX phosphorylation is required for the recruitment of 
HATs to break sites. The recruitment of HATs is mediated by Arp4 and leads to 
acetylation of the chromatin surrounding the breaks, thereby relaxing the chroma-
tin and facilitating access for repair proteins [55]. Binding of NuA4 HAT com-
plexes and the subsequent acetylation of H4 is concomitant with H2AX 
phosphorylation [14]. Moreover, defects in H3 acetylation results in sensitivity to 
DNA damaging agents, which is consistent with its importance in DNA repair 
[41]. Related to the important role of histone acetylation in DNA repair, a recent 
study provided evidence that TRRAP/TIP60 is essential for the recruitment and 
loading of repair proteins to the site of breaks [48].
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The role of histone methylation in DNA repair has recently received consider-
able attention. Methylation of histone H4K20  in fission yeast was shown to be 
essential for the recruitment of Crb2, a checkpoint adaptor protein with homology 
to 53BP1, to sites of DNA breaks to insure proper checkpoint activation in response 
to DNA damage [5]. In human cells, BP1 may function in a very similar manner 
[58, 59]. Interestingly, TIP60 binds to the heterochromatic histone mark H3K9me3 
[63], triggering acetylation and activation of DNA DSB repair. Although H3K9me3 
is not required for the recruitment of TIP60 to sites of DNA damage, the interaction 
of TIP60/ATM with the MRN complex is sufficient for chromatin localization. 
However, the interaction with H3K9me3 is essential for TIP60 HAT stimulation and 
the initiation of downstream repair events [75].

3.3  DNA Replication

DNA replication occurs during the S phase of the cell cycle and it is initiated at 
discrete sites on the chromosome called origins of replication. DNA replication is a 
delicate process for cells since it requires a high fidelity during the duplication of 
DNA sequences and maintenance and propagation of chromatin states. This cellular 
process involves several critical steps: access to DNA for the replication machinery, 
disruption of the parental nucleosomes ahead of the replication fork, nucleosome 
assembly on the daughter duplex of DNA, and propagation of the epigenetic state. 
All of these events are regulated by a network of histone-modifying complexes that 
control access to DNA and nucleosomal organization. Although the role of chroma-
tin modifications in DNA replication remains poorly understood, several studies 
have provided evidence that histone post-translational modifications can control the 
efficiency and timing of replication origin activities [93]. As compacted chromatin 
can limit and prevent access for replication machinery to the DNA, it can be hypoth-
esized that histone modifications play a critical role in setting the chromatin status 
for both early and late origins of DNA replication. Related to this idea, it has been 
shown in yeast that histone acetylation in the vicinity of the origin of replication 
affects replication timing. Indeed, higher levels of histone acetylation coincide with 
earlier induction of replication at an origin [93]. In humans, acetylation of histone 
tails has also been demonstrated to correlate with replication timing [9]. Consistent 
with the idea that acetylation opens the way for DNA replication machinery; several 
studies have shown that HAT HBO1 is associated with both replication factor, 
MCM2 and the origin recognition complex 1 subunit of the human initiator protein. 
These findings suggest that the targeting of histone acetylation to the origin of rep-
lication establishes a chromatin structure that is favorable for DNA replication [6]. 
Interestingly, ING5-containing HBO1 HAT complex associates with MCM2-7 heli-
case and appears to be essential for DNA replication in humans, which is consistent 
with the finding that depletion of either ING5 or HBO1 impairs S phase progression 
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[16]. Recent studies in S. cerevisiae showed a dynamic regulation of acetylation of 
H3 and H4 around an origin of replication [82]. Further studies are needed to exam-
ine the exact mechanisms and implications of other histone modifications such as 
methylation, phosphorylation, and ubiquination. It is likely that histone phosphory-
lation, similar to acetylation, could also play roles in making DNA accessible to 
DNA replication machinery and in restoring chromatin to a compact configuration 
after DNA replication is completed.

4  Epigenetic Role of Histone Methylations in Glioma

According to the nationwide, hospital-based cancer registry, as reported by the 
Korean Ministry of Health and Welfare in 2010, there were 10,004 newly diagnosed 
brain tumors in a population of 49.9 million in 2010 [32]. Among them, most of the 
neuroectodermal tumors were gliomas (91.7%), which accounted for 15.1% of all 
primary brain tumors. Glioblastoma accounted for 5.2% of all primary tumors and 
34.4% of all gliomas. Among histologically confirmed cases, glioblastoma 
accounted for 40.6% of all gliomas [32]. Despite recent advances in surgery, radio-
therapy, and chemotherapy, survival of glioma patients remains poor. The 5-year 
survival rate of patients with low-grade gliomas is 30–70% depending on histology, 
and the median survival time is only 12–15 months for the most frequent malignant 
glioma, glioblastoma multiforme (GBM) [89, 90].

Besides genetic alterations, epigenetic modifications are critical to the develop-
ment and progression of cancer. The best-known epigenetic marker in gliomas is 
DNA methylation. Hypermethylation of the CpG island promoter can induce silenc-
ing of genes affecting the cell cycle, DNA repair, metabolism of carcinogens, cell-
to-cell interaction, apoptosis, and angiogenesis, all of which may occur at different 
stages in glioma development and interact with genetic lesions [18]. In addition to 
DNA promoter hypermethylation, epigenetic alterations of histone modification 
patterns have the potential to affect the structure and integrity of the genome and 
disrupt normal patterns of gene expression, which may also contribute to carcino-
genesis [18]. These modifications occur in different histone proteins, histone vari-
ants, and histone residues, involve different chemical groups, and have different 
degrees of methylation.

4.1  Alterations of Histone Modifications in Glioma Genesis

Mounted evidence from recent data shows that alterations at the histone level may also 
play a role in glioma genesis. These alterations encompass a globally deregulated 
expression of genes involved in histone modifications as well as changes in the histone 
modification pattern of individual genes (Table 6). Global aberrations at the histone 
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level result from mutations in regulatory genes, as detected in a large-scale genomic 
analysis of GBM samples, including HDACs (HDAC2 and HDAC9), histone demeth-
ylases (JMJD1A and JMJD1B), and histone methyltransferases (SET7, SETD7, MLL3 
and MLL4) [55]. Furthermore, altered expression levels of HDACs, due to reasons that 
have yet to be defined, have been linked to tumor recurrence and progression (HDAC1, 
HDAC2, and HDAC3) [7]. Histone modifications regulating individual genes have 
been reported in several studies. For example, a repressed expression of the tumor sup-
pressor RRP22 and the cell cycle regulator p21, combined with an enhanced expres-
sion of the pro-proliferative transcription factor HOXA9 have been linked to alterations 
in histone modification patterns [62]. However, the actual functional roles of histone 
modifications in gliomas, and their potential to serve as biomarkers and/or therapeutic 
targets, still remain to be fully elucidated. Additionally, in order to determine the exact 
incidence and characteristic patterns of these alterations of histone modification in 
human gliomas, there is a necessity of further study and more analysis.

4.2  Alterations of Histone Modifications in GBM

As previously mentioned, epigenetically silenced loci, in addition to being hyper-
methylated DNA, are characterized by aberrant patterns of histone modifications. 
Silenced CpG island promoters are characterized by increased histone H3K9 meth-
ylation and loss of H3K9 acetylation. In embryonic stem (ES) cells, the dual pres-
ence of deactivating H3K27 methylation and activation-associated H3K4 
methylation, called bivalent domains, is thought to create a “poised” chromatin state 
for developmentally regulated genes, allowing for silencing in ES cells and subse-
quent transcriptional activation or repression in differentiated cells [4]. Bivalent 
domains, along with additional repressive marks (dimethylated H3K9 and trimeth-
ylated H3K9), are found in embryonic carcinoma cells in genes that are frequently 
silenced by DNA hypermethylation in adult human cancer cells. These histone 
modifications are hypothesized to predispose tumor suppressor genes to DNA 
hypermethylation and heritable gene silencing [52].

Table 6 Major epigenetic alteration of histone modification in human gliomas

Mutation

Histone deacetylase HDAC2, HDAC9
Histone demethylase JMJD1A, JMJD1B
Histone methyltransferase SET7, SETD7, MLL, MLL3, MLL4
Altered expression level

Histone deacetylase HDAC1, HDAC2, HDAC2
Modification of individual genes

RPR22 Repression expression
P21 Repression expression
HOXA9 Enhanced expression
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There are many instances of genetic alterations and/or deregulated expression 
levels of genes encoding for histone-modifying enzymes. In acute leukemias for 
example, it is common to observe translocations involving the mixed lineage leuke-
mia (MLL) gene, encoding for H3K4 methyltransferase [13]. These translocations 
result in MLL fusion proteins that have lost H3K4 methyltransferase activity. 
Mutations resulting in altered histone HAT activity also occur in cancer related 
diseases: CREB-binding protein (CBP) mutations, abolishing HAT activity, cause 
Rubenstein-Taybi syndrome, a developmental disorder that is associated with a 
higher risk of cancer [57]. In GBM, there is also some preliminary evidence for the 
deregulation of genes controlling histone modifications. The gene encoding BMI-1, 
a member of the polycomb group complex that regulates histone H3K27 methyla-
tion, is frequently subjected to copy number alterations in both low- and high-grade 
gliomas, and BMI-1 deletions are associated with poor prognosis in patients [27]. It 
has also been reported that expression levels of some HDAC proteins are altered in 
GBM.  Class II and class IV HDACs displayed decreased mRNA expression in 
GBMs compared to low-grade astrocytomas and normal brain samples, and overall, 
histone H3 was more acetylated in GBMs [40]. Large-scale sequencing of protein-
coding genes in GBMs uncovered mutations in many genes involved in epigenetic 
regulation, including histone deacetylases HDAC2 and HDAC9, histone demethyl-
ases JMJD1A and JMJD1B, histone methyltransferases SET7, SETD7, MLL3, 
MLL4 and methyl-CpG binding domain protein 1 (MBD1) [55]. Screening of a 
large cohort of gliomas of various grades and histologies (n = 784) showed H3F3A 
mutations to be specific to GBM and highly prevalent in children and young adults 
[65]. Furthermore, the presence of H3F3A/ATRX-DAXX/TP53 mutations was 
strongly associated with alternative lengthening of telomeres and specific gene 
expression profiles in GBM, which results explained the recurrent mutations in a 
regulatory histone [65]. These intriguing initial studies suggest that alterations in 
epigenetic mechanisms could be a major defect in GBM.

4.3  Global Histone Modification Patterns as Prognostic 
Marker in Glioma Patients

Liu et al. reported the relationship between multiple histone modifications and patient 
prognosis, which was analyzed by a recursive partitioning analysis (RPA), with pro-
gression-free survival (PFS) and overall survival (OS) as the primary end point [65]. 
An RPA classification was carried out to test how histone modification might influ-
ence prognosis (Fig. 9). Patients with astrocytoma were classified into two separate 
groups based on acetylation of H3K9. Patients whose tumors expressed H3K9Ac in 
<88% of tumor cells (group 3) had a reduced survival rate compared with patients 
whose tumors had at least 88% of cells expressing H3K9Ac (group 2). In WHO grade 
3 tumors, patients whose tumors expressed H3K4diMe in <64% of tumor cells (group 
6) had a reduced survival rate compared with patients whose tumors had at least 64% 
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WHO grade 1/2
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≥ 64% < 64% < 74% ≥ 74% ≥ 75% < 75%

A
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Yes No

Yes No
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Group 3
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n = 10
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n = 26
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n = 16

Group 7
n = 22

Group 8
n = 24

Group 9
n = 18

Group 10
n = 10

Fig. 9 RPA results individualizing 10 different prognostic groups among the 230 samples from 
glioma patients who underwent resection included. Each node, where the branches of the RPA tree 
bifurcate, divides patients according to whether the value of a specific feature (predictor) is above 
or below a selected cutoff value. The first node is represented by the tumor grade. In low-grade 
glioma patients, histologic subtype provides the second node, and histone modifications (e.g., the 
percentage of cells stained positively for H3K9Ac) provide the third node. High-grade glioma 
patients were further divided into WHO grade 3 and 4 ones. Histologic subtype and pathogenesis 
provide the third node, respectively, and histone modifications of H3K4me2, H3K18Ac, or 
H4K20me3 provide the fourth node (Adapted by Liu et al. [39])

of cells expressing H3K4me2 (group 5). Acetylation of H3K18 also significantly 
influenced the survival of primary glioblastoma patients. Patients whose tumor 
expressed lower levels (<74% of tumor cells) of H3K18Ac (group 7 vs. group 8) 
experienced a greater survival rate. Meanwhile, trimethylation of H4K20 significantly 
influenced the survival of secondary glioblastoma patients; with a greater survival for 
patients whose tumor expressed higher levels (≥75% of tumor cells) of H4K20me3 
(group 9 vs. group 10). Conclusively, these data suggest that the 10 groups defined the 
terminal classification of the 230 patients and were associated with significantly dif-
ferent PFS (p < 0.0001) and OS (p < 0.0001; Table 7) [65].

4.4  Potential Epigenetic-Based Therapies for GBM

Epigenetic-based therapies, such as the DNMT inhibitor Decitabine (5-aza-2′-
deoxycytidine) and the HDACi suberoylanilide hydroxamic acid (SAHA; 
Vorinostat), are currently being tested in multiple cancers, although only HDACi is 
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in trials for GBM [22]. In contrast to genetic mutations, which are “hard-wired” 
once mutated, epigenetic mutations, such as promoter hypermethylation and his-
tone acetylation status, are theoretically reversible through drug treatment or 
changes in the diet.

A major unresolved issue with epigenetic therapy for cancer is target specificity. 
First, some genes that require DNA methylation or histone deacetylation for silenc-
ing in normal cells could be unintentionally activated by agents that inhibit DNMTs 
or HDACs. Second, cancer genomes are characterized by both DNA hyper- and 
hypomethylation. Therefore, using drugs that reactivate silenced tumor suppressors 
may have the undesired effect of further activating oncogenes through hypomethyl-
ation. These problems should be addressed to gain a more complete understanding 
of the molecular events that may result from epigenetic-based therapy.

5  Future Directions for Histone Modifications in GBM

Epigenetic studies of GBM are poised to (i) make substantial contributions to the 
understanding of GBM biology, (ii) identify new predictive biomarkers and (iii) 
discover novel targets for therapy. New models, such as GBM patient-derived 
tumor stem cells grown in neurosphere culture, may be a valuable addition to epi-
genetic research into GBM, particularly if the epigenetic profiles of the corre-
sponding primary tumors are retained, as has been shown in gene expression 
patterns and invasive growth patterns of these cells [38]. Epigenomic profiling of 
DNA methylation, histone modifications and non-coding RNAs (such as microR-
NAs) in primary tumors, orthotopic xenografts, and tumor neurospheres are strate-
gies that will likely uncover many additional epigenetic alterations in GBMs, and 
potential targets for therapy.

Table 7 Median progression-free survival and overall survival of the different groups of glioma 
patients established by RPA

Group # of patients Median PFS month (95% CI) Median OS month (95% CI)

1 22 51.8 (46.1–57.5) 52.4 (48.4–56.4)
2 30 36.0 (27.2–44.8) 57.6 (49.9–65.3)
3 52 31.9 (29.4–34.4) 32.0 (21.5–42.5)
4 10 35.9 (29.7–42.1) 28.5 (22.2–34.8)
5 26 14.0 (10.8–17.2) 18.6 (15.9–21.3)
6 16 9.2 (8.3–10.0) 11.3 (10.0–12.6)
7 22 11.6 (7.8–15.4) 14.0 (10.9–17.1)
8 24 7.9 (4.9–10.9) 10.1 (9.0–11.2)
9 18 7.9 (5.1–10.7) 9.7 (6.2–13.2)
10 10 6.2 (4.4–8.0) 6.5 (4.6–8.4)

p < 0.0001
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There are still many questions remaining about the role of epigenetics in 
GBM.  The causes and consequences of epigenetic alterations are still mostly 
unknown, and the relative contributions of genetic and environmental factors to 
epigenetic alterations have not been quantified. It is still unclear as to why some 
genes or pathways are more affected by epigenetic alterations than they are by 
genetic alterations (or vice versa). It is clear, however, that simultaneously examin-
ing both genetic and epigenetic defects, complemented with functional studies, will 
be essential in answering these questions. It will also be important to understand the 
effects of HDACi on the entire cancer acetylome to elucidate the molecular conse-
quences of this treatment strategy.

Therapies that combine both DNMT and HDAC inhibitors may be an effective 
strategy against GBM. A dual treatment approach may have a synergistic effect on 
gene activation, and could allow lower doses of each drug to be used. Such a strat-
egy is being tested in a clinical trial for myelodysplastic syndrome (MDS) and acute 
myelogenous leukemia (AML) using the DNMT inhibitor Decitabine with or with-
out valproic acid (clinicaltrials.gov ID NCT00414310).

An area that is mostly unexplored in GBM is the development and testing of 
drugs directed against histone modifications other than acetylation. H3K27 meth-
ylation at promoter regions of silenced tumor suppressors could be targeted to reac-
tivate these genes by, for example, using the S-adenosylhomocysteine hydrolase 
inhibitor 3-Deazaneplanocin A (DZNep) [38]. However, it should be noted that the 
degree of specificity of DZNep for inhibiting H3K27me3 has not yet been fully 
determined because of its strong toxicity. As epigenetic modifications are better 
understood and more types are discovered, additional epigenetic drug targets can be 
tested in GBMs and other cancers.
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Abstract Two unique pathogens play crucial roles in gastric carcinogenesis, namely 
Helicobacter pylori (H. pylori) and Epstein-Barr virus (EBV). Gastric cancer is fre-
quently associated with aberrant DNA hypermethylation as well as genetic alterations, 
and the both these infectious agents are involved in various molecular events. This 
chapter focuses on epigenetic aberrations in gastric cancer, including hypermethyl-
ation and its correlations with the two infectious agents as well as the recently reported 
histone modifications.
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1  Introduction

Gastric cancer is one of the most common and lethal malignant tumors worldwide. 
Two unique pathogens play crucial roles in the etiology of gastric cancer, namely 
Helicobacter pylori (H. pylori) and Epstein-Barr virus (EBV). From the molecular 
viewpoint, gastric cancer is frequently associated with aberrant DNA hypermethyl-
ation as well as genetic alterations, and the both these infectious agents are involved 
in these and other molecular events. This chapter focuses on epigenetic aberrations 
in gastric cancer, including hypermethylation and its correlations with the two 
infectious agents as well as the recently reported histone modifications.
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2  Gastric Cancer and Two Unique Pathogens that Induce 
DNA Hypermethylation

Gastric cancer is one of the major causes of cancer-related death worldwide [65]. 
Two unique pathogens, H. pylori and EBV, are known to participate in gastric car-
cinogenesis. In this section, we review these two infectious agents.

H. pylori is a helix-shaped Gram-negative bacterium that infects the surface of 
gastric mucosa. It was first reported by Marshall BJ and Warren JR in 1983 [39]. 
About half the world’s population is infected with H. pylori [53, 57]. H. pylori infec-
tion triggers chronic active gastritis and is characterized by persistent infiltration of 
plasma cells and neutrophils into the gastric mucosa, accompanied by  sustained 
injury to epithelial cells [39]. If the infection persists for decades, the proper gastric 
glands, i.e. fundic and pyloric glands, become atrophied, causing a decrease in the 
gland volume and a replacement of the intestinal metaplasia; this condition is called 
chronic atrophic gastritis [11, 12, 58]. Before the discovery of H. pylori, the gastric 
lumen was assumed to be sterile because of its highly acidic nature, and the atrophic 
changes were explained as age-related phenomena. The unexpected discovery of H. 
pylori was a revolutionary event in the field of gastroenterology and caused a drastic 
paradigm shift in the attitude towards gastric disorders. Many subsequent explor-
atory studies demonstrated that H. pylori was associated with chronic atrophic gas-
tritis and played a crucial role in gastric carcinogenesis [55, 71]. After consistent 
accumulation of such epidemiological proof, the World Health Organization finally 
concluded that, “H. pylori is a definite carcinogen” [53, 57].

EBV is another infectious agent associated with gastric cancer. EBV belongs to 
the subfamily Gammaherpesvirinae and has a double-stranded DNA genome. EBV 
was the first virus to be isolated from a human malignant tumor, Burkitt lymphoma, 
in 1964 by Epstein MA and Barr Y [15]. It was later found to be the cause of infec-
tious mononucleosis, which causes severe symptoms such as fatigue, fever, pharyn-
gitis, and lymphadenopathy in post-pubertal patients [50]. EBV is usually retained 
inside inactivated memory B-lymphocytes in a latent form. However, it occasionally 
switches into a lytic form and produces infectious viral particles in pharyngeal ton-
sils, which are transmitted via saliva. Eventually, more than 90% of adults become 
EBV carriers and do not exhibit any symptoms. Thus, EBV is one of the most suc-
cessful infectious agents to survive in humans. EBV has also been reported to be 
associated with several kinds of malignant cancers including gastric cancer [6], 
Hodgkin’s lymphoma [81], opportunistic lymphoma in immunocompromised hosts 
[13, 48], and nasopharyngeal carcinoma [84].

Generally, gastric cancer is characterized by complicated clinicopathological 
features; based on the histopathology, gastric cancers were even classified into sev-
eral types [30]. Furthermore, intratumoral heterogeneity is frequently observed 
[59]. This clinicopathological diversity may be responsible for the long-term chronic 
gastritis induced by H. pylori infection, causing large-scale molecular damage. 
While gastric cancer is generally characterized by a variety of properties, EBV+ 
gastric cancer has been shown to be a distinguished subgroup from a clinicopatho-
logical as well as a molecular viewpoint. The following sections illustrate the cor-
relations between molecular aberration and H. pylori or EBV.
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3  H. pylori Infection and Gastric Cancer

H. pylori exerts its pathogenic effects via two pathways. One is direct interaction 
with gastric epithelial cells, and the other is indirect interference mediated by non- 
specific chronic inflammation. These pathways are not always independent and 
facilitate each other, resulting in gastric carcinogenesis.

3.1  Direct Interaction of H. pylori for DNA Hypermethylation

Most Gram-negative bacteria have an innate capacity to acquire exogenous gene 
clusters, called pathogenicity islands (PAI), and this often accounts for their patho-
genicity. H. pylori can also acquire PAI and it was reported that it directly interacts 
with gastric epithelial cells through a PAI encoding about 30 genes, including a type 
IV secretion system [5]. The pathogenicity of H. pylori depends on its ability to 
produce the cytotoxin-associated gene A (CagA) protein. Almost all strains in East 
Asia and about half the strains in the west can produce CagA protein; this biased 
distribution is reflected on the incidence of gastric cancer. H. pylori directly injects 
the CagA protein into gastric epithelial cells through the type IV secretion system. 
This protein invasion affects the host cells in different ways by causing enhance-
ment of cell motility (so-called hummingbird) [62], disruption of the epithelial 
apical-junctional complex [3], and epithelial proliferation [66]. CagA was proven to 
possess oncogenic properties when a transgenic mouse model expressing CagA 
developed gastric adenocarcinoma [55]. However, its direct contribution to the 
induction of aberrant DNA hypermethylation remains unknown.

3.2  Indirect Effect of H. pylori Through Chronic 
Inflammation

The indirect interference of H. pylori mediated by chronic inflammation plays a more 
crucial role in the induction of aberrant DNA hypermethylation [35, 51]. Chronic per-
sisting injuries that cause inflammation can stimulate cell-cycle progression and induce 
molecular damage by producing free radicals [68] or causing aberrant expression of 
activation-induced cytidine deaminases [40]. In a Mongolian gerbil model, aberrant 
DNA hypermethylation was suppressed by a demethylating agent 5-aza-2-deoxycyti-
dine, and this resulted in a decrease in incidence of H. pylori-induced gastric cancer 
although it was not completely prevented [52]. While this result indicates that aberrant 
DNA hypermethylation promotes the risk of H. pylori-related gastric cancer, it is pos-
sible that H. pylori itself plays an important role in the carcinogenesis.

Long-term persistent gastritis caused by H. pylori causes aberrant hypermethyl-
ation in promoters of many genes including tumor-suppressor genes (p16INK4A and 
LOX) [32, 73]. Thus, chronic damage to the gastric mucosa leads to field canceriza-
tion, in which vast areas of the gastric mucosa is at risk of tumorigenesis because of 
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accumulation of genetic or epigenetic alterations. Therefore, the incidence of gastric 
cancer could be reduced by eradication of H. pylori. At present, H. pylori can be 
eradicated through standard protocols of polypharmacy, with the use of antibiotics 
and proton pump inhibitors. However, once a promoter gets aberrantly hypermeth-
ylated, eradication of H. pylori will not help, as a certain amount of methylation is 
retained [47, 51]. This suggests that aberrant hypermethylation might occur at the 
stem cell or progenitor cell level. Upregulation of inflammatory genes like IL-1ß, 
IL-8, NOS2, and TNF was assumed to induce aberrant hypermethylation during 
chronic inflammation in inflammatory disorders like human ulcerative colitis or 
hepatitis [8, 37, 43, 44]. IL-1ß was reported to be a significant factor for the induc-
tion of aberrant hypermethylation in the promoter regions during gastric carcino-
genesis [9, 14]. The role of IL-1ß in H. pylori-induced gastritis was demonstrated 
using mice in which the IL-1 receptor type 1 was knocked out [24].

4  EBV+ Gastric Cancer and Epigenetic Alterations

In 1990, the EBV genome was detected by PCR in a gastric cancer tissue showing 
lymphoepithelial features [6]. Advances in in situ hybridization methods for detect-
ing EBV-encoded small RNAs (EBERs) have enabled the high-throughput detec-
tion of EBV-infected cells in tissue specimens. Subsequently, intensive surveys 
were carried out and the results have revealed that EBV-positive (EBV+) gastric 
cancer (or EBV-associated gastric cancer) is distributed worldwide with very low 
endemic deviation rates of 7–15% [17, 63, 64, 67], unlike other cancers like Burkitt 
lymphoma in equatorial Africa or nasopharyngeal carcinoma in southern China. 
Other meta-analyses report an overall frequency of 8.2–8.7% [7, 46]. EBV+ gastric 
cancer is characterized by unique histopathological features such as poorly differen-
tiated adenocarcinoma and marked lymphocyte infiltration in the cancer stromas; it 
has therefore been called “gastric cancer with lymphoid stroma” [76]. Moreover, 
EBV+ gastric cancer shows distinct clinicopathological features such as predomi-
nance in males, proximal location, post-operative recurrent gastric cancer, synchro-
nous or metachronous multiple occurrences, and relatively favorable prognoses 
with reduced frequency of lymph node metastases [7, 17]. These features serve to 
distinguish EBV+ gastric cancers from other gastric cancers. This was validated 
through molecular approaches, as discussed below.

4.1  Characteristics of EBV+ Gastric Cancer

Evidence from a number of studies suggests that EBV is associated with gastric car-
cinogenesis for three reasons. Firstly, the EBV genome isolated from many cases 
demonstrated mono- or oligoclonality, regardless of the tumor stage [18, 25, 72]. 
Secondly, all the cells in each EBV+ gastric cancer tissue tested positive for the pres-
ence of EBER-ISH [17, 64]. Finally, the incidence of EBV+ gastric cancer does not 
show any significant difference between early and advanced stages [17, 64]. EBV has 
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a double-strand DNA genome with about 170,000 bp. In the infectious viral particles, 
the DNA takes a linear form. After it enters the host cells, it takes a circular form by 
the fusion of its two ends with terminal repeats. The length of the terminal repeats in 
the circular EBV genome is maintained inside the nuclei of the host cells because 
integration into the host genome does not occur [36]. The clonality of the EBV 
genome inside the host cells could be evaluated by a Southern blot analysis, which can 
estimate the lengths of terminal repeats showing single or oligo bands. The investiga-
tion of clonality of the EBV genome in EBV+ gastric cancer revealed that the infection 
was established at an initial or very early stage before clonal expansion of tumor cells.

The in vivo mechanism by which EBV establishes its infection in the gastric 
epithelial cells is still unknown. The innate receptor for EBV infection is CR2 
(CD21), which is expressed on the cell membrane of B lymphocytes. However, 
gastric epithelial cells do not express this receptor [80], and EBV by itself cannot 
infect unintended host cells. This issue could be explained by a cell-to-cell contact 
model for in vitro infection called the Akata system. The Akata cell line is a floating 
cell line derived from EBV-infected Burkitt lymphoma tissues and usually exists in 
the latent infection form without virus production. Akata cells express the IgG 
receptor on the cell surface and so, stimulation of this receptor using anti-IgG anti-
bodies could induce the switch to lytic form and the production of infectious viral 
particles. Co-culturing of these lytic Akata cells with adhesive epithelial cells can 
facilitate EBV infection of the epithelial cell through cell-to-cell contact [26]. The 
mucosa surrounding EBV+ gastric cancer tissues often shows chronic gastritis with 
atrophic changes caused by H. pylori infection [31]. This non-physiological inflam-
matory condition caused by H. pylori might provide the opportunity for EBV to 
infect the epithelial cells, which are usually not present in the EBV lifecycle. 
Recently, interaction between H. pylori and EBV in gastric carcinogenesis was 
reported at the molecular level [60]. The CagA protein undergoes tyrosine phos-
phorylation, and the tyrosine-phosphorylated CagA then binds to the pro-oncogenic 
protein tyrosine phosphatase SHP2, which is considered to play significant roles in 
gastric carcinogenesis. SHP1, an SHP2 homologue, is involved in tumor- suppression 
and specifically interacts with CagA to dephosphorylate it. EBV infection, however, 
induces aberrant hypermethylation of the SHP1 promoter, thereby silencing its 
expression. EBV thus strengthens the phosphorylation-dependent CagA action.

4.2  DNA Hypermethylation in EBV+ Gastric Cancer

EBV+ gastric cancer was reported to be associated with a high frequency of pro-
moter hypermethylation [10, 34, 74]; however, previous analyses were limited to 
known cancer-related genes. A genome-wide DNA methylation analysis in clinical 
gastric cancers was performed to reveal the methylation epigenotype (ME) of gas-
tric cancer. Gastric cancers were classified into three distinct groups based on MEs: 
low-ME, high-ME, and extremely high-ME [42]. The EBV+ gastric cancer was 
classified as having an extremely high-ME. The methylation pattern in EBV+ gas-
tric cancer is characterized by two features. Firstly, non-specific genes, which are 
methylated in EBV-negative cases as well, are also methylated. Secondly, excess 
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hypermethylation is observed specifically in EBV+ gastric cancer; this characterizes 
the EBV+ ME. Generally, aberrant promoter hypermethylation in cancer is signifi-
cantly higher in the target genes of the Polycomb repressive complex (PRC) in 
embryonic stem cells [54, 61, 77]. Commonly methylated genes in gastric cancer 
showed a significantly higher level of methylation in PRC-target genes, similar to 
other kinds of tumors. However, genes specifically methylated in EBV+ gastric can-
cers extended to non PRC-target genes, which are rarely methylated in other cells 
[42]. This implies the presence of some unique mechanism to induce excessive 
DNA hypermethylation in EBV+ gastric cancer cells. The high-ME group contained 
some cases in which the mismatch repair gene MLH1 was methylated, while EBV+ 
gastric cancer was free from MLH1-methylation, implying the presence of a differ-
ent mechanism.

In vitro EBV infection experiments were performed using the Akata system to 
clarify the causal relationship between EBV infection and extremely high- ME. 
Surprisingly, EBV infection in low-methylation gastric cancer cells, MKN7, 
induced genome-wide de novo DNA methylation in the host cellular genome. 
De novo methylation extended into the specifically methylated genes as well as 
the commonly methylated genes in EBV+ gastric cancer tissues, which suggested 
that EBV infection itself could be the definite cause of extremely high-ME. The 
methylated genes actually caused the downregulation of various genes including 
tumor- suppressor genes, which suggests that EBV plays a key role in gastric car-
cinogenesis [42].

The mechanism of induction of de novo DNA methylation has not been fully 
elucidated. The unmethylated genes in the EBV-uninfected state can be subdivided 
into three categories according to behavior during de novo DNA methylation [41]. 
The first category includes methylation-resistant genes, which show partial meth-
ylation but are resistant to methylation around the transcription start site (TSS). The 
second category includes methylation-sensitive genes, which show complete meth-
ylation in promoter regions. The last category includes the non-methylated genes, 
which show no de novo methylation. The identification of methylation-resistant 
genes helps us perceive the EBV-induced de novo methylation as a competition 
between methylation-induction and -suppression. Recently, the TET (ten-eleven-
translocation)-family gene TET2 was identified as a resistance factor against DNA 
methylation during EBV infection [49]. The TET family genes encode DNA 
demethylases that oxidize 5-methylcytosine to 5-hydroxymethylcytosine, 5-formyl-
cytosine, and 5-carboxylcytosine [20, 27]. The TET family genes, especially TET2, 
are downregulated during EBV infection. This could be reproduced by a few EBV 
transcripts and human miRNAs against TET2, which were upregulated by EBV 
infection. EBV infection induced de novo methylation in a greater number of genes 
TET2 was knocked out by shRNA.

The candidate factors of methylation-induction should be separately studied in 
EBV and host cells. EBV shows three types of latent forms, based on the expression 
pattern of latent genes. The lymphoblastoid cell line (LCL), which is transformed 
by EBV infection into primary B lymphocytes, expresses all types of latent genes, 
and is called type III latency. Other examples include latent membrane proteins 
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(LMPs) (-1, -2A, and -2B), EBV nuclear antigens (EBNAs) (-1, -2, -3A, -3B, -3C, 
and -LP), EBV-encoded small RNAs (EBERs) (-1 and -2), and BARTs. Whereas, 
Burkitt lymphoma shows type I latency, with only EBNA-1, EBERs, and BARTs 
expressed during latent infection. Type II latency is intermediate to Type I and III 
and is exhibited by EBV-associated Hodgkin lymphoma, peripheral natural killer/T- -
cell lymphoma, and nasopharyngeal carcinoma. In this pattern, LMP-1 and LMP-2 
are expressed in addition to the Type I latency genes. The EBV+ gastric cancer 
shows either latency I or II and expresses EBNA-1, EBERs, BARTs, and/or LMP2A 
[18, 19, 81]. From the viewpoint of the epigenome, a well-ordered mechanism for 
the interaction between host cell and EBV could be highlighted. In latent infection, 
the EBV genome is modified by dense DNA methylation and histone modification 
to suppress most of viral genes unnecessary maintenance of the latent form. Thus, 
EBV takes advantage of the host cellular mechanism to control its gene expression. 
During DNA methylation in the most restricted type I latency, the host genome 
itself is synchronously extensively hypermethylated [16, 33]. In the least restricted 
type III latency, the host genome also shows methylation levels as low as those seen 
in peripheral blood cells [33]. This parallel behavior of the methylome of host cell 
and EBV implies that the host-driven mechanism to induce DNA methylation in 
viral genome may extensively affect even host genome.

Many studies have been performed to investigate the methylation-inducer among 
EBV factors. LMP-1 was found to be expressed in nasopharyngeal carcinomas. It 
was reported that CDH1 was downregulated via aberrant promoter hypermethyl-
ation and that this downregulation induced cell migration activity [69, 70]. LMP-2A 
expressed in gastric cancer induced promoter hypermethylation for PTEN [22]. 
EBER1 and EBER2 are small non-coding RNAs of about 170 bp length and are 
expressed abundantly in the nuclei of infected cells (up to 107 copies per cell). Their 
role in the induction of epigenetic modification has remained unclear; however, 
some oncogenic features of EBERs were reported, such as the ability to increase the 
transformation efficiency of B-lymphocytes [78, 79] or the induction of insulin-like 
growth factor 1, which functioned as an autocrine growth factor in gastric cancers 
and nasopharyngeal carcinoma cells [28, 29]. While these viral factors may affect 
the local epigenetic modifications, the alteration of genome-wide DNA methylome 
observed in EBV infection could not be reproduced by forced expression of these 
viral factors [42].

Recent comprehensive analyses have revealed various genetic alterations, and 
EBV+ gastric cancer showed particular genetic mutations, notably in chromatin 
remodeling factors like ARID1A [1, 75, 82]. ARID1A consists of SWI/SNF complex 
as the chromatin-remodeling factor; however, it remains unclear whether impair-
ment of these genes causally affects epigenetic alteration in EBV+ gastric cancers. 
Further investigation is necessary to clarify the roles of host cellular factors in the 
induction of methylation.
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5  Histone Modification

Along with DNA methylation, histone modification is one of the major events asso-
ciated with epigenetic regulation. However, because DNA methylation is easier to 
study with high reliability and reproducibility, studies concerning histone modifica-
tion have been lagging. Mainstream research on epigenetic alterations in gastric 
cancer has focused only on hypermethylation in promoters of tumor-suppressor 
genes so far. However, comprehensive analyses of histone modifications are rapidly 
gaining popularity because of the advances in the chromatin immunoprecipitation 
with high-throughput sequencer (ChIP-seq) methods. These analyses have high-
lighted the significance of histone modification in tumorigenicity and cellular devel-
opment [2, 21, 45]. Analyzing histone modifications is a better way to measure 
transcriptional status than RNA sequencing because histone modifications are more 
stable than RNA transcripts [83].

Epigenetic profiling of primary gastric cancers as well as cell lines has been per-
formed, with the focus on histone modifications in enhancer regions [56]. Enhancers 
are distal regulatory elements. They can be modified by histone H3 lysine 4 mono-
methylation (H3K4me1) as a location marker, actively regulated by H3 lysine 27 
acetylation (H3K27ac), or repressed by H3K27me3 [4, 21]. Super- enhancers are 
larger than typical enhancers, and are often associated with multiple factors that 
decide cellular identity or disease properties [23, 38]. It has been reported that a 
genome-wide reprogramming of enhancers and super-enhancers occur during gas-
tric carcinogenesis, and that it contributes to the dysregulation of local and regional 
gene expression in a heterogeneous manner [56]. Today, molecular analysis tech-
niques are sufficiently developed to enable genome-wide studies of histone modifi-
cation even in primary samples; therefore, further studies can be expected.

6  Summary

In this chapter, the correlations between gastric cancer and two unique infectious 
agents, H. pylori and EBV, were discussed, with a focus on epigenetic alterations. 
Inadequate downregulation of tumor-suppressor genes because of aberrant epigen-
etic modifications can be used as a target for therapy. The primary DNA sequence 
remains intact and physiological gene expression could be recovered with adequate 
control. Furthermore, as the EBV genome is also regulated by epigenetic modifica-
tions, it might present an attractive target for antitumor activity. A better understand-
ing of the molecular events in the development of various tumors is required to 
develop improved treatment strategies.
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1  Epigenetic Regulators in Hematopoietic Malignancies

While the word epigenetics generally represents all the mechanisms that regulate 
the expression of genes without changes in DNA sequences or the inheritable 
phenotypes as a result of those mechanisms [1], the epigenetic biological pro-
cesses include non-coding RNA, RNA splicing, as well as chemical modifications 
of DNA or histone. Among those epigenetic processes, DNA methylation and 
histone methylation are the most profoundly investigated in detail. In hematologi-
cal malignancy, epigenetic regulators have been identified as novel classes of 
somatic mutations in myeloid malignancies [2]. Studies on epigenetics in hema-
tological malignancies began with the next-generation whole exome and whole 
genome sequencing of large acute myeloid leukemia (AML) cohorts [3–5]. These 
findings were followed by sequencing of other myeloid tumors, including myelo-
proliferative neoplasm (NPM), MDS, and myelofibrosis (MF) [6–8]. Moreover, 
T-cell acute lymphoblastic leukemia (T-ALL) was found to be associated with 
somatic mutations in genes encoding epigenetic regulators [9, 10]. As shown in 
Tables 1 and 2, both myeloid malignancies and T-ALL harbor mutations in 

Table 1 Somatic mutations 
in genes encoding epigenetic 
molecules observed in 
myeloid malignancies

Genes Frequency in diseases

DNMT3A AML; 26%
MDS; 5–10%

ASXL1 AML; 17–19%
TET2 AML; 8–27%
IDH1 AML; 8–9%

MDS; 6%
IDH2 AML; 8–9%

MDS; 9%
MLL-PTD AML; 5%
MLL- fusion AML; 5%
EZH2 AML; 2%

EZH2; 5%
PHF6 AML; 3%
SF3B1 MDS; 20%, MDS-RS; 65%
U2AF1 MDS; 7%
SRSF2 MDS; 12%
ZRSR2 MDS; 3%

Based on the data introduced in Refs. [2, 4, 6, 8], fre-
quently observed somatic mutations are listed with their 
frequency in myeloid malignancies. Abbreviations of 
genes or mutational status not mentioned in the para-
graphs are as follows; MLL-PTD MLL-partial tandem 
duplication, PHF6 plant homeodomain finger 6, SF3B1, 
U2AF1 U2-associated factor 1, SRSF2 serine and argi-
nine rich splicing factor 2, ZRSR2 zinc finger CCCH-
type, RNA binding motif and serine/arginine rich 2
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various epigenetic factors. In this chapter, epigenetic regulators as targets of 
novel therapies for hematological malignancies are reviewed together with con-
siderations of their functions (Table 3).

2  DNA Methylation as a Therapeutic Target

In myeloid malignancies, DNA-methyltransferase 3A (DNMT3A) is mutated in 
26% of AML cases and 5–10% of MDS [3, 8, 11, 12]. Its major role is cytosine 
methylation of DNA (5-methyl-cytosine (5mC)), and it is required for the self- 
renewal of normal hematopoietic stem cells [3, 13]. In malignancy, the loss of 
DNMTs is associated with global loss of 5mC and epigenetic instability [14, 15]. In 
general, attenuation of the functions of DNMT3A is thought to be caused by trunca-
tion or missense point mutation occurring at R882. In T-ALL, DNMT3A mutations 

Table 2 Somatic mutations 
in genes encoding epigenetic 
molecules observed in T-ALL

Genes Frequency in diseases

PHF6 16–38%
DNMT3A 4–18%
TET1 6–14%
IDH1 2–6%
IDH2 5–9%
EZH2 11–18%
SUZ12 6–11%
EED 10%
UTX 5%
JMJD3 NA
MLL1 5%
MLL2 ETP-all; 10%
DOT1L 10%
SETD2 ETP-all; 8%
EP300 2%
NCOA2 NA
HDAC5 1%
HDAC7 4%
USP7 8%

Based on the data introduced in Refs. [9, 10], 
frequently observed somatic mutations are listed 
with their frequency in T-ALL.  EED Embryonic 
Ectoderm Development, UTX Ubiquitously tran-
scribed tetratricopeptide repeat, X chromosome, 
SETD2 SET Domain Containing 2, EP300 E1A 
Binding Protein P300, NCOA2 Nuclear Receptor 
Coactivator 2, USP7 Ubiquitin Specific Peptidase 7
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are present in up to 18% of patients. In these T-ALL patients, R882 is also mutated 
and inactivation of DNMT3A has been predicted [9, 14–17]. Overexpression or 
truncated form mutant proteins of DNMT3B are detected in adult T-ALL cases [18]. 
While DNMT3A and DNMT3B, which are ‘writers’ of cytosine DNA methylation, 
are mutated in hematological malignancies, ‘erasers’ are also mutated. The erasers 
include tet methylcytosine dioxygenase 1 and 2 (TET1 and TET2) or isocitrate 
dehydrogenase 1 and 2 (IDH1 and IDH2). TET2 mutations are observed in approxi-
mately 20% of AML and MDS patients, respectively. IDH1 mutations are observed 
in 6% of MDS patients and 8–9% of AML patients, whereas IDH2 mutations affect 
9% of MDS patients and 8–9% of AML patients [3, 8, 19–25]. In T-ALL patients, 
TET1 mutations are present in 6–14% of the patients, and IDH1 and IDH2 are 
observed in 2–6%, and 5–9 of patients, respectively [17, 19, 20, 26, 27]. The gene 
products of both groups function to decrease 5mC DNA.  The initiation of 5mC 
reduction begins with the oxidation of 5mC, yielding 5-hydroxymethyl-cytosine 
(5hmC). TET1 and TET2 are enzymes with hydroxylmethyltransferase activity. 
5hmC is an intermediate product that is converted into unmethylated cytosine. The 
initial processes mediated by TET1/2 depend on the existence of oxygen, iron, and 
α-ketoglutarate (α-KG) [3, 5, 8, 28–31]. For the production of α-KG, isocitrate is 
subjected to oxidative decarboxylation. Homodimeric enzymes encoded by IDH1 
or IDH2 normally catalyze this reaction. Mutations found in AML occur in gain-of- 
function manners. IDH1 mutations occur at arginine R132 (predominantly R132H), 
whereas IDH2 mutations occur at homologous arginine R172 (predominantly 
R172K) and arginine R140 (R140Q). These mutations are mutually exclusive in 
AML clinical samples [2, 4, 32]. Mutant IDH1/2 lead to a neomorphic enzymatic 
reaction to produce 2-hydroxyglutarate (2-HG) from isocitrate. Consequently, 
IDH1/2 mutations inhibit TET1/2-mediated oxidation of 5mC. Mutations in genes 
encoding writers of DNA cytosine methylation are associated with genome-wide 
alterations in cytosine methylation status [32–34]. The epigenetic landscapes 

Table 3 Inhibitors for epigenetic regulators in clinical use

Molecules Inhibitors (clinical studies for hematological malignancies)

DNMT3A Azacitidine (approved), Decitabine (approved), SGI-110 (NCT02935361)
IDH1/2 AG-221 (NCT01915498, NCT02632708, NCT02677922, NCT02577406), 

IDH305 (NCT02826642, NCT02381886), AG120 (NCT02632708, 
NCT02677922), AG881 (NCT02492737, NCT02481154)

EZH2 EPZ-6438 (NCT01897571), CPI-1205 (NCT02395601), GSK2816126 
(NCT02082977), MAK683 (NCT02900651)

JMJD3 GSKJ4
MLL-fusion 
(DOT1L)

EPZ004777, EPZ-5676 (NCT02141828)

HDAC Vorinostat (FDA approved), Romidepsin (FDA approved), Panobinostat 
(NCT00967044)

BET FT-1101 (NCT02543879), CPI-0610 (NCT01949883), MK-8628 
(NCT02698189)

Inhibitors of epigenetic regulators either in regular clinical use or in clinical trial are listed. 
ClinicalTrials.gov numbers are added in parentheses
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cluster AML into 16 distinct subgroups based on methylome analysis [32, 35]. 
Epigenetic landscapes may function as clinical biomarkers to predict the prognosis 
or drug sensitivity of novel AML cases [32].

In T-ALL, inactivating mutations of TET1, IDH1, and IDH2 have been docu-
mented [17, 26, 27, 36, 37]. Their prognostic significance requires further investiga-
tion. IDH1/2 mutations are observed exclusively in adult T-ALL cases, as well as 
DNMT3A [9].

In the age of molecular targeting therapy and ongoing studies to determine the 
significance of epigenetic alterations in various types of cancer, epigenetic mole-
cules have been targeted for AML treatment [2, 3, 28]. Among them, DNA- 
hypomethylating agents (HMA) were one of the earliest agents employed for 
clinical use [30]. Based on studies of decitabine and azacitidine in vitro and in vivo 
[38–42], clinical trials targeting MDS or MDS/AML cases that are not indicated for 
hematopoietic stem cell transplantations were conducted to compare their benefits 
to those of conventional chemotherapy (CCR). Several multicenter randomized 
studies were conducted, including trials of D-007, AZA-001, CALGB-9221, and 
EORTC-06011. Data from these trials revealed improvement in progression-free- 
survival ranging from 3 to 8 months. Currently, decitabine, azacitidine and lenalid-
mide are FDA-approved drugs for MDS [43]. Until late 2016, there were more than 
20 clinical studies using HMAs (NCT01595295, NCT02863458, NCT02721875). 
In a meta-analysis including five randomized clinical trials using HMA for myeloid 
malignancies, significant benefits in overall survival were observed only in the 
azacitidine, but not decitabine group [30]. Further studies are needed to evaluate the 
use of HMAs depending on clinical profiles, timings, and doses. Additionally, gua-
decitabine (SGI-110), a second-generation HMA, is in a phase I/II clinical trial 
(NCT02935361) [44–51].

Mutant IDH1/2 inhibitors are also in phase I/II clinical trials. AG-221 is an inhib-
itor of IDH2 and the first IDH inhibitor to be evaluated in clinical trials 
(NCT01915498, NCT02632708, NCT02677922, NCT02577406). In late 2016, 
interim reports of phase I/II trials became available. The interim report revealed 
striking effects, including a 45% overall response rate (OR rate) for refractory/
relapsed AML [52, 53]. For mutant IDH1, AG120 and IDH305 are specific inhibi-
tors used in clinical trials (NCT02632708, NCT02826642, NCT02381886). The 
results of these interim reports are comparable to those of IDH2 inhibitors [53]. An 
IDH1/2 dual inhibitor currently being examined in clinical trials is AG881 
(NCT02492737, NCT02481154).

3  Histone Methylation as a Therapeutic Target

Octamers of histone proteins (two copies of H2A, H2B, H3, and H4) are subjected 
to post-translational modifications (PTMs). The PTMs of histone proteins include 
acetylation, methylation, phosphorylation, and ubiquitination [29, 31, 54]. The 
chromatin codes composed of those PTMs appear to contribute to the accessibility 
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of the transcriptional machinery to chromatin, resulting in the regulation of gene 
expression. Enzymes catalyzing this process mediate each of the modifications. 
These enzymes are known as epigenetic writers, whereas those that eliminate the 
modifications are known as epigenetic erasers. Proteins to recognize PTMs and con-
tribute to the regulation of transcription, DNA replication, DNA repair are referred 
to as epigenetic readers. [31, 54].

Histone H3 lysin 27 (H3K27) methylation is catalyzed by Polycomb repressive 
comprex 2 (PRC2). EZH2 is a catalytic subunit of the PRC2 complex. Tri- 
methylation of H3K27 is referred to as a suppressive histone mark, as it is associ-
ated with decreased expression of genes [3, 4, 55]. Mutations in EZH2 are rare in 
AML (1–2%), but occur in 5% of MDS or MPN cases [8]. While EZH2 mutations 
occur mostly as loss-of-function mutations in myeloid malignancies, activation of 
EZH2 has been observed in B cell non-Hodgkin lymphoma (B-NHL) [7, 56, 57]. 
Therefore, inhibitors of EZH2 began to be used clinically for B-NHL in advance. In 
late 2016, various selective EZH2-inhibitors, including EPZ-6438 (NCT01897571) 
and GSK126 (NCT02082977), were evaluated in clinical trials [58]. However, in 
myeloid malignancies, some experimental data has shown that inhibition of EZH2 
can antagonize tumor progression [4]. Although mutations in EZH2 and other PRC2 
components (EED, SUZ12, RBAP48) occur less frequently in myeloid malignan-
cies, mutations in ASXL1, occurring in 15–20% of myeloid malignancies, result in 
inactivation or truncation of ASXL protein and suppress the function of PRC2 [59, 
60]. Therefore, to use EZH1/2 inhibitors against AML, careful selection of indi-
cated cases based on biological markers is required. To date, it was reported that in 
germinal center (GC) B cells, EZH2 and BCL6, a transcriptional repressor cooper-
ate to stabilize non-canonical polycomb repressor complex (PRC)1 including 
CBX8-BOCR. Those mechanisms are also associated with tumorigenesis of B-NHL 
[61]. Moreover, inhibitions of BCL6 in B-NHL have been reported in many articles 
[62–65].

While methylation of H3K27 catalyzed by EZH2 is a suppressive histone mark, 
methylation of H3K4 is an active histone mark. Mixed-lineage leukemia 1 (MLL1) 
is a histone methylansferase that catalyzes H3K4 methylation. In AML, transloca-
tions involving MLL or partial tandem duplication are observed in 5% of patients 
[3, 28, 31]. In T-ALL, MLL1 alterations are observed in 5% of patients, while muta-
tions in MLL2 are observed in 10% of early T-cell precursor (ETP) ALL [9, 66–68]. 
In AML, MLL1 is involved in translocation with multiple fusion partners, including 
AF4, AF9, AF10, and ENL. In MLL-fusion proteins, the H3K4 methyltransferase 
domain is absent. However, a complex including DOT1L, an H3K79 methyltrans-
ferase, binds to MLL-fusion proteins. In MLL-induced leukemia, DOT1L is 
required for leukemogenesis [69–71]. Inhibitors of DOT1L showed anti-leukemic 
effects in mouse xenograft models using MLL-fusion AML cells [70, 72, 73]. In a 
clinical study of EPZ-5676, high OR rate and acceptable safety were reported 
(NCT02141828).

Histone demethylase, erasers of epigenetic processes, are also targets of leuke-
mia treatments. Jumonji C (JmjC) domain-containing proteins, JMJD3 and UTX, 
are demethylases for H3K27 methylation [74, 75]. The use of inhibitors for these 
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demethylases is justified by mutations in the PRC2 complex or ASXL1 in hemato-
logical malignancies. Lysine-specific demethylase (LSD1) was found to be overex-
pressed in multiple types of tumors, including hematological malignancies. LSD1 
promotes demethylation of H3K4 and H3K9 [76–80]. The roles of LSD1 in leuke-
mogenesis have been determined in various contexts, including MLL-fusion leuke-
mia. Additionally, pro-differentiational effects of LSD1 inhibition were suggested 
in experiments using all-trans retinoic acid(ATRA) [76]. Currently, phase I clinical 
studies of LSD1 inhibitors are ongoing. Tranylcypromine (NCT02261779) and 
GSK2879552 (NCT02177812) are used against AML.

4  Future Perspectives

Novel therapeutic strategies for targeting epigenetic regulators will expand as fur-
ther additional knowledge on epigenetics of hematological malignancy is accumu-
lated [33, 35, 81, 82]. Not only for DNA cytosine or histone methylation, but 
inhibitors of histone deacetylase (HDAC), bromodomain, and extraterminal-family 
(BET) proteins recognizing acetyl-lysine have also been proposed as novel thera-
peutic agents for hematological malignancies [3, 31]. While HDAC is an eraser of 
the acetylated histone, BET proteins are epigenetic reader, as they recognize acety-
lated histone. Histone acetylation is associated with chromatin structure and deter-
mines accessibility of DNA, regulating transcriptions. As shown in Table  3, 
inhibitors for these targets are in clinical trials. JQ-1 and I-BET762 (GSK525762) 
are the earliest BET inhibitors that went on the clinical trials [83]. Thus using the 
integrated information for the inhibitors reviewed in this chapter, either from 
research or clinical fields, combination therapy using conventional chemotherapy 
and inhibitors for epigenetic regulators have been considered. Next-generation ther-
apeutics against hematological malignancies will be developed.
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DNA and Histone Methylation in Lung Cancer

Sophia Mastoraki and Evi Lianidou

Abstract Oncogenesis is driven by the accumulation of genetic and epigenetic 
alterations that result in dysregulation of key oncogenes, tumor suppressor genes, 
and DNA repair/housekeeping genes. One of the major clinical needs is the discov-
ery and clinical validation of new molecular biomarkers using non-or minimally 
invasive procedures to assist early diagnosis, prognosis and prediction of response 
to treatment. Histone methylation has profound effects on nuclear functions such as 
transcriptional regulation, maintenance of genome integrity and epigenetic inheri-
tance. On the other hand, aberrant DNA methylation can be detected in several 
biological fluids of patients and could be served as a potential tumor biomarker. In 
the present chapter we describe latest developments on histone and DNA methyla-
tion based biomarkers in Lung cancer.

Keywords DNA methylation • Epigenetic silencing • Lung cancer • miRNAs 
methylation • DNA methylation biomarkers • Liquid biopsy • ctDNA

1  Introduction

Lung cancer remains the second leading cause of death worldwide, after heart 
 disease with more than 200,000 new cases and 160,000 deaths each year. The high 
incidence of lung cancer in combination with the very low 5-year survival rate of 
17% is the main cause of high mortality rate in this type of cancer [188]. The main 
subtypes of lung cancer are small cell lung cancer carcinoma (SCLC) and non-small 
cell lung carcinoma (NSCLC), which includes squamous cell carcinoma, adenocar-
cinoma, and large cell carcinoma subtypes [38]. NSCLC is the most common type, 
accounting for approximately 85% of all lung cancer cases. Although smoking 
remains the major risk factor for all histologies (especially small cell and squamous 
cell carcinoma), it is important to note that only around 10% of smokers will 
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ultimately develop lung cancer [134]. Globally, an estimated 15% of men and 53% 
of women with lung cancer are never-smokers. This fact indicates additional risk 
factors for the disease. Adenocarcinoma, for example, is the most common form 
among nonsmokers. Other risk factors include exposure to radon, asbestos, and envi-
ronmental/occupational exposure to polycyclic aromatic hydrocarbons and other 
pollutants [177]. However, as with smoking, not all exposed to these environmental 
factors develop lung cancer.

The carcinogenic process is driven by the accumulation of genetic and epigenetic 
alterations that result in dysregulation of key oncogenes, tumor suppressor genes, 
and DNA repair/housekeeping genes. The probability that these pathologically 
important events will occur is not only dependent on the individual’s exposure but 
also on interpersonal phenotypic variability. Although genetic heterogeneity 
accounts for some of the variable risk, it does not totally explain this phenomenon 
[107]. Epigenetic variability, including DNA methylation, histone modifications, 
and noncoding RNA expression, also contribute to the phenotype of an individual 
and, accordingly, to the risk of malignancy [108].

Early detection of lung carcinoma could change the disease outcome; in fact, the 
survival rate can increase dramatically. In the effort to improve early detection, 
many imaging and cytology-based strategies have been employed; however, none 
has yet been highly effective, mainly because of limited sensitivity and the huge 
cost they bear to public health systems [7]. It is now widely accepted that epidemio-
logical risk modeling is required for stratification of individuals for CT screening 
for early detection of lung cancer [161]. In addition to CT, one of the major clinical 
needs is now the inclusion of new molecular biomarkers detected in clinical sam-
ples using non-or minimally invasive procedures to assist early diagnosis, prognosis 
and prediction of response to treatment. Understanding the molecular pathways 
within lung cancer, and focusing on their molecular heterogeneity, is the most effec-
tive way towards the development of novel diagnostic and therapeutic tools. In the 
last decade, a plethora of molecular factors all involved in lung carcinogenesis have 
been evaluated as prognostic biomarkers [8].

2  Histone Methylation

Histone post-translational modifications include methylation, acetylation, phos-
phorylation and ubiquitination; through the modulation of chromatin structure, his-
tones play a significant role in creating gene transcriptional activation or repression 
[224]. Their role is crucial for precise coordination and organization of the open 
and closed chromatin structure during many dynamic processes such as DNA rep-
lication, repair, recombination, and transcription. Changes in local or global chro-
matin structure have been found to be the key features of many if not all tumors, 
indicating that such epigenetic changes may make a potential contribution to carci-
nogenesis [184, 207].
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Histone methylation has profound effects on nuclear functions such as transcrip-
tional regulation, maintenance of genome integrity and epigenetic inheritance [132]. 
For example, histone methylation on arginine or lysine residues can either activate 
or repress gene transcription, depending on which particular arginine or lysine resi-
due become modified [103]. Methylation and demethylation on arginine or lysine 
residues in histone tails are reversible modifications that are tightly controlled by 
histone methyltransferases and histone demethylases. Such dynamic balance of 
methylation and demethylation is frequently altered in tumorigenesis and pathogen-
esis of other disorders as well [31, 45, 87, 220].

There are three histone methylation states: monomethyl (me1), dimethyl (me2) 
or trimethyl (me3) [162]. In general, methylation of H3K4, H3K36 and H3K79 is 
generally considered to activate genes while methylation of H3K9, H3K27, H3K56, 
H4K20 and H1.4K26 causes transcriptional repression [105]. H3K4me1 is related 
with enhancer functions and participates in gene repression in metazoans [30, 66], 
nucleosome dynamics and chromatin regulation of yeast stress-responsive genes 
[141]. H3K4me2 is connected to gene repression and transcription in yeast [130, 
151], whereas H3K4me3 is linked to active transcription and is present around tran-
scriptional start sites [14, 219].

Lysine-specific demethylation is facilitated by two families of enzymes, of 
which the JmjC (JumonjiC) domain-containing family of histone demethylases 
(JHDMs) is the major one. KDM proteins are divided in two subgroups; KDM1 
and KDM 2-7 [201]. Unfortunately, there are few studies on KDM demethylases 
in lung tumors. KDM5B (lysine-specific demethylase 5B), also known as 
JARID1B (jumonji AT-rich interactive domain 1B) or PLU-1, is one member of 
the JHDMs subfamily which has recently attracted much attention [64]. Famous 
oncogenes such as E2F1 and E2F2 are downstream genes in the KDM5B pathway 
[65, 114]. Recently, KDM5B was found to stimulate NSCLC cell proliferation and 
invasion by affecting p53 expression [183]. KDM4A and KDM4B remove the tri- 
and dimethylated marks from H3K9 and H3K36 thus leading to gene repression 
while KDM4D can only move a methyl group from a trimethylated mark of 
H3K36. In non-neoplastic tissues, expression of KDM- 4C is especially high in 
the testes and expression in the lung is very low. KDM4A and KDM4B have a 
generally higher expression in non-neoplastic tissues the highest levels being 
found in ovary and spleen, but they are moderately expressed also in the lung 
[105]. Another recent study was undertaken to investigate the immunohistochemi-
cal expression of KDM4A, KDM4B and KDM4D in a set of 188 lung carcinomas. 
The results were associated with tumor histology, parameters describing the 
spread of the tumors, and survival of the patients. As an additional marker, the 
antibody to H3 trimethylated state was used. KDM4A and KDM4D play a role in 
spread of the lung carcinomas. Further, cytoplasmic KDM4A positivity associates 
with patient survival. These results are in line with the supposed role of KDMs in 
epigenetic regulation of cancer cells, affecting proliferation, apoptosis and DNA 
repair mechanisms [192].
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In lung cancer, several global histone modifications have been associated with 
survival; in particular, decreased levels of H3K4diMe have been associated with 
poor outcome [178]. Furthermore, the combination of several histone modifications 
have been reported to predict survival (H3K4me2, H3K9ac, and H2AK5ac) [13], 
and H4K20me3 downregulation has been associated with poor prognosis in patients 
with stage I lung adenocarcinoma [210].

Over the last decade, many studies have revealed epigenetic aberrations involv-
ing histone modifications in lung cancer. Miyanaga et al. [139] treated 16 NSCLC 
cell lines with HDAC inhibitors and both displayed antitumor activities in 50% 
of the cell lines tested. They also conducted gene expression profiling and cre-
ated a nine-gene classifier which predicts HDAC inhibitor drug sensitivities. 
Another group compared lung cancer cells with normal lung cells, and they found 
that lung cancer cells displayed aberrant histone H4 modification patterns with 
 hyperacetylation of H4K5/H4K8, hypoacetylation of H4K12/H4K16, and loss of 
H4K20 trimethylation [210]. These findings indicate an important role for histone 
H4 modifications and highlight H4K20me3 as a potential diagnostic biomarker and 
therapeutic target for lung cancer. Another study has shown that lower global levels 
of histone modifications are predictive of a more aggressive cancer phenotype in 
lung adenocarcinoma [178].

Additionally, the differential expression pattern of HATs and HDACs in the 
tumor samples, as compared to normals, may have important implications for the 
management of the patients [147]. HDAC1 gene expression appears to correlate 
with lung cancer progression; overexpression of HDAC1 and HDAC3 correlates 
with poor prognosis in pulmonary adebocarcinoma patients [137, 138, 171]. 
HDAC3 was also found in elevated levels in 92% cases of SCC tumors using anti-
body microarrays for detection of target proteins [15].

Histone deacetylase inhibitors (HDIs) might beneficially contribute to tumor 
treatment, by reducing the responsiveness of tumor cells to the TNF mediated acti-
vation of the NF-B pathway. This is shown in NSCLC cells treated with HDIs 
which down-regulated TNF-receptor-1 mRNA, protein levels, and surface protein 
expression, and consequently responded to TNF-treatment with attenuated NF-B 
nuclear translocation and DNA binding [78]. Treatment with trichostatin A (TSA) 
resulted in a dose dependent reduction of H157 lung cancer cells by apoptosis with 
nuclear fragmentation and an increase in the sub-G0/ G1 fraction. TSA initiated 
apoptosis by activation of the intrinsic mitochondrial and extrinsic/Fas/FasL system 
death pathways [93–95]. TSA is also a powerful NSCLC cell radiosensitizer, 
enhancing G2/M cell cycle arrest, promoting apoptosis, interfering with DNA dam-
age repair and synergistically causing cell death when combined with other HDAC 
inhibitors, such as vorinostat [180, 231]. It has been shown that vorinostat inhibits 
telomerase activity by reducing hTERT expression [113] and decreases bcl-2 
expression [100].

The first compound clinically used as an LSD1 inhibitor is tranylcypromine, a 
monoamine oxidase inhibitor approved more than 50  years ago for treatment- 
refractory depression. More potent and specific LSD1 inhibitors are presently under 
preclinical and early clinical development. The methylation of lysine 27 of histone 
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H3, H3K27, is regulated by the enhancer of zeste homolog 2 (EZH2), the catalytic 
domain of the polycomb repressive complex 2 (PRC2). Trimethylation of H3K27 
by EZH2 leads to silencing of PRC2 target genes that are involved in stem cell dif-
ferentiation and embryonic development. EZH2 is overexpressed in a variety of 
cancers, including NSCLC. 3-Deazaneplanocin A (DZNep) is an EZH2 inhibitor 
that leads to reduced trimethylated H3K27 levels in breast cancer cells and the de- 
repression of aberrantly silenced genes [172].

Aberrant histone methylation is a relatively recently discovered feature in 
NSCLC, which is reflected in the scarceness of studies using agents affecting his-
tone methylation. It was recently shown that EZH2 knockdown as well as indirect 
EZH2 inhibition using 3-deazaneplanocin A (DZNep) could prime NSCLC cell 
lines to the effect of the topoisomerase inhibitor etoposide [53]. Aberrant histone 
demethylation in NSCLC however is not extensively studied so far in NSCLC. LSD1 
knockdown as well as LSD1 inhibition using pargyline suppressed invasion, 
migration, and proliferation in lung cancer specimens [211]. To our knowledge, 
there are as yet no studies investigating combination therapies for lung cancer 
using LSD1 inhibitors [172].

Changes in the number of methyl residues in lysine residues of H3K9, H3K27 
and H3K36 through lysine methylation/demethylation is very important since it 
affects the expression of genes by loosening or tightening the attachment of DNA to 
the nucleosome [98].

3  DNA Methylation in Lung Cancer

DNA methylation is the most studied epigenetic regulatory mechanism. CpG island 
methylation is mediated by different DNA methyltransferases (DNMTs) that can 
lead to gene silencing. Three active DNMTs (DNMT1, DNMT3a, and DNMT3b) 
are in charge to transfer a methyl group from S-adenosyl-L-methionine to the CpG 
islands 5′-cytosine carbon [32, 55, 150] DNMT1 is primarily involved in the main-
tenance methylation after DNA replication, while DNMT3a and b are responsible 
of de novo DNA methylation [47, 118, 119, 235]. During the last years DNA meth-
ylation is gaining ground as a potential biomarker for diagnosis, staging, prognosis, 
and monitoring of response to therapy. The field of DNA methylation based markers 
for prognosis and diagnosis is still emerging and its widespread use in clinical prac-
tice needs to be implemented [83]. As DNA methylation is often considered an early 
event in carcinogenesis, tumor-specific methylation has a great potential to be used 
as a screening and/or diagnostic tool in a non- invasive and cost-effective way.

Hypermethylation includes tumor suppressor gene inactivation through pro-
moter methylation, is a hallmark of lung cancer and tends to occur as an early event 
in carcinogenesis [21, 236]. Tumor suppressor genes can be inactivated through a 
combined ation of promoter methylation in one allele and the presence of mutation 
or deletion in the other; in dominantly acting suppressor gene loci inactivation of 
one allele is generally insufficient to lead to clonal selection, since the protein can 
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still be produced from the other normal allele. However, there is also evidence that 
in some cases partial inactivation of one allele by promoter methylation can contrib-
ute to carcinogenesis and be sufficient for clonal selection [24].

Lung cancer involves an accumulation of genetic and epigenetic events in the 
respiratory epithelium. Mutations and copy number alterations play a well-known 
role in oncogenesis, though epigenetic alterations are, in fact, more frequent than 
somatic aberrations in lung cancer [28]. During the neoplastic progression from 
hyperplasia to adenocarcinoma, promoter methylation of specific tumor suppressor 
genes, along with the overall number of hypermethylated genes seems to be 
increased [115].

3.1  Tumor Suppressor Gene Inactivation Through Gene 
Promoter Methylation

Many of the tumor suppressor genes that are hypermethylated in lung cancer are 
found to be hypermethylated in other types of solid tumors as well. Moreover, some 
are specific, although many are not. In premalignant and malignant states, promoter 
methylation is commonly observed in genes involved with crucial functions, includ-
ing cell cycle control, proliferation, apoptosis, cellular adhesion, motility, and DNA 
repair [108]. Up to now, there is some evidence for a CpG island methylator pheno-
type (CIMP), a tumor phenotype characterized by widespread hypermethylation of 
a panel of genes, in lung cancer [124–126, 131, 186]. This is not wholly surprising, 
since the group of enzymes that catalyze the covalent attachment of the methyl 
group to the cytosine base (DNMTs), are upregulated in NSCLC  [93–95, 116].

3.2  lncRNAs and miRNAs Methylation in Lung Cancer

It has been recently shown that abnormal promoter methylation does not affect only 
protein coding genes but can also affect various noncoding RNAs that may play a 
role in malignant growth [128]. To identify which long non-coding RNAs (lncRNAs) 
are involved in non-small cell lung cancer (NSCLC), Feng et al. analyzed microar-
ray data on gene expression and methylation and identified 8500 lncRNAs that are 
expressed differentially between tumor and non-malignant tissues; 1504 of these 
were correlated with mRNA expression. Two of the lncRNAs, LOC146880 and 
ENST00000439577, were positively correlated with expression of two cancer- 
related genes, KPNA2 and RCC2, respectively. High expression of these two 
lncRNAs was also associated with poor survival. Analysis of lncRNA expression in 
relation to DNA methylation has shown that LOC146880 expression was down- 
regulated by DNA methylation in its promoter [51].

MicroRNAs (miRNAs) also play an important role in cancer development and 
progression, altering several biological functions by affecting targets through either 
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their degradation or suppression of protein encoded. It has been recently shown that 
miR-1247, is downregulated in various cancers, but its biological role in non-small- 
cell lung cancer (NSCLC) is unknown. Furthermore, Stathmin 1 (STMN1) was 
found to be an immediate and functional target of miR-1247. The expression of 
STMN1 was significantly increased in NSCLC cell lines but was decreased by 
5-Aza treatment. In addition, miR-1247 upregulation partially inhibited STMN1- 
induced promotion of migration and invasion of A549 and H1299 cells. These 
results indicate that miR-1247 was silenced by DNA methylation. Therefore, miR- 
1247 and its downstream target gene STMN1 may be a future target for the treat-
ment of NSCLC [234].

3.3  Genomic Hypomethylation

DNA hypomethylation at CpG dinucleotides was the first epigenetic abnormality to 
be identified in cancer cells, over three decades ago. The degree of hypomethylation 
of genomic DNA was shown to correlate with the severity of the cancer; genome- 
wide DNA methylation decreased as the tumor progressed from a benign proliferat-
ing mass to metastatic invasive cancer [217].

A possible explanation for the mechanism of reduced DNA methylation contri-
bution to carcinogenesis is that hypomethylation of genomic DNA favors mitotic 
recombination between repetitive sequences resulting in chromosomal instability. 
Mitotic recombination normally occurs at a high frequency in human cells [60, 69]. 
Since recombination depends on the homology between nucleotide sequences, 
repetitive sequences are especially permissive to recombination events, resulting in 
gross chromosomal anomalies, including chromosomal rearrangements, deletions, 
and/or translocations [217].

Another mechanism through which DNA hypomethylation contributes to carci-
nogenesis is reactivation of transposable elements. It was shown already many years 
ago that SINEs and LINEs together make up approximately 45% of the human 
genome  [106]  and are usually methylated in normal tissues. LINEs belong to the 
class of transposable elements that lack LTRs at their ends. LINEs, which are part 
of the LINE-1 (or L1) family, constitute approximately 17% of the human genome 
and are the only transposable elements capable of autonomous transposition [17].

In lung cancer, genomic hypomethylation may be a late event in tumorigenesis 
in contrast to gene-specific hypermethylation, which can occur early during cancer 
development. However, currently there is not a clear consensus on the timing, as 
Anisowicz et al. [4] found that hypomethylation was associated with NSCLC pro-
gression from normal to lung cancer. DNA hypomethylation in lung cancers, as this 
was shown by high-resolution CpG methylation mapping, occur specifically at 
repetitive sequences [166], including heterochromatin repeats (e.g., satellite DNA), 
SINEs (short interspersed nuclear elements), LINEs (long interspersed nuclear ele-
ments), LTR (long terminal repeat) elements, and segmental duplications in sub-
telomeric regions. However cancer-specific hypomethylation at repeat regions was 
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not conserved between the individual tumors indicating randomness for targeting 
repeat sequences for demethylation in cancer [57]. In NSCLC widespread hypo-
methylation has been associated with genomic instability [35] that could result in 
oncogene activation [49] and loss of imprinting [101]. In lung cancer, hypomethyl-
ation tends to occur at nuclear elements, long terminal repeat (LTR) elements, seg-
mental duplicates, and subtelomeric regions. On the contrary, loss of methylation is 
much less common at non-repetitive sequences [166].

In addition to the genomic loss of methyl content, gene-specific hypomethylation 
has been reported for several loci, including MAGEA [58, 97], TKTL1 [86], BORIS 
[70, 167], DDR131 14-3-3s [160, 185], and TMSB10 [60]. MAGE overexpression 
with an associated loss of methylation is a common event in lung cancer, as it has 
been observed in 75–80% of NSCLC [81].

3.4  EMT and DNA Methylation

EMT is a fundamental and conserved process characterized by loss of cell adhesion 
and increased cell motility. EMT is essential for numerous developmental processes 
including mesoderm formation and neural tube formation and wound healing. 
However, initiation of metastasis involves invasion, which has many phenotypic 
similarities to EMT, including a loss of cell-cell adhesion and an increase in cell 
mobility [200].

EMT is regulated by a variety of growth factors including epidermal growth fac-
tor (EGF), platelet derived growth factors (PDGFs), fibroblast growth factor-2 
(FGF-2), and transforming growth factor-beta (TGF-β) [85] and is characterized by 
the loss of CDH1 (E-cadherin), a trans-membrane protein that is required for adher-
ent junctions [109]. Following the loss of epithelial markers, there is a correspond-
ing increase in mesenchymal markers, for example VIM (vimentin), CDH12 
(N-cadherin) FN1 (fibronectin), ACTA2 (alpha-smooth muscle actin), and increased 
activity of MMP (matrix metalloproteinases) [168, 221]. Recent studies have shown 
that a multilayer regulatory network of transcription factors controls EMT.  The 
most studied network is the regulation through SNAIL (SNAI1 and SNAI2), ZEB 
(ZEB1 and ZEB2), and TWIST (TWIST1) family members, which are referred as 
EMT transcription factors (EMT-TF) [190].

In NSCLC, DNA methylation of a subset of genes related to EMT leads to their 
transcriptional inactivation [120]. One of the master regulators of EMT, TWIST, 
binds to the CDH1 promoter and recruits the CHD4/nucleosome remodeling and 
deacetylase complex (CHD4/NuRD complex, also known as Mi2/NuRD complex) 
by direct interaction to several of its components as MTA2, CHD4, and RBBP7 
[56]. In addition, MTA2 directly recruits the histone deacetylase HDAC2. The 
TWIST/CHD4/NuRD complex represses CHD1 expression by nucleosome remod-
eling as well as deacetylation of histones. The biological relevance of this mecha-
nism of transcription regulation was demonstrated within the context of metastasis 
of two types of cancers, lung and breast cancer, since depletion of the components 
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of the TWIST/CHD4/ NuRD complex suppressed cell migration and invasion in cell 
culture and murine models of cancer metastasis. This work [56] shows that not only 
DNA methylation but also other chromatin modifications, as nucleosome remodel-
ing and histone modifications, play a role during cancer metastasis.

4  Smoking and DNA Methylation

Some epigenetic alterations reported for lung cancer may be smoking-specific, 
since they occur at greater frequency in smokers and increase with increasing 
smoking duration and intensity [90, 123, 202]. Genes reported to undergo smoking 
specific promoter hypermethylation include APC, FHIT, RASSF1A, and CCND2 
[50, 203]. Also, the frequency of promoter hypermethylation of p16INK4a, MGMT, 
RASSF1A, MTHFR, and FHIT is greater in the NSCLC tumors of smokers rela-
tive to nonsmokers [91, 123, 209]. Moreover, RARb, p16INK4a, FHIT, and 
RASSF1A promoter hypermethylation increases with increasing smoking inten-
sity [3, 71, 228].

DNMT1 expression is elevated in smokers with lung cancer, likely due to 
tobacco-specific nitrosamines that reduce DNMT1 ubiquitination and degradation  
[118, 119]. Additionally, it is widely accepted tha smoking-induced chronic inflam-
mation and increased reactive oxygen species generation lead to increased DNA 
methylation [144].

Damiani et al.  [34] developed an in vitro model that mimics the field canceriza-
tion observed in chronic smokers and identified several epigenetic changes and their 
kinetics. More specifically, immortalized normal human bronchial epithelial cells 
(HBECs) were exposed for 12 weeks to two cigarette carcinogens; methylnitrosurea 
(MNU) and benzo(a)pyrenediolepoxide 1 (BPDE). Stable knockdown of DNMT1, 
but not DNMT3 prevented cell transformation after exposure to these carcinogens. 
HBECs transform to a fibroblast like mesenchymal form after 4 weeks of carcino-
gen exposure. Significant reductions in miR-200b and miR-200c, were observed at 
4  weeks exposure and was sustained upon cell transformation at 12  weeks. 
Interestingly, these two microRNAs are involved in regulating and inhibiting the 
EMT. Further studies revealed that expression of these EMT-regulating microRNAs 
are initially reduced by transcriptionally inactive chromatin at 4 weeks, followed by 
cytosine methylation-mediated repression at their promoters [19].

Interestingly long-term exposure to carcinogenic stimuli would imply a later 
selection of existing clones, thus genes that are silenced due to the duration or 
amount of tobacco smoking, are likely later stage contributors to this disease. 
Experimentally, wide genomic hypomethylation and promoter hypermethylation 
of RASSF1A and RARb were observed when normal small-airway epithelial 
cells and immortalized bronchial epithelial cells were exposed to cigarette 
smoke condensate [125, 126]. There is also experimental evidence indicating 
that cigarette condensate decreases nuclear levels of H4K16ac and H4K2me3 in 
respiratory epithelial cells [133].
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Conversely, RASSF2, TNFRSF10, BHLHB5, and BOLL have been reported to 
be hypermethylated more frequently in NSCLC of patients who never smoked 
[108]. Moreover, chronic inflammation, which occurs in response to cigarette smok-
ing, also plays an important role in lung cancer development, stimulating cellular 
turnover and proliferation. Inflammation has long been associated with DNA meth-
ylation in lung cancer [11, 136]. There is evidence that reactive oxygen species, 
generated during chronic inflammation, target transcriptional repressors and lead to 
increased levels of DNA methylation [144].

Cigarette smoke also inhibits the metabolism and storage of folate [143]. It has 
been shown on studies based in experimental models, that nitrates, nitrous oxide, 
cyanates, and isocyanates found in tobacco smoke transform folate, a major source 
of methyl groups for 1-carbon metabolism, into a biologically inactive compound 
[1, 89]. In additional support of this, reduced serum folate levels have been observed 
in smokers relative to nonsmokers [145, 152]. One-carbon metabolism is a critical 
pathway in the DNA methylation process, and depletion of folate can impact 
 negatively the availability of s-adenosylmethionine, the primary methyl donor in the 
cytosine methylation reaction. Consequently, folate deficiency can result in chro-
mosomal damage through impaired nucleotide synthesis and aberrant DNA meth-
ylation [25, 48].

5  Hypermethylated Genes in Lung Cancer

DNA 5′-cytosine hypermethylation is an early event in lung carcinogenesis [28, 83]. 
Many genes are hypermethylated in lung cancer including p16, PAK3, NISCH, 
KIF1A, OGDHL, BRMS1, FHIT, CTSZ, CCNA1, NRCAM, LOX, MGMT, DOK1, 
SOX15, TCF21, DAPK, RAR, RASSF1, CYGB, MSX1, BNC1, CTSZ, and 
CDKN2A [6, 44, 46, 72, 80, 82, 140, 149, 176, 182, 191, 205, 215].

The percent of hypermethylation for each gene varies, for example p16 and 
MGMT are hypermethylated in 100% of patients with pulmonary SqCC up the 
3  years before cancer diagnosis. p16 inhibits cyclin-dependent kinases 4 and 6, 
which after binding cyclin D1, phosphorylate and inactivate the retinoblastoma 
(Rb) tumor suppressor gene, blocking cell cycle progression [218]. p16 is lost in 
~70% of lung cancer cases, often by promoter methylation, promoting the G1 to S 
phase transition [181]. Interestingly, p16 methylation occurs in normal-appearing 
epithelium from smokers and precursors lesions, and increases as the disease pro-
gresses [20]. The specific mechanisms by which each gene hypermethylation event 
promotes cancer vary, but most of them include repression of tumor suppressor 
genes with subsequent activation of genes promoting cell growth and cell cycle 
progression [6, 44, 46, 72, 80, 82, 140, 149, 176, 191, 205, 215].

Some of the most often studied hypermethylated genes in lung cancer include 
p16INK4a, RASSF1A, APC, RARb, CDH1, CDH13, DAPK, FHIT, and 
MGMT. Although p16INK4a is hypermethylated, mutated, or deleted frequently in 
NSCLC, with estimates for the prevalence of alteration of this gene around 60%, 
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p14arf, which is also encoded on the CDKN2A gene, is inactivated much less com-
monly (8–30% of NSCLC) [54, 204]. On the other hand, p16INK4a is disrupted in 
less than 10% of SCLC patients. In addition, RASSF1A is deleted or hypermethyl-
ated in 30–40% of NSCLC and 70–100% of SCLC, FHIT is deleted or hypermeth-
ylated in 40–70% of NSCLC and 50–80% of SCLC and finally TSLC1 is 
hypermethylated in an estimated 85% of NSCLC [204].

Hypermethylation of CDKN2A has been identified in premalignant lesions, thus 
may occur early in the tumorigenesis of some lung cancers types [18]. Promoter 
methylation of RASSF1A, APC, ESR1, ABCB1, MT1G, and HOXC9 have been 
associated with stage I NSCLC [117] suggesting they also are an early event in lung 
cancer. CpG island methylation of homeobox-associated genes is also common in 
stage I lung cancer, appearing in nearly all early-stage tumors  [165]. Conversely, 
other commonly hypermethylated genes, such as hDAB2IP, H-Cadherin, DAL-1, and 
FBN2, have been associated with advanced-stage NSCLC [29, 229], suggesting 
these changes may occur at a later point during cancer progression. However, it is 
 important to note that later involvement does not preclude the importance of the 
modification in the development of the disease, as these modifications may play key 
roles in the ability of the cancer to continue to develop in its advanced state, to slide 
over host immunity or exogenous cancer treatments, or to metastasize locally. 
Furthermore, due to the heterogeneity and the unique molecular signature of lung 
cancer, it is critical that these generalized “temporal” observations are kept in per-
spective; an early event in 1 tumor may not occur until later on in another [108].

Promoter methylation of CDKN2A and PTPRN2 has been shown to be one of 
the earliest events in cellular hyperplasia. Subsequently, studies have shown aber-
rant promoter hypermethylation of RASSF1A, CDH13, MGMT, and APC in lung 
cancer [92, 117, 158, 226]. Methylation of SHOX2, in bronchial aspirates as a bio-
marker, was identified in a 250-patient case-control study with 78% sensitivity and 
96% specificity [99]. Hypermethylation of each CDKN2A, CDX2, HOXA1, and 
OPCML individually distinguished lung adenocarcinoma from healthy donors with 
a sensitivity of 67–86% and a specificity of 74–82% and showed significant DNA 
methylation even in stage I tumor samples [206]. Moreover, hypermethylation of 
the DAPK promoter was found in 34% of lung cancer samples. Taking into consid-
eration the different histological subtypes of NSCLC, DAPK promoter methylation 
was more frequently observed in squamous cell carcinoma than in adenocarcinoma 
and large cell carcinoma; however, these differences were not statistically signifi-
cant [142].

In sputum, tumor cells can be identified by atypical cell morphology. Sputum 
collection is a procedure that can be done easily and non-invasively by the 
patient. However, sampling may be inadequate because of the presence of epithe-
lial cells resulting in underestimation of the methylation level in cancer cells. 
Sputum cytology is still implemented as standard diagnostic tool for lung cancer 
diagnosis, although in developed countries, it was replaced by tumor biopsies/
tumor cytology. Over the last decade, research on sputum cytology for risk 
assessment and recurrence of early lung cancer brought new insights and 
advanced highly sensitive molecular techniques [135].
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Analysis of the RASSF1A and 3OST2 promoters methylation in sputum speci-
men demonstrated a combined sensitivity of 85% with a specificity of 74% [77]. 
Promoter methylation of 31 genes was also analyzed in sputum of lung cancer 
patients in two independent cohorts to define a gene unique methylation signature 
for lung cancer risk assessment [111]. Accurate diagnosis was made for 71–77% of 
the patients using the promoter methylation signature of seven of these genes 
(PAX5β, PAX5α, Dal-1, GATA5, SULF2, and CXCL14). Whang et al. observed 
55% MLH1 promoter hypermethylation of the tumor samples obtained from stage 
I and II patients. Further evaluation demonstrated a similar promoter 
 hypermethylation in 38% of the sputum samples. Finally, they reported a 72% 
 concordance of sputum samples matched to tissue biopsies [213]. A different study 
found that CDKN2A was methylated in 80.2% of tumor tissues and showed a fre-
quency of 74.7% in sputum specimens. Several studies have evaluated the correla-
tion between tissue and sputum samples. Hypermethylation of the best studied 
gene, CDKN2A, seems to be higher in tumor samples than in sputum with an 
interquartile range of 84–37% to 74–32%, respectively [33, 40, 122].

In serum and plasma of cancer patients cell free DNA from necrotic and apop-
totic cancer cells have been detected [12]. A lot of genes have been evaluated in lung 
cancer patients to identify specific and sensitive targets for early lung cancer detec-
tion in clinical trials. In NSCLC, 75–87% of serum samples corresponding to their 
matched tissue samples for promoter hypermethylation of RASSF1A, CDKN2A, 
RARb, CDH13, FHIT, and BLU. In a study evaluating lung cancer risk using this 
panel of six genes, a sensitivity of 73% and a specificity of 82% were reported, with 
a concordance between tumor tissues and corresponding matched plasma samples, 
of 75% [74]. Promoter methylation of CDKN2A, DAPK, PAX5b, and GATA5 was 
analyzed in blood but it was 0.2–0.6-fold lower than in tissue biopsy samples [23]. 
Subsequent studies have shown CDKN2A methylation in blood, but the results 
given are very different in different studies, varying from 22.2% to 75.7% [16, 195]. 
Hypermethylation for DAPK was found in 35% of the bronchial epithelium and in 
41% of blood samples from smokers whereas the remaining samples from non-
smokers were unaffected, showing smoking−/lung cancer-associated methylation 
changes [169].

In a very recent study, Daugaard I et al. compared the genome-wide methylation 
pattern in tumor and tumor adjacent normal lung tissues from four lung adenocarci-
noma patients using DNA methylation microarrays and identified 74 differentially 
methylated regions (DMRs), 15 of which were validated and can be targeted as 
biomarkers in LAC [36]. Another study demonstrated that SPAG6 and L1TD1 are 
tumor-specifically methylated in NSCLC DNA methylation is involved in the tran-
scriptional regulation of these genes and tumor-cell growth suppressing properties 
of L1TD1 in NSCLC cells [2].

In the past, abberant estrogen receptor (ER) regulation has been associated with 
various lung pathologies, but so far its involvement in lung cancer initiation and/or 
progression has remained unclear. Tekpli et al., aimed to assess in vivo and in vitro 
ER expression and its possible epigenetic regulation in non-small cell lung cancer 
(NSCLC) samples and their corresponding normal tissues and cells, and they reported 
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significantly lower ERα and ERβ expression levels in the NSCLC tissue samples 
compared to their normal adjacent tissue samples. They also found that in tumor and 
normal lung tissues, smoking was associated with decreased ER expression and that 
normal lung tissues with a low ERβ expression level exhibited increased smoking-
related DNA adducts. Taken together, these results indicate that decreased ER expres-
sion mediated by DNA methylation may play a role in NSCLC development [199].

6  DNA Methylation Based Biomarkers

The virtually universal presence of DNA hypermethylation in all types of cancer 
makes it an ideal candidate tumor biomarker. Compared with other molecular marker 
classes such as mRNA and proteins, DNA methylation has many advantages. First, 
DNA methylation is a covalent modification of DNA, so it is chemically stable and 
can survive harsh conditions for long periods of time. Second, through simple pro-
cedures it can be readily amplifiable and easily detectable. In addition, contrary to 
cancer-specific mutations, which are relatively rare and present in different gene 
positions, the incidence of aberrant methylation of specific CGIs is much higher, and 
moreover such methylation can be discovered by genome-wide screening proce-
dures. Finally, DNA methylation has been detected in a number of body fluids of 
patients with cancer. In lung cancer, aberrant DNA methylation can be detected in 
the ctDNA, in sputum, in bronchoalveolar lavage and saliva of patients [8].

DNA hypermethylation in lung cancer patients can be detected in a plethora of 
biological samples, including bronchoscopic washings/brushings, sputum samples, 
and blood (plasma and serum), all of which are less invasive and easier on the 
patient than a tumor biopsy [5]. The clinical significance of detecting methylation 
biomarkers in blood could facilitate the evaluation of tumor progression next to 
routine screening. Nevertheless, it could be an indication of invasiveness, reflecting 
an advanced tumor stage [135].

6.1  Early Detection

Lung cancer mortality could be reduced significantly with the early detection of the 
disease. However, only about 15% of lung tumors are localized in the time of diag-
nosis, with the majority presenting at an advanced stage [38]. Five-year survival for 
lung cancer is markedly better for early-stage patients, with a less than 10% 5-year 
survival for advanced-stage patients vs greater than 70% for early-stage patients [68]. 
Cytology is by far the gold standard method for lung cancer diagnosis in minimally- 
invasive respiratory samples, despite its low sensitivity. Spiral computed tomography 
has shown promise for the early detection of lung cancer, but it has a high false posi-
tive rate [52], with as many as 30% of indeterminate nodules identified by computed 
tomography found ultimately to be benign [79], indicating that there is a need for 
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development of additional markers to increase specificity. As discussed previously, 
promoter hypermethylation can be an early event in lung carcinogenesis and, as such, 
may have utility in early detection of the disease.

Promoter hypermethylation of p16INK4a has been observed in NSCLC precur-
sor lesions [115], and PTPRN2 promoter methylation is reported to be an early 
event in pulmonary adenocarcinoma, with detectable changes in the premalignant 
atypical adenomatous hyperplasia [177].

More important, some of these early epigenetic events can be detected by non- or 
minimally invasive sample collection techniques, the most important characteristic 
for cancer-screening applications. For example, aberrant DNA methylation can be 
detected in sputum [109, 127], bronchoalveolar aspirate/lavage [37, 43, 175] and 
saliva [75, 189] in patients with lung cancer. For example, CDKN2A and MGMT 
promoter methylation was detected in sputum as long as 3-years before lung cancer 
diagnosis [148]  and promoter methylation of p16INK4a, MGMT, PAX5b, DAPK, 
GATA5, and in another study RASSF1A was detected in sputum 18 months before 
lung cancer diagnosis  [22].

Diaz et al. aimed to identify epigenetic biomarkers with clinical utility for cancer 
diagnosis in minimally or non-invasive specimens to improve the accuracy of cur-
rent technologies. They identified nine cancer-specific hypermethylated genes in 
early-stage lung primary tumors, four of which (BCAT1, CDO1, TRIM58 and 
ZNF177) presented consistent CpG island-hypermethylation compared to non- 
malignant tissue and were associated with transcriptional silencing. It was shown 
that this epigenetic signature achieved higher diagnostic efficacy in bronchial fluids 
as compared with conventional cytology for lung cancer diagnosis, indicating that 
minimally-invasive epigenetic biomarkers have emerged as promising tools for can-
cer diagnosis [41].

However, specificity can be an issue for some of these early markers; they can 
also be detected in individuals who never developed the disease, something that 
underscores the importance of multimarker panels. Interestingly, promoter methyla-
tion of p16INK4a has been detected in sputum from former and current smokers 
[21]. However, not all single markers are nonspecific, as exemplified by SHOX2 
promoter methylation, which has demonstrated good sensitivity (68–78%) and spec-
ificity (95–96%) for NSCLC in bronchial aspirates (AUC, 86–94%) samples [43].

Breath capture methods are also evaluated for early detection of lung cancer. 
Breath capture methods can be based on direct breathing into an analysis platform 
or on the collection of exhaled breath through cooling devices (exhaled breath con-
densates, EBCs) [164]. EBC-based lung cancer diagnosis has recently become more 
relevant, especially since studies have reported that EBCs can also be used to detect 
DNA mutations and DNA methylation patterns in lung cancer patients [39]. A recent 
study demonstrated promoter hypermethylation of CDKN2A in EBC of 40% of the 
NSCLC patients that were analyzed using fluorescent quantitative methylation- 
specific PCR (F-MSP) [222]. However, DNA methylation of DAPK, PAX5beta, and 
RASSF1A has been also assayed in EBCs of lung cancer patients showing high 
variability between each individual [62]. The discrepancies between different 
reports might be explained through the fact that EBC is a highly diluted mixtures of 
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compounds. Thus, EBC-based diagnosis of lung cancer requires appropriate strin-
gent standardization protocols in order to reduce variability and increase sensitivity 
of the technique. Nevertheless, collecting EBCs is a promising new strategy of diag-
nosis of lung diseases, including lung cancer [135].

Three studies reported methylation of p16 and RARbata; two studies showed 
methylation of APC, RASSF1A, DAPK, SHP1P2, DLEC1, KLK10, and SFRP1. 
The other genes were reported to be methylated only once. The genes found to be 
hypermethylated in over 30% of NSCLC (based on at least two independent stud-
ies) were APC and RASSF1A. The methylation frequency of DAPK between differ-
ent studies varied from 26.1% to 68.4%. Except for DAPK, the methylation 
frequencies of other genes had little differences across studies. Most of the studies 
involved controls; therefore, comparison of the data across cases and controls was 
possible. Methylation-specific PCR techniques have been employed by most of the 
studies to quantify the methylation statues of genes [104].

Many studies have demonstrated that hypermethylation in promoter region of 
RARb gene could be found with high prevalence in tumor tissue and autologous 
controls such as corresponding non-tumor lung tissue, sputum and plasma of the 
NSCLC patients, but due to the small number of subjects included in the individual 
study, the statistical power is limited. Hua et al. performed a meta-analysis using a 
systematic search strategy in PubMed, EMBASE and CNKI databases and calcu-
lated the pooled odds ratio (OR) of RARb promoter methylation in lung cancer 
tissue versus autologous controls. The results show a strong and significant correla-
tion between tumor tissue and autologous controls of RARb gene promoter hyper-
methylation prevalence across studies, indicating that RARb promoter methylation 
may play an important role in carcinogenesis of the NSCLC [76].

Another team performed a meta-analysis to review the diagnostic ability of 
CDH13 methylation in NSCLC as well as in its subsets. Thirteen studies, including 
1850 samples were included in this meta-analysis. In a validation stage, 126 paired 
samples from TCGA were analyzed and 5 out of the 6 CpG sites in the CpG island 
of CDH13 were significantly hypermethylated in lung adenocarcinoma tissues but 
none of the 6 CpG sites was hypermethylated in squamous cell carcinoma tissues. 
These pooled data showed that the methylation status of the CDH13 promoter is 
strongly associated with lung adenocarcinoma. The CDH13 methylation status could 
be a promising diagnostic biomarker for diagnosis of lung adenocarcinoma [157].

Han et al. investigated the correlation of hMLH1 promoter hypermethylation and 
NSCLC using 13 studies by comprising 1056 lung cancer patients via a meta- 
analysis. Initially, they observed that loss of hMLH1 protein expression was signifi-
cantly associated with its promoter hypermethylation, hMLH1 gene inactivation 
through hypermethylation contributed to the tumorigenesis of NSCLC, and that there 
is a correlation between histologic subtypes/disease stages (TNM I + II vs III + IV) 
and hypermethylation status of hMLH1 gene.Finally, they found that NSCLC 
patients with hMLH1 hypermethylation and subsequent low expression levels of 
hMLH1 have a short overall survival period than those patients with normal expres-
sion of hMLH1 gene. Thus, they concluded that hMLH1 hypermethylation should be 

DNA and Histone Methylation in Lung Cancer



418

an early diagnostic marker for NSCLC and also a prognostic index for NSCLC. 
hMLH1 is an interesting therapeutic target in human lung cancers [63].

Abnormal miRNA expression and promoter methylation of genes detected in 
sputum may provide biomarkers for non-small lung cancer (NSCLC). In a recent 
study, they evaluated the individual and combined analysis of the two classes of 
sputum molecular biomarkers for NSCLC detection and they found that integrated 
analysis of 2 miRNAs (miR-31 and miR-210) and 2 genes (RASSF1A and 3OST2) 
yields higher sensitivity (87.3%) and specificity (90.3%) compared with the indi-
vidual panels of the biomarkers (P < 0.05) [194].

6.2  Prognostic Biomarkers

Promoter methylation of RASSF1A [214, 227], PTEN, DAPK[198], p16INK4a 
[59, 93–95, 146], Wif-1, CXCL12 [197], DLEC1, MLH1 [179], CDH1, CDH [96], 
APC [26, 208], RUNX3 [227], SPARC and DAL1 have all been associated with 
NSCLC outcome [27, 196, 230]. In addition, DNMT1 overexpression in NSCLC is 
associated with decreased survival [93–95, 116] and DNMT3b, only in patients 
younger than 65 years [223]. Along similar lines, the CpG island methylator pheno-
type has also been correlated with prognosis in NSCLC. Relative to advanced-stage 
lung cancers, chemotherapeutic recommendations are not as clear for earlystage 
disease, with no true consensus regarding the optimal approach [193]. Early-stage 
lung cancer can be controlled locally, but exhibits a high recurrence rate. Completely 
resected stage IB and II tumors have a near-50% recurrence rate, with a median time 
to recurrence of 1 year [88]. Patients with stage IA tumors are less likely to experi-
ence a recurrence, although certain IA subsets have high recurrence rates [187]. 
Methylation of p16INK4a, RASSF1A, CDH13, and APC has been associated with 
early recurrence in surgically treated stage I NSCLCs [27]. The combination of 
FHIT and p16INK4a promoter methylation has also been associated with recur-
rence in stage I NSCLC [93–95].

The results of a metaanalysis suggest that FHIT hypermethylation is associated 
with an increased risk and worse survival in NSCLC patients. FHIT hypermethyl-
ation, which induces the inactivation of FHIT gene, plays an important role in the 
carcinogenesis and clinical outcome and may serve as a potential drug target of 
NSCLC [225]. Another recent study was the first to investigate SFRP3 expression 
and its potential clinical impact on non-small cell lung carcinoma (NSCLC). WNT 
signaling components present on NSCLC subtypes were preliminary elucidated by 
expression data of The Cancer Genome Atlas (TCGA). They identified a distinct 
expression signature of relevant WNT signaling components that differ between 
adenocarcinoma (LUAD) and squamous cell carcinoma (LUSC). Of interest, 
canonical WNT signaling is predominant in LUAD samples and non-canonical 
WNT signaling is predominant in LUSC. In line, high SFRP3 expression resulted 
in beneficial clinical outcome for LUAD but not for LUSC patients. Moreover, 
DNA hypermethylation of SFRP3 was evaluated in the TCGA methylation dataset 
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resulting in epigenetic inactivation of SFRP3 expression in LUAD, but not in 
LUSC, and was validated by pyrosequencing of our NSCLC tissue cohort and 
in  vitro  demethylation experiments. Immunohistochemistry confirmed SFRP3 
protein downregulation in primary NSCLC and indicated abundant expression in 
normal lung tissue. Thus, the above results indicate that SFRP3 acts as a novel 
putative tumor suppressor gene in adenocarcinoma of the lung possibly regulating 
canonical WNT signaling [173]. Functional analysis revealed that overexpressed 
STXBP6 in A549 and H1299 cells significantly decreased cell proliferation, colony 
formation, and migration, and increased apoptosis. Finally, significantly lower sur-
vival rates (P < 0.05) were observed when expression levels of STXBP6 were low, 
providing a basis for the genetic etiology of lung adenocarcinoma [112]. Moreover, 
recently Zhang et al. found that PAX6 gene was specifically methylated in NSCLC, 
and demonstrated the effect of promoter methylation of PAX6 gene on clinical 
outcome in NSCLC, indicating the methylated PAX6 may be useful biomarkers 
for prognostic evaluation in NSCLC [233]. Interestingly, it is found for the first 
time that TMEM196 acts as a novel functional tumour suppressor inactivated by 
DNA methylation and is an independent prognostic factor of lung cancer. 
Multivariate analysis showed that patients with TMEM196 expression had a better 
overall survival [127].

Targeted therapies can be successfully used in a subset of patients with lung 
adenocarcinomas (ADC), but they are not appropriate for patients with squamous 
cell carcinomas (SCC). In addition, there is a need for the identification of prognos-
tic biomarkers that can select patients at risk of relapse in early stages. It has been 
shown that a high prometastatic serine protease TMPRSS4 expression is an inde-
pendent prognostic factor in SCC. Similarly, aberrant hypomethylation in tumors 
correlates with high TMPRSS4 expression and could be used as an independent 
prognostic predictor in SCC. The inverse correlation between expression and meth-
ylation status was also observed in cell lines. In vitro studies showed that treatment 
of cells lacking TMPRSS4 expression with a demethylating agent significantly 
increased TMPRSS4 levels. In conclusion, TMPRSS4 is a novel independent prog-
nostic biomarker regulated by epigenetic changes in SCC and a potential therapeu-
tic target in this tumor type, where targeted therapy is still underdeveloped [212].

6.3  Methylated ctDNA as a Biomarker in Liquid Biopsy

Several studies have reported the potential of investigating tumor-specific meth-
ylation in blood for the screening and diagnosis of lung cancer. Determination of 
the methylation patterns of multiple genes to obtain complex ctDNA methylation 
signatures can contribute importantly to cancer development and/or progression. 
In recent years, methylation specific PCR has been successfully applied in the area 
of evaluating gene hypermethylation in the ctDNA, leading to highly sensitive and 
specific methodologies for NSCLC diagnosis.
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6.3.1  Methylated ctDNA as a Marker for Early Diagnosis

Various gene promoters were found to be differentially methylated in ctDNA of 
lung cancer patients and healthy controls. These differences have been evaluated 
towards early detection of lung cancer and are summarized in Table 1. Epigenetically 
regulated genes have been evaluated for this purpose, such as Short stature homebox 
2 (SHOX2) [100, 103], doublecortin like kinase 1 (DCLK1) [156], septin9 (SEPT9) 
[155], ras association domain family 1 isoform A (RASSF1A) and retinoic acid 
receptor B2 (RARB2) [154]. It is important to note that a large proportion of cases 
in these studies are late-stage cancers. Therefore, it has to be an inclusion of patients 
amenable to therapy in order to validate a biomarker useful for the screening and 
diagnosis of lung cancer [121].

Zhang Y et  al. evaluated the methylation status of 20 tumor-suppressor 
genes in serum of NSCLC patients using methylation-specific PCR [232]. They 
report that nine genes (APC, CDH13, KLK10, DLEC1, RASSF1A, EFEMP1, 
SFRP1, RARbeta, and p16 (INK4A) were hypermethylated in NSCLC patients. 
The   methylation frequencies in the plasma were consistent with those in the 
paired tumor tissues. The above results indicated that methylated alteration of 
multiple genes played important roles in NSCLC pathogenesis and the methylated 
genes in ctDNA might be potential candidate epigenetic biomarkers for NSCLC 
detection [54]. As the human 8-oxoguanine DNA glycosylase (hOGG1) gene pro-
moter is frequently methylated in NSCLC, Qin et al. evaluated whether genetic or 
epigenetic alterations of hOGG1 are associated with increased risk of non-small 
cell lung cancer. The methylation profiles of peripheral blood mononuclear cell 
specimens from 121 NSCLC patients and 121 controls were determined through 
methylation-specific PCR of hOGG1. hOGG1 methylation-positive carriers had 
a 2.25-fold greater risk of developing NSCLC than methylation-free subjects. 
Furthermore, the demethylating agent 5 aza-2′-deoxycytidine restored hOGG1 
expression in NSCLC cell lines. These data provide strong evidence of an associa-
tion between peripheral blood mononuclear cell hOGG1 methylation and the risk 
of NSCLC in a Chinese  population [159].

6.3.2  Methylated ctDNA as a Prognostic Marker

DNA methylation can be indicative of tumor aggressiveness and risk of cancer 
recurrence due to residual disease after surgical resection and/or chemotherapy. 
ctDNA has a short half-life (~2 h), and its persistence in the blood following surgery 
has been linked to poor prognosis [42]. In the context of early stage malignancies, 
prognostic biomarkers are urgently needed to distinguish patients who are cured 
with surgery alone, from those at high risk of disease recurrence who may benefit 
from adjuvant chemotherapy. The prognostic significance of gene promoter ctDNA 
methylation has been described in several studies, although most of them evaluate 
late-stage cancers, as summarized in Table 2.
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Table 1 DNA methylation as a diagnostic biomarker in lung cancer

Study, year/ref Gene Sample Patients Controls
Biomarker 
classification

Palmisano 
et al. [148]

P16 and 
MGMT

Sputum 21 sputum 
samples and 
matched SCC 
tissues

123 
cancer-free 
sputum 
samples

Diagnostic

Belinsky et al. 
[21]

p16 Sputum, 
plasma

56 plasma 
samples
56 sputum 
samples

195 normal 
plasma 
samples
121 sputum 
samples

Diagnostic

Belinsky et al. 
[22]

p16INK4a, 
MGMT, 
PAX5b, 
DAPK, 
GATA5, 
and 
RASSF1A

Sputum 98 92 Diagnostic

Licchesi et al. 
[115]

p16INK4a 
TIMP3, 
DAPK, 
MGMT, 
RARβ, 
RASSF1A, 
and hTERT

FFPEs 19 primary lung 
carcinomas

56 AAHs
46 
histologically 
normal lung 
samples

Diagnostic

Selamat et al. 
[177]

PTPRN2 FFPEs 50 
adenocarcinomas, 
16 AIS

41 AAHs, 63 
adjacent 
normal tissue

Diagnostic

Zhang et al. 
[232]

APC, 
CDH13, 
KLK10, 
DLEC1, 
RASSF1A, 
EFEMP1, 
SFRP1, 
RARbeta, 
and p16 
(INK4A)

FFPEs, 
plasma

78 NSCLC 
FFPEs
110 NSCLC 
plasma samples

78 adjacent 
normal tissue
50 cancer- 
free plasma 
samples

Diagnostic

Dietrich et al. 
[43]

SHOX2 BAS 125 125 Diagnostic

Lee et al. 
[110]

TMEFF2 Serum 316 50 Diagnostic

Ponomaryova 
et al. [154]

RASSF1A 
and RARB2

Plasma 60 32 Diagnostic

Powrózek 
et al. [155]

SEPT9 Plasma 70 100 Diagnostic

(continued)
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Detection of methylated breast cancer metastasis suppressor-1 (BRMS1) and 
(sex determining region Y)-box 17 (SOX17) in operable and advanced NSCLC, was 
shown to have a negative impact on survival [9, 10]. In contrast, SFN (14–3-3 
Sigma) promoter methylation was correlated with a reduced risk of death [163].

In SCLC evaluation of doublecortin-like kinase 1 (DCLK1) promoter region 
methylation may be useful in both early diagnosis and prediction of the course of 
lung cancer [156].

6.3.3  Methylated ctDNA in the Prediction and Monitoring of Response 
to Therapy

Several studies have reported the detection of tumor-specific methylation in plasma 
for tracking a patient’s response to therapy as summarized in Table 3. The value of 
methylated ctDNA in plasma to predict response to therapy has also been investi-
gated, although it is important to distinguish cfDNA from leukocytic DNA, because 

Table 1 (continued)

Study, year/ref Gene Sample Patients Controls
Biomarker 
classification

Diaz-Lagares 
et al. [41]

BCAT1, 
CDO1, 
TRIM58 
and 
ZNF177

FFPEs, 
BAS, 
BAL, 
sputum

122 FFPEs, 51 
BAS, 82 BAL, 72 
sputum samples
Discovery cohort: 
237 FFPEs (181 
lung 
adenocarcinomas 
and 56 SCCs)

79 FFPEs, 29 
BAS, 29 
BAL, 26 
sputum 
samples
Discovery 
cohort: 25 
FFPEs

Diagnostic

Pu et al. [157] CDH13 
(meta- 
analysis)

Tissue/
serum

1206 in total; 
1113 NSCLC 
tissue samples
93 serum samples

644 in total; 
589 normal 
tissue 
samples
55 normal 
serum 
samples

Diagnostic

Han et al. [63] hMLH1 
(meta- 
analysis)

Tissue 912 lung cancer 
tissues

666 
non- 
malignant 
lung tissues

Diagnostic

Konecny et al. 
[102]

SHOX2 Plasma 38 31 Diagnostic

Powrózek 
et al. [156]

DCLK1 Plasma 65 95 Diagnostic

Qin et al. 
[159]

hOGG1 Peripheral 
blood 
(PBMCs)

121 121 Diagnostic

AAH atypical adenomatous hyperplasia, AIS adenocarcinoma in situ, FFPEs formalin-fixed 
paraffin- embedded tissues, SCC squamous cell carcinoma, NSCLC non-small cell lung cancer, 
BAS bronchial aspirates, BAL bronchioalveoar lavages, NM not mentioned
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DNA methylation marks are coupled tightly to cellular differentiation and vary by 
cell type [73].

Wang and colleagues observed that there is an elevated level of adenomatous 
polyposis coli (APC) and RASSF1A promoter methylation in ctDNA within 24 h 
after cisplatin-based therapy, consistent with chemotherapy-induced cell death 
[216]. Moreover, methylation status of SHOX2, RASSF1A and RARB2 has shown 
potential to monitor disease recurrence after surgery and chemotherapy [174]. 
A recent manuscript addresses the role of O6-methylguanine-DNA methyltransfer-
ase (MGMT) as a biomarker in the oncogenesis of cancer and the opportunity of 
turning this gene into a drugable target in neuroendocrine tumours of the lung. 
Studies in brain tumours conclude that MGMT promoter methylation is considered 

Table 2 DNA methylation as a prognostic biomarker in lung cancer

Study, year/ref Gene Sample Patients Controls
Biomarker 
classification

Yanagawa et al. 
[227]

RASSF1A, 
RUNX3

Tissue 101 101 
non- 
neoplastic 
lung tissues

Prognostic

Kim et al.  [96] CDH1, CDH Tissue 88 88 adjacent 
normal 
tissues

Prognostic

Suzuki et al. [197] CXCL12 Tissue 236 163 tissues 
adjacent to 
resected 
tumors

Prognostic

Seng et al. [179] DLEC1, MLH1 FFPEs 239 200 Prognostic
Brock et al. [27] p16INK4a, 

RASSF1A, 
CDH13, and 
APC, SPARC, 
and DAL1

FFPEs 71 116 Prognostic

Balgkouranidou 
et al. [9]

BRMS1 Plasma 122 24 Prognostic

Zhang et al. [233] PAX6 Tissue 143 143 adjacent 
normal 
tissues

Prognostic

Liu et al. [127] TMEM196 Tissue 85 20 Prognostic
Yan et al. [225] FHIT 

(meta-analysis)
Tissue 735 708 Prognostic

Schlensog et al. 
[173]

SFRP3 Tissue 15 12 Prognostic

Villalba et al. [212] TMPRSS4 Tissue 88 66 Prognostic
Balgkouranidou 
et al. [10]

SOX17 Plasma 122 49 Prognostic

Powrozek et al. 
[156]

DCLK1 Plasma 32 8 Prognostic
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a strong predictive factor for a favourable outcome for treatment with temozolo-
mide, e.g. alkylating agent. In NSCLC MGMT promoter methylation is not a 
 prognostic and predictive factor, hence temozolomide has no place. Temozolomide 
can be considered a ‘personalized’ treatment if the predictive role of the gene is 
further confirmed [67]. Another example of the use of DNA methylation as a predictive 
biomarker, are patients with unmethylated checkpoint with forkhead and ring finger 
domains (CHFR) promoter who survived longer when receiving EGFR tyrosine 
kinase inhibitors as second-line treatment, compared to conventional chemotherapy 
[170]. Furthermore, Ramirez et al. found that 14-3-3 sigma methylation in pretreat-
ment serum may be an important predictor of NSCLC outcome in patients treated 
with platinum based chemotherapy [163]. Another study profiled DNA methylation 
in SCLC, patient-derived xenografts (PDX) and cell lines at single-nucleotide reso-
lution. DNA methylation patterns of primary samples are distinct from those of cell 
lines, whereas PDX maintain a pattern closely consistent with primary samples. 
Clustering of DNA methylation and gene expression of primary SCLC revealed 
distinct disease subtypes among primary patient samples with similar genetic altera-
tions which were histologically indistinguishable. SCLC is notable for dense clus-
tering of high-level methylation in discrete promoter CpG islands, in a pattern 
clearly distinct from other lung cancers and strongly correlated with high expres-
sion of the E2F target and histone methyltransferase gene EZH2. Pharmacologic 
inhibition of EZH2 in a SCLC PDX markedly inhibited tumor growth [153]. Finally, 
with the demonstration that combined epigenetic therapy has efficacy in lung cancer 
patients [84], future applications of methylated ctDNA for monitoring the activity 

Table 3 DNA methylation as a predictive biomarker in lung cancer

Study, 
year/ref Gene Sample Patients

Biomarker 
classification Treatment

Ramirez 
et al. [163]

14-3-3 sigma Serum 99 
NSCLC

Predictive Cisplatin plus 
gemcitabine

Salazar 
et al. [170]

CHFR Serum 179 Predictive EGFR tyrosine kinase 
inhibitors as second-line 
treatment

Wang et al. 
[216]

APC and 
RASSF1A

Plasma 216 Predictive 24 h after cisplatin-based 
therapy, consistent with 
chemotherapy-induced 
cell death

Schmidt 
et al. [174]

SHOX2, 
RASSF1A and 
RARB2

Plasma 31 Predictive Clinical course of late 
stage lung cancer patients 
receiving a systemic 
treatment

Poirier 
et al. [153]

EZH2 Tissue SCLC 
PDX

Predictive EPZ-6438 inhibits tumor 
growth in vivo in SCLC 
PDX

Hiddinga 
et al. [67]

MGMT Plasma 89 
SCLC

Predictive Temozolomide

SCLC PDX small cell lung cancer patient derived xenograft
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of demethylating agents will soon come to the forefront [121]. Thus, without careful 
study design, blood-based methylation profiles can be confounded by variation in 
relative circulating proportions of  leukocyte types associated with outcome, such as 
immune response [107].

7  Conclusions

DNA methylation is a very early step in tumorigenesis and analysis of DNA meth-
ylation in clinical samples is very informative. DNA methylation markers have 
potential as prognostic markers and, accordingly, have been studied and reported 
widely in the literature. It is now known that a variety of hypermethylated tumor 
suppressor genes is implicated in lung cancer oncogenesis and have been associated 
with prognosis. Moreover, detection of DNA methylated sequences in plasma sam-
ples is a very important liquid biopsy approach that allows continuous monitoring 
of tumor evolution in real ime, in a non-invasive way.
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Abstract Epigenetic alterations, such as alterations of histone modification and 
DNA methylation, occur in a genome-wide manner under precancerous conditions 
resulting from hepatitis B virus (HBV) or hepatitis C virus (HCV) infection fol-
lowed by chronic hepatitis and cirrhosis, or aberrant lipogenesis and abnormal 
metabolism of reactive oxygen species that characterize the pathophysiology of 
non-alcoholic steatohepatitis (NASH). Once DNA methylation alterations occur at 
the precancerous stage, they are stably preserved on DNA double strands through 
methylation maintenance by DNA methyltransferase 1 (DNMT1). DNA methyla-
tion alterations associated with abnormalities of DNA methyltransferase, such as 
overexpression of DNMT1 and splicing alterations of DNMT3B, participate in mul-
tistage hepatocarcinogenesis from the precancerous stage to the malignant progres-
sion stage and are correlated with aggressiveness of hepatocellular carcinomas 
(HCCs) and poorer outcome of affected patients. A number of tumor-related genes, 
such as ATK3, APC, BMP4, CCL20, CDH1, CDKN2A, CDKN2B, CSPG2, DAB2IP, 
DCC, DLC1, DPT, DPYSL3, EMILIN2, FZD7, GRASP, GSTP1, HIST1H4F, 
IGFALS, MGMT, MZB1, NAT2, NEFH, NFATC1, PAX4, PDSS2, PER3, PROZ, 
PYCARD, RASSF1A, SPDY1, RUNX3, SCGB1D1, SFN, SMPD3, SOCS1, TIMP3, 
TLX3, TM6SF1, TRIM33, TRIM58, WFDC6, WNK2 and ZFP41, are known to be 
silenced by DNA hypermethylation in human HCCs. It is believed that DNA meth-
ylation alterations could be excellent biomarkers for carcinogenetic risk estimation 
and prognostication. To facilitate clinical application of DNA methylation diagno-
sis, a scaled-down device that allows quick and accurate analysis, even in small 
hospitals and clinics, is now being developed. One therapeutic strategy against HCC 
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proliferation could involve a combination of epigenetic modifiers, such as a DNA 
methylation inhibitor, a histone deacetylase inhibitor and an S-adenosylhomocysteine 
hydrolase inhibitor, to sensitize cancer cells to conventional chemotherapies, in 
addition to eradication of hepatitis viruses for personalized and/or pre-emptive 
medical care.

Keywords DNA methylation • DNMT1 • DNMT3B • Hepatitis virus infection • 
Histone modification • Non-alcoholic steatohepatitis • Precancerous condition • 
Prognostication • Risk estimation

1  Introduction: Epigenomic Mechanism of Multistage 
Carcinogenesis

Epigenetic processes are defined as heritable alterations to biological information 
without changes in the DNA sequence. Such processes go beyond DNA-stored 
information and are essential for interpretation of the genome [32]. The modulation 
of epigenetic profiles contributes to embryonic development and differentiation, 
and underlies responses to environmental signals such as nutrients and inflamma-
tion [13]. Histone modification and DNA methylation are both key elements of 
epigenetic mechanisms and cooperatively determine chromatin configuration and 
regulate the levels of gene expression [32].

In vitro analysis using cultured cells or in vivo analysis using animal models is 
very important for clarifying the impact of epigenetic abnormalities on human car-
cinogenesis, but these alone are insufficient, and detailed analysis of human tissue 
specimens from large cohorts of clinical cases is essential. In addition, there has 
been insufficient accumulation of data from histone modification analyses 
(chromatin- immunoprecipitation [ChIP]) of human tissue specimens, probably due 
to the difficulty involved in achieving stable and reproducible fixation and fragmen-
tation of large numbers of surgical specimens. On the other hand, DNA methylation 
analyses have been conducted using both the candidate-gene and genome-wide 
approaches, using techniques such as methylation-specific PCR [25], combined- 
bisulfite and restriction enzyme analysis [96], pyrosequencing [14], MassARAAY 
[34] and various methylation array systems, for large series of tissue specimens, 
including microdissected materials. Moreover, whole-genome bisulfite sequencing 
(WGBS) has been applied even for analysis of clinical tissue specimens. Therefore, 
the significance of DNA methylation alterations during human carcinogenesis is 
becoming better understood [33].

The most striking feature of DNA methylation alterations during human carcino-
genesis is that they frequently occur even in precancerous conditions and early- 
stage cancers, suggesting that epigenetic alterations may precede mutations of 
tumor-suppressor genes, amplification of oncogenes and chromosomal instability. 

E. Arai et al.



439

Environmental factors including exposure to carcinogens influence epigenetic pro-
files. Thus, aberrant DNA methylation may be especially associated with 
 precancerous conditions such as chronic inflammation and persistent viral infection 
[35]. In addition, DNA methylation alterations are frequently and significantly cor-
related with tumor aggressiveness and poorer outcome of patients with cancers. 
Therefore, on the basis of DNA methylation analysis, various biomarkers and thera-
peutic targets are now being explored [1].

In the case of hepatocarcinogenesis, the majority of hepatocellular carcinomas 
(HCCs) are known to be associated with hepatitis B virus (HBV) or hepatitis C 
virus (HCV) infection. Clonal expansion of hepatocytes is initiated during chronic 
hepatitis and liver cirrhosis, which are widely considered to be precancerous con-
ditions. Small nodular lesions of early-stage HCC may develop in liver affected 
by chronic hepatitis and cirrhosis [86], and after further progression HCCs often 
emerge as nodule-in-nodule-type lesions in which the progressed HCC compo-
nent is surrounded by the early HCC component [58]. Ordinary HCCs showing 
increased cell proliferation and neovascularization are then formed. Therefore, 
HCC can be considered a typical model of multistage carcinogenesis [28]. The 
significance of DNA methylation alterations during multistage carcinogenesis has 
been well studied using human liver tissue specimens at various steps of multi-
stage hepatocarcinogenesis (Fig. 1).

Time course
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Fig. 1 DNA methylation alterations during multistage hepatocarcinogenesis. DNA methylation 
alterations occur in precancerous conditions due to hepatitis virus infection followed by chronic 
hepatitis and cirrhosis, or due to aberrant lipogenesis and aberrant metabolism of reactive oxygen 
species, which are the pathophysiologic hallmark of non-alcoholic steatohepatitis. Once DNA 
methylation alterations occur at the precancerous stage, they are inherited by or strengthened in 
hepatocellular carcinomas (HCCs) and determine tumor aggressiveness and patient outcome
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2  DNA Methylation Alterations

2.1  Viral Hepatitis-Related Multistage Hepatocarcinogenesis

2.1.1  Early Findings at the Dawn of Epigenetics Research

In the early 1990s, various genetic alterations were revealed using classical techniques 
such as Southern blotting, especially in HCCs that were poorly differentiated, large in 
size, and associated with metastasis [28, 86]. However, only a few of the genetic 
events actually occurring in the earlier stage of hepatocarcinogenesis were detectable. 
Since DNA methylation alterations may be correlated with chromosomal instability, 
in 1996 we used Southern blotting with DNA methylation- sensitive restriction 
enzymes to examine DNA methylation status on chromosome 16, which is known to 
be a hot spot for loss of heterozygosity (LOH) in HCCs. In comparison with normal 
liver tissue samples obtained from patients without HCCs, DNA methylation altera-
tions at multiple loci on chromosome 16 were frequently revealed, even in samples of 
non-cancerous liver tissue showing chronic hepatitis or cirrhosis with HBV or HCV 
infection. This was one of the earliest reports of DNA methylation alterations in liver 
at the precancerous stage [37]. In addition, the incidence of DNA methylation altera-
tions on chromosome 16 was significantly correlated with higher histological grade, 
portal vein involvement and intrahepatic metastasis of HCCs. Since DNA methylation 
alterations were observed in both precancerous conditions and advanced HCCs, we 
speculated that such alterations at the precancerous stage might rapidly generate more 
malignant cancers [37].

The CDH1 tumor suppressor gene is located on 16q22.1 near the hot spots for 
both DNA hypermethylation and LOH in HCC and encodes the E-cadherin Ca2+-
dependent cell-cell adhesion molecule that functions in the adherens junctions of 
epithelial cells. When RB and VHL were the only two genes known to be tumor 
suppressor genes silenced by DNA methylation, we demonstrated a significant cor-
relation between DNA hypermethylation around the promoter region of the CDH-1 
gene and reduced expression of E-cadherin [99]. Reduction of E-cadherin expres-
sion may result in loss of intercellular adhesiveness and destruction of tissue mor-
phology, which are the histological hallmarks of HCCs [38]. On the basis of our 
data, the E-cadherin gene was confirmed to be the third chronological example of a 
tumor suppressor gene silenced by DNA methylation, suggesting that LOH and 
DNA hypermethylation constitute another example of “two hits” that are capable of 
initiating cancers, in addition to the classical two-hit mechanism involving LOH 
and mutation.

In the late 1990s, microdissection techniques and PCR using microsatellite 
markers were developed for detecting LOH in small numbers of cells from paraffin- 
embedded tissue samples. This allowed us to examine microdissected specimens 
obtained from lobules, pseudo-lobules and regenerative nodules in non-cancerous 
liver tissue from patients with HCCs, and also the HCCs themselves. The inci-
dence of DNA hypermethylation on CpG islands overwhelmed that of LOH at all 
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stages of chronic hepatitis, liver cirrhosis and HCC, indicating that aberrant DNA 
methylation is an earlier event preceding chromosomal instability during hepato-
carcinogenesis [45].

2.1.2  Abnormalities of DNA Methyltransferases (DNMTs) and Ten- 
Eleven Translocation Family Enzymes (TETs)

Abnormalities of DNMTs during hepatocarcinogenesis are considered likely to 
explain the molecular backgrounds of DNA methylation alterations. The major 
DNMT, DNMT1, shows a preference for hemimethylated over unmethylated sub-
strates in vitro, and targets replication foci by binding to proliferating cell nuclear 
antigen (PCNA) [26]. Thus, DNMT1 has been recognized as a “maintenance” 
DNMT that allows copying of the DNA methylation pattern on the parental strand 
to the newly synthesized daughter DNA strand. Mutational inactivation of the 
DNMT1 gene is not a major event in HCCs [39]. On the other hand, levels of 
DNMT1 mRNA and protein are significantly higher in samples of non-cancerous 
liver tissue showing chronic hepatitis or cirrhosis than in normal liver tissue, and are 
even higher in HCCs [71, 80]. The incidence of DNMT1 overexpression in HCCs is 
significantly correlated with histological features reflecting tumor aggressiveness, 
such as poorer tumor differentiation and portal vein involvement [73]. Moreover, 
the recurrence-free and overall survival rates of patients with HCCs showing 
DNMT1 overexpression are significantly lower than those of patients with HCCs 
that do not [73].

The expression levels of miR-200b are significantly reduced in HCC tissue sam-
ples relative to normal liver tissue. Levels of DNMT3A expression are significantly 
higher in samples of HCC tissue, and DNMT3A is proposed to be a possible target 
gene for miR-200b [49]. In addition, a connection between HBV x protein (HBx) 
and DNMTs has been reported [69]. HBx upregulates the expression of DNMT1 
and DNMT3A, and selectively facilitates regional DNA hypermethylation around 
the promoter region of tumor suppressor genes [87]. Direct interaction between 
HBx and DNMT3A reportedly promotes recruitment of DNMT3A to the promoters 
of specific target genes, such as MT1F and IL4, or prevents DNMT3A recruitment 
to specific genomic loci, such as CDH6 and IGFBP3 [102].

On the other hand, germline mutations of the DNMT3B gene have been reported 
in patients with immunodeficiency, centromeric instability, and facial anomalies 
(ICF) syndrome, a rare recessive autosomal disorder characterized by DNA hypo-
methylation of pericentromeric satellite regions [24]. In HCCs, DNA hypomethyl-
ation of these regions is correlated with copy number alterations on chromosome 1, 
where satellite regions are rich [92]. Moreover, the major splice variant of DNMT3B 
in normal liver tissue is DNMT3B3, which possesses the conserved catalytic 
domains, whereas DNMT3B4 lacks them while retaining the N-terminal domain 
required for targeting to heterochromatin sites. The level of DNMT3B4 mRNA 
expression and the ratio of DNMT3B4 mRNA to DNMT3B3 mRNA in samples of 
non-cancerous liver tissue obtained from patients with HCCs, and in the HCCs 
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themselves, were significantly correlated with the degree of DNA hypomethylation 
in pericentromeric satellite regions [72]. DNA demethylation on satellite 2 was 
observed in DNMT3B4-transfected human epithelial cells [72]. Since DNMT3B4 
lacking DNMT activity competes with DNMT3B3 for targeting to pericentromeric 
satellite regions, DNMT3B4 overexpression may lead to chromosomal instability 
through induction of DNA hypomethylation in such regions.

Furthermore, the growth rate of DNMT3B4 transfectants was increased to a 
greater degree than in mock-transfectants at an early stage, when chromosomal 
instability may not yet have accumulated. Furthermore, an effector of interferon 
signaling, STAT1, was upregulated in DNMT3B4 transfectants relative to mock- 
transfectants [72]. Later, it was reported that inhibition of DNA methylation in cul-
tured human cancer cells by 5-aza-2′-deoxycytidine induced a set of genes 
implicated in interferon signaling, primarily via overexpression of STAT1, 2 and 3 
[40]. Thus, overexpression of DNMT3B4 plays a role in multistage carcinogenesis 
not only by inducing chromosomal instability but also by affecting the expression 
of specific genes.

Recently, conversion of 5-methylcytosine to 5-hydroxymethylcytosine by TET 
family enzymes has attracted a great deal of attention as a mechanism of DNA 
demethylation. The level of 5-hydroxymethylcytosine was reportedly decreased in 
HCC tissues relative to non-tumorous tissues, and this decrease was associated with 
a larger tumor size, a higher alpha fetoprotein level and poorer patient outcome [53]. 
Moreover, a decreased level of 5-hydroxymethylcytosine in non-tumorous tissue 
was associated with tumor recurrence in the first year after surgical resection. Even 
in a diethylnitrosamine-induced animal model of HCC, the level of 
5- hydroxymethylcytosine in the liver gradually fell during the period of induction 
[53]. A further reduction in tumorous tissues associated with an increase in the level 
of 5-methylcytosine was associated with capsular invasion, vascular thrombosis, 
tumor recurrence and overall survival. Expression of TET1, but not TET2 and TET3, 
was downregulated in the HCCs, indicating that decreased expression of TET1 is 
probably one of the mechanisms underlying the reduction of 5- hydroxymethylcytosine 
during hepatocarcinogenesis [53].

2.1.3  Genome-Wide DNA Methylation Analysis

For genome-wide profiling and stratification of patients with HCCs, we first 
employed bacterial artificial chromosome (BAC) array-based methylated CpG 
island amplification (BAMCA) [30]. Unlike promoter arrays, which can only exam-
ine regions directly participating in the regulation of expression, BAC array makes 
it possible to examine genomic regions in which DNA hypomethylation affects 
chromosomal instability and which are regulated in a coordinated manner in human 
cancers through a process of long-range epigenetic silencing [19]. In fact, using 
BAMCA, we have successfully identified many BAC clones showing DNA hypo- 
or hypermethylation in non-cancerous liver tissue from patients with HCCs in com-
parison with normal liver tissue from patients without HCCs. Patients showing 
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DNA hypo- or hypermethylation on more BAC clones in their non-cancerous liver 
tissue samples frequently developed metachronous or recurrent HCCs after hepa-
tectomy, suggesting that DNA methylation alterations at the precancerous stage 
may render the liver prone to potential development of more malignant HCCs 
through induction of chromosomal instability and silencing of tumor-suppressor 
genes [2]. In HCCs themselves, more BAC clones showed DNA hypo- or hyper-
methylation, the degree of which was further increased in comparison with non- 
cancerous liver tissue obtained from the same patients.

Recently, the Infinium Methylation Assay (Illumina) has facilitated quantitative 
measurement of methylation at the single-CpG-site level [8]. The Infinium assay 
employs a variety of probes, the most recently released being the MethylationEPIC 
BeadChip, covering a unique combination of over 850,000 methylation sites, 
including 99% of RefSeq genes, 95% of CpG islands, and the Encyclopedia of DNA 
Elements (ENCODE) enhancer regions. We have confirmed the reproducibility of 
the results of independently performed Infinium assays using the same human 
genomic DNA samples, and observed a good correlation between the results of 
WGBS and the Infinium assay. We have also verified the quantitative accuracy of 
the Infinium assay using pyrosequencing and the MassARRAY system [75]. 
Therefore, the Infinium assay is currently one of the most ideal techniques for anal-
ysis of many human tissue specimens from large cohorts [3]. Using the Infinium 
array, we have shown that DNA methylation levels on numerous probes are already 
altered in non-cancerous liver tissues with chronic hepatitis or cirrhosis, which are 
considered to be HBV or HCV viral hepatitis-related precancerous stages, and the 
HCCs themselves, relative to specimens of normal liver from patients without hepa-
titis virus infection, chronic hepatitis, liver cirrhosis or HCCs (unpublished data). 
Moreover, the Jonckheere-Terpstra trend test revealed that ordered differences in 
the levels of DNA methylation from normal liver tissue to liver tissues at the viral 
hepatitis-related precancerous stages, and then to HCCs themselves, occurred on 
about 21,000 probes, indicating that DNA methylation alterations were present even 
at these precancerous stages and were inherited by, or strengthened in HCCs. The 
DNA methylation alterations on these probes may continuously participate in mul-
tistage hepatocarcinogenesis from the precancerous to established cancer stage. 
Unsupervised hierarchical clustering using 21,000 such probes accurately classified 
all of the examined tissue samples into a cluster consisting mainly of normal liver 
tissue, a cluster consisting mainly of liver tissue at the precancerous stage, and a 
cluster consisting mainly of HCC, indicating that stepwise alterations of DNA 
methylation actually underlie multistage hepatocarcinogenesis (unpublished data).

When Infinium probes on which DNA methylation alterations were revealed 
even at precancerous stages and inherited by HCCs were separately identified in 
HBV-positive patients and HCV-positive patients, such alterations frequently 
occurred in gene bodies and non-coding regions in both HBV- and HCV-positive 
patients. The incidence of significant DNA methylation alterations was higher in 
HCV-positive than in HBV-positive patients. DNA hypermethylation appeared to be 
predominant in HCV-positive patients, whereas DNA hypomethylation was pre-
dominant in HBV-positive patients (unpublished data).
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2.1.4  Epigenetically Regulated Tumor-Related Genes Participating 
in Hepatocarcinogenesis

Genome-wide procedures for analysis of DNA methylation status, such as array- based 
technologies and WGBS, have revealed many tumor-related genes whose expression 
levels are altered due to DNA hyper- or hypomethylation. For example, in HCCs, 
DNA hypermethylation-mediated silencing has been reported for cell cycle regulators 
such as CDKN2A [54] and CDKN2B [91], proapoptotic proteins such as PYCARD 
[46], matrix metalloproteinase inhibitor TIMP3 [100] and DNA repair protein MGMT 
[56], and multifunctional tumor suppressor proteins such as RASSF1A [76], SFN [31] 
and RUNX3 [60, 61]. DNA hypermethylation of DLC1 (deleted in human liver can-
cer), located at chromosome 8p21.3–22 (a region frequently lost in various cancers 
including HCCs; [101]), significantly contributes to its silencing in primary HCCs [44, 
52, 93]. DNA methylation of the cytokine mediator gene SOCS1 [66] has attracted 
attention because it may activate the JAK/STAT signaling pathway and mediate the 
molecular link between inflammation and hepatocarcinogenesis. Recently, DNA 
hypermethylation of CpG islands in the TRIM33 gene (transcriptional intermediary 
factor 1 gamma) has been reported to be responsible for its downregulation [15]. The 
expression level of TRIM33 is decreased in HCC and this is associated with tumor 
stage and patient outcome. TRIM33 reportedly inhibits the invasion and metastasis of 
HCC cells through suppression of TGF-β/Smad signaling. DPYSL3 (dihydropyrimid-
inase-like 3), a cell adhesion molecule, is downregulated in HCC cell lines due to DNA 
hypermethylation. Knockdown of DPYSL3 has been shown to enhance the migration 
and invasion of HCC cells. Moreover, patients with recurrence exhibited a signifi-
cantly lower expression level of DPYSL3 mRNA in their HCCs relative to those with-
out recurrence [68]. DPT (dermatopontin), an acidic extracellular matrix protein that 
binds to α3β1 integrin, has also been shown to be silenced due to DNA hypermethyl-
ation. Downregulation of DPT was frequently observed in HCC tissues and was sig-
nificantly associated with metastasis and poorer patient outcome [20]. Moreover, it 
was shown that inhibition of DPT resulted in dysregulation of focal adhesion assembly 
and a decrease of FAK phosphorylation via integrin signaling [20]. PDSS2 (prenyl 
diphosphate synthase subunit 2), an essential enzyme involved in the biosynthesis of 
coenzyme Q10, may be possibly silenced by DNA hypermethylation in human HCCs. 
Aberrant expression of PDSS2 in the liver may cause DNA damage and disrupt the cell 
cycle through inhibition of CoQ10 synthesis, resulting in poorer patient outcome [41]. 
In HBV-related HCC cells, silencing of WNK2, EMILIN2, TRIM58, GRASP, TM6SF1, 
HIST1H4F, and TLX3 due to DNA hypermethylation has been reported [84].

In a study involving array-based analysis, Hernandez-Vargas et al. [27] demon-
strated that a panel of hypermethylated gene promoters (APC, RASSFIA, CDKN2A 
and FZD7) were able to discriminate HCC tumors from paired surrounding non- 
tumor liver tissues. Another set of hypermethylated genes (e.g., NAT2, CSPG2 and 
DCC) were associated with HBV-related HCC [27]. Song et  al. [79] found that 
BMP4, CDKN2A, GSTP1, and NFATC1 were among a variety of genes with signifi-
cant enrichment of promoter CpG island DNA methylation. In a genome-wide 
methylation study using plasma DNA from a cohort consisting predominantly of 
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HBV-positive HCC patients, Shen et al. [77] found that the top five hypermethyl-
ated genes were DAB2IP, BMP4, ZFP41, SPDY1 and CDKN2A, whereas the top 
five hypomethylated genes were CCL20, ATK3, SCGB1D1, WFDC6 and PAX4. 
Neumann et al. [64] reported that three candidate tumor-suppressor genes, PER3, 
PROZ, and IGFALS, showed abnormal methylation in HCCs, loss of the corre-
sponding chromosomal regions, and re-expression after treatment with a demethyl-
ating agent. Matsumura et al. [57] also performed CpG island microarray analysis 
accompanied by treatment with a demethylating agent and, on the basis of their 
results, proposed MZB1 as a new tumor-suppressor gene of HCC: down-regulation 
of MZB1 was significantly associated with patient survival. Revill et al. [70] showed 
that transfection of HCC cell lines with SMPD3 and NEFH, which are possible 
tumor-related genes silenced by DNA hypermethylation, led to cell growth inhibi-
tion, and that knockdown of these genes by small interfering RNA induced tumor 
formation and invasiveness in nude mice, indicating that these were potential tumor- 
suppressor genes. It has also been reported that expression of SMPD3 was associ-
ated with recurrence-free survival after curative resection of HCC [70].

The transcription of non-coding RNAs, such as microRNA (miRNA) and long 
non-coding RNA, is also known to be regulated by DNA methylation. The role of 
miRNA in carcinogenesis is particularly well recognized. Coding regions of miRNA 
are generally located within the introns of host genes, and abnormal methylation of 
host genes leads to transcriptional inactivation of miRNA. Recent comprehensive 
methylation analyses have indicated that DNA hypermethylation of the HOXB4 
gene (the host gene of miR-10a located 1.46 kb upstream) possibly induces activa-
tion of the NF-κB signaling pathway and participates in HCC development [78].

With regard to the diagnostic impact of DNA hypomethylation in patients with 
HCCs [103], it has been reported that long interspersed nuclear element-1 (LINE-1) 
is significantly hypomethylated in tumor tissues relative to non-tumor tissues. 
Patients with LINE-1 hypomethylation exhibited significantly poorer outcome, and 
multivariate analysis revealed that LINE-1 hypomethylation was an independent 
risk factor for poorer overall and disease-free survival. The expression level of the 
LINE-1-inserted c-MET (L1-MET) gene was inversely correlated with the level of 
LINE-1 methylation, and positively correlated with c-MET expression. LINE-1 
hypomethylation has a prognostic impact in patients with HCC, possibly due to 
activation of c-MET expression.

2.1.5  Carcinogenetic Risk Estimation and Prognostication Based on DNA 
Methylation Profiles

The effectiveness of surgical resection for HCC is limited, unless the disease is 
diagnosed early. Therefore, it is anticipated that surveillance at the precancerous 
stage will become a priority. Carcinogenetic risk estimation using liver biopsy spec-
imens for baseline microscopy examination prior to interferon therapy would be 
advantageous for close follow-up of patients who are at high risk of HCC 
development.
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To estimate the degree of carcinogenetic risk based on DNA methylation profiles 
using BAMCA, we omitted potentially insignificant BAC clones associated only 
with inflammation and/or fibrosis and focused on BAC clones for which DNA 
methylation status was inherited by HCCs from the precancerous stage. The top 25 
BAC clones for which DNA methylation status was able to discriminate non- 
cancerous liver tissue from patients with HCCs in the learning cohort from normal 
liver tissue with sufficient sensitivity and specificity were identified using a bioin-
formatics approach [2].

However, CpG sites that are of diagnostic importance are unclear on BAC clones 
with an average insert size of 170 kbp [67]. In order to identify precisely CpG sites 
having the largest diagnostic impact, we quantitatively evaluated the DNA methyla-
tion status of 203 CpG sites on the top 25 BAC clones using pyrosequencing in tis-
sue specimens. This again confirmed the reliability of BAMCA, which was able to 
provide an overview of DNA methylation in large regions of chromosomes, espe-
cially alterations occurring in a coordinated manner in the entire BAC region. 
Pyrosequencing-based quantification revealed that combining 30 regions including 
45 specific CpG sites had a large diagnostic impact: the sensitivity and specificity 
for discrimination between normal liver tissues and liver tissues that had already 
generated HCCs were both almost 100% in the learning and validation cohorts [63]. 
The majority of the 30 regions used for defining the carcinogenetic risk estimation 
criteria were located within the gene bodies, non-CpG islands, and non-coding 
regions [63]. Although gene bodies, non-CpG islands, and non-coding regions have 
tended to be overlooked as targets of DNA methylation alterations in human can-
cers, it is feasible that DNA methylation alterations do not expand immediately to 
the promoter regions of tumor-related genes at the risk stage, but not in established 
cancers. Our findings indicate that gene bodies, non-CpG islands, and non-coding 
regions are also important for establishment of optimal diagnostic indicators.

To establish criteria for prognostication of patients with HCCs, Arai [2] defined 
HCC samples from patients who had survived more than 4 years after hepatectomy 
as a favorable-outcome group and HCC samples from patients who had suffered 
recurrence within 6 months and died within a year after hepatectomy as a poor- 
outcome group. Using appropriate cut-off values for each of the 41 BAC clones, the 
prognostication criteria were set to discriminate between the two groups. Multivariate 
analysis revealed that satisfying the criteria for more BAC clones was a predictor of 
recurrence, and was independent of known clinicopathological parameters reflect-
ing tumor aggressiveness, such as the degree of histological differentiation and the 
presence/absence of portal vein tumor thrombi, intrahepatic metastasis and multi-
centricity [2]. Such prognostication using liver biopsy specimens obtained before 
transarterial embolization and radiofrequency ablation may be advantageous even 
for patients who undergo such therapies.

Alterations of DNA methylation profiles are stably preserved on DNA double 
strands by covalent bonds as a result of the substrate preferences of DNMT1. 
Therefore, such methylation can be detected using a sufficiently sensitive method, 
even from a small sample volume, and for this reason it is believed that DNA 
methylation would be a better biomarker for carcinogenetic risk estimation and 
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prognostication than mRNA and protein expression profiles, which can be easily 
affected by the microenvironment of precursor cells [36]. Rapid and accurate 
quantification of methylated DNA is essential for application of DNA methylation 
diagnosis in hospitals and clinics. We are now developing a device based on poly-
mer chemistry technology that can separate DNA fragments containing methyl-
ated cytosine: this optimizes the separation function of a high-performance liquid 
chromatography column for scaled-down implementation (unpublished data) 
(Fig. 2). This new approach is expected to facilitate quick and accurate analysis 
even in small hospitals and clinics, thus contributing to personalized and/or pre-
emptive medical care.

2.2  Non-alcoholic Steatohepatitis (NASH)-Related Multistage 
Hepatocarcinogenesis

In addition to HBV or HCV infection followed by chronic hepatitis and liver cir-
rhosis, there has been an alarming increase in the incidence of NASH as a hepatic 
manifestation of metabolic syndrome, especially in developed countries [5]. NASH 
has become another precancerous condition for HCC via the development of liver 
cirrhosis. In addition, epigenomic alterations have recently attracted a great deal of 
attention as the molecular basis of not only cancer but also metabolic disorders [42]. 
In fact, studies using animal models of NASH have revealed a connection between 
the pathophysiological conditions for NASH and epigenome alterations [85]. For 
example, it has been shown that the ubiquitin-fold modifier 1 (Ufm1) conjugation 
pathway (Ufmylation), which is essential for protein degradation, protein quality 

0

1

2

3

4

9 9.2 9.4 9.6 9.8 10 10.2

Time (min)

0

1

2

3

4

9 9.2 9.4 9.6 9.8 10 10.2

Time (min)

Normal liver tissue

Negative control

Positive control

BA
A

bs
or

ba
n

ce
 a

t 2
80

n
m

 (m
A

U
)

A
bs

or
ba

n
ce

 a
t 2

80
n

m
 (m

A
U

)

non-cancerous 
liver tissue 
obtained from a 
patient with HCC

Negative control

Positive control

Fig. 2 Newly developed device for separating DNA fragments containing methylated-cytosine 
utilizing a high-performance liquid chromatography column. Representative chromatogram for 
normal liver tissue obtained from a patient without hepatocellular carcinoma (HCC) (a) and non- 
cancerous liver tissue obtained from a patient with HCC (b). This newly developed technique is 
expected to facilitate quick and accurate analysis with a scaled-down model, even in small hospi-
tals and clinics. Carcinogenetic risk estimation based on DNA methylation status in liver biopsy 
specimens may enable effective surveillance at the precancerous stage
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control and signal transduction, was downregulated in 1,4-dihydro-2,4,6-trimethyl- 
3,5-pyridine-dicarboxylate (DDC)-fed NASH model mice and patients with NASH, 
resulting in the formation of Mallory-Denk bodies [10]. Moreover, levels of DNMT1 
and DNMT3B mRNA and DNA methylation levels in the promoter CpG region of 
Ufm1, Ufc1 and UfSP1 were markedly upregulated in NASH patients, suggesting 
that the maintenance of Ufmylation methylation might be mediated by DNMT1 and 
DNMT3B together [10].

In order to clarify the significance of DNA methylation alterations, samples of 
normal liver tissue, non-cancerous liver tissue showing NASH, and NASH-related 
HCC were subjected to the Infinium assay. Even after Bonferroni correction, a large 
number of probes showed significant DNA methylation alterations in samples of 
non-cancerous liver tissue showing NASH relative to samples of normal liver tissue. 
The distinct DNA methylation profiles of NASH samples were clearly different from 
those of normal liver tissue samples and samples of non-cancerous liver tissue show-
ing chronic hepatitis or cirrhosis associated with HBV or HCV infection (unpub-
lished data). DNA methylation alterations in samples of non-cancerous liver tissue 
showing NASH were inherited by or strengthened in samples of NASH- related HCC 
(unpublished data). NASH- and NASH-related HCC-specific DNA methylation 
alterations, which were not evident in samples of non-cancerous liver tissue showing 
chronic hepatitis or cirrhosis, or in HCC associated with HBV or HCV infection, 
were observed in tumor-related genes and frequently associated with mRNA expres-
sion abnormalities, indicating that NASH-specific DNA methylation alterations may 
participate in NASH-related multistage hepatocarcinogenesis.

3  Histone Modification Alterations in HCCs

In addition to DNA methylation, histone modification is one of the key events of 
epigenetic alteration. Covalent histone modifications, especially histone methyla-
tion, mark active promoters (methylation of lysine 4 of histone H3 [H3K4]), active 
enhancers (H3K4 methylation), actively transcribed genes (H3K36 methylation), or 
heterochromatin regions (H3K9 methylation, H3K27 methylation) [23]. It has been 
reported that specific tumor-related genes are regulated by histone modification 
alterations. For example, generation of mouse HCC cells fused with mouse embry-
onic stem cells has revealed that enrichment of H3K27 trimethylation (me3), inde-
pendent of H3K9 dimethylation (me2) and me3, associated with DNA methylation, 
is an early event in silencing of the CDKN2A gene during HCC development [97]. 
Another study has focused on suppression of the CDKN2A gene by HBx protein in 
hepatocarcinogenesis. Transfection of HCC cell lines with a HBx-expressing plas-
mid and immunohistochemistry of human HCCs with HBV infection have indi-
cated that HBx can induce H3K9me3  in the promoter region of CDKN2A via a 
decrease in the expression of demethylase jumonji domain-containing protein 2B 
(JMJd2B) [89]. On the other hand, chromatin immunoprecipitation-sequencing 
(ChIP-seq) and gene expression profiling using microarray have identified CLDN14 
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as a potential target for EZH2-mediated H3K27me3 in HCC [50]. Downregulation 
of CLDN14 was significantly associated with advanced tumor stage and poorer out-
come of HCC patients, probably due to enhancement of wnt/β-catenin signaling 
activity [50]. Epigenetic plasticity has an essential role in metabolic shift, i.e. from 
mitochondrial to glycolytic metabolism, in human HCC cells: during lysine-specific 
demethylase-1 (LSD1) inhibition in HCC cells, a set of mitochondrial metabolism 
genes was activated with concomitant increase of methylated histone H3K4 in the 
promoter regions [74].

Participation of histone methyltransferase in HCC development via a mechanism 
other than histone methylation has also been reported. SETDB1 is a histone H3K9 
methyltransferase located within a melanoma susceptibility locus. In HCCs, 
SETDB1 is overexpressed with moderate copy number gain, together with mutation 
of the TP53 gene, and the well-known hotspot gain-of-function mutation R249S 
associated with SETDB1 overexpression [18]. Inactivation of SETDB1 in HCC cell 
lines bearing the R249S mutation suppresses cell growth, and TP53 mutation con-
fers SETDB1 dependence on cancer cells. Moreover, SETDB1 forms a complex 
with TP53 and catalyzes TP53K370me2, resulting in reduced recognition and deg-
radation of TP53 by MDM2 [18].

In addition, a subset of histone deacetylases (HDACs) is increased in HCCs rela-
tive to normal liver tissues. It has been reported that HDAC1 and HDAC2 are upreg-
ulated from pre-neoplastic lesions to high-grade HCCs, whereas HDAC6 is gradually 
downregulated [6]. Inactivation of HDAC1 results in tumor cell regression and acti-
vation of caspase-independent autophagic cell death through activation of 
microtubule- associated protein 1 light chain 3 beta (MAP1LC3B) in HCCs cells 
[95]. On the other hand, depletion of HDAC2 reportedly induces the expression of 
CDKN1A and CDKN2A, resulting in inhibition of G1/S cell cycle transition [65]. 
Thus, overexpression of HDAC1 and HDAC2, which are class I HDACs, may play 
a pivotal role in the regulation of mitotic effectors during hepatocarcinogenesis. 
Treatment with the histone deacetylase inhibitor trichostatin A (TSA) and siRNA- 
knockdown of HDACs 1–3 in HCC cell lines followed by mRNA expression profil-
ing have revealed that apoptotic protease-activating factor 1 (APAF1) is significantly 
upregulated after HDAC inhibition. The copy numbers of HDAC3 and HDAC5 
DNA are altered, and their expression levels are significantly upregulated in HCC 
[9]. Moreover, the levels of HDAC5 mRNA and protein are overexpressed in human 
HCC tissues, and inhibition of HDAC5 represses the growth of HCC cell lines. 
Suppression of HDAC5 induces apoptotic cell death and G1/S cell cycle arrest by 
regulating apoptosis-associated molecules and cell cycle regulators [16]. HDAC8 is 
also overexpressed in HCCs and its knockdown represses tumor cell growth and 
induces apoptosis through p53 expression [94].

In NASH-related carcinogenesis, HDAC8 is directly upregulated by the lipo-
genic transcription factor SREBP-1 in dietary obesity models of NASH and 
HCC. Lentiviral-mediated HDAC8 attenuation in vivo reverses insulin resistance 
and reduces tumorigenicity. HDAC8 modulation has been shown to inhibit  p53/
p21-mediated apoptosis and G2-M phase cell-cycle arrest, and to stimulate 
β-catenin-dependent cell proliferation [85]. The molecular mechanism of this 
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proliferation may involve physical interaction of HDAC8 with the chromatin 
modifier EZH2, thus repressing Wnt antagonists via histone H4 deacetylation and 
H3K27me3 [85].

Components of chromatin-remodeling complexes are frequently mutated in 
HCC. ARID1A, a key component of the SWI/SNF chromatin-remodeling complex, 
is frequently mutated in HCC [104]. Huang et  al. [29] have also shown that an 
aggressive cell line, HCC-LM6, contained ARID1A mutations that were absent 
from less metastatic cell lines. Knockdown of ARID1A promoted proliferation, 
migration and invasion. Mutations of genes such as ARID2, MLL and MLL3, encod-
ing other epigenetic regulators, have also been reported. Fujimoto et al. [21] esti-
mated that some form of chromatin regulator is mutated in about 50% of HCCs, 
indicating that aberrations in chromatin remodeling are a major hallmark of HCC.

4  Therapeutic Implications of Epigenetic Mechanisms 
in Patients with HCCs

DNA methylation has been shown to inactivate tumor-suppressor genes during 
hepatocarcinogenesis, suggesting a potential role of strong demethylating agents in 
the treatment of patients with HCCs. Combination of a DNA methylation inhibitor 
(5-aza-20- deoxycytidine [5-aza-dC]) with a histone deacetylase inhibitor (suber-
oylanilidehydroxamic acid [SAHA]) is considered to have potential clinical appli-
cation [81]. On the other hand, increased expression of DNMTs in HBV-infected 
hepatocytes facilitates viral genome methylation and affects protein production and 
viral replication [87]. Therefore, potent demethylation treatment could lead to reac-
tivation of HBV replication. In addition, dietary factors may also be potentially 
important for modulation of HBV replication, as deficiencies of folate, vitamin 
B12, choline and betaine can limit HBV methylation ability [90].

Histone deacetylase inhibitors (HDACs) such as TSA, panobinostat, valproic 
acid, belinostat and ITF2357 are known to have therapeutic activity against HCC 
cells [4, 22, 47, 55], and abexinostat, resminostat, givinostat, panobinostat, pracino-
stat, belinostat and CUDC-101 have yielded encouraging results as anti-cancer 
drugs in preclinical and clinical trials [62, 98].

3-Deazaneplanocin A (DZNep), an S-adenosylhomocysteine hydrolase inhibi-
tor, has been shown to target polycomb proteins including EZH2 [82, 83]. Both 
loss of EZH2 and administration of DZNep have been shown to be effective in 
controlling the self-renewal and tumorigenic activity of tumor-initiating HCC 
[12]. EZH2 inhibitors, such as GSK126, EPZ005687, EI1, EPZ-6438 and 
EPZ011989, have been recently developed and may have the potential to target 
HCC tumorigenesis [43].

These epigenetic modifiers can act synergistically in combination with other tra-
ditional drugs. Inhibition of epigenetic regulators can sensitize cancer cells to con-
ventional chemotherapies. Sorafenib, for example, has been shown to gain high 
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effectiveness for control of HCC when used in combination with targeting EZH2, 
ASH1L, C17ORF49 and SETD4 [48, 88].

In addition, the limiting factor for elimination of HBV infection is clearance of 
the covalently closed circular DNA (cccDNA) pool from infected hepatocytes. 
Therefore, manipulation of the epigenetic regulation of the cccDNA minichromo-
some is a promising alternative therapeutic approach. Treatment with IFN-α has 
been shown to induce histone hypoacetylation of cccDNA and active recruitment of 
transcriptional co-repressors onto cccDNA in cultured cells [7]. IFN-α administra-
tion has also been shown to reduce binding of STAT1 and STAT2 transcription fac-
tors to active cccDNA [11]. Such cytokine treatment can activate the cellular 
response via epigenetic modification of cccDNA, which could mark the episome for 
selective eradication from infected cells or prevent cccDNA molecules from re- 
entering the nucleus after mitosis.

5  Analysis of the Hepatocyte Epigenome by the International 
Human Epigenome Consortium (IHEC)

On the basis of epigenome profiling of not only cancers but also neuronal, immune 
and metabolic disorders, attempts are now being made to elucidate the molecular 
pathogenesis of these diseases. In order to accurately identify disease-specific epig-
enome profiles, strict comparison with standard epigenome profiles of normal cells 
is indispensable. However, epigenome mechanisms show heterogeneity among 
various tissues and cell lineages. Therefore, it is not easy to obtain a comprehensive 
picture of the standard epigenome profiles of normal cells. Researchers and found-
ing agencies from Canada, the EU, Germany, Hong Kong, Japan, Singapore, South 
Korea and the USA are now participating in the IHEC (http://ihec-epigenomes.org). 
At the establishment of the IHEC in 2010, an ambitious goal to decipher at least 
1000 epigenomes within the next 7–10 years was declared. To achieve this goal, the 
consortium will use robust technologies to generate high-resolution maps of infor-
mative histone modifications, i.e. H3K4me3, H3K9me3, H3K27me3, H3K27ac, 
H3K4me1 and H3K36me3, high-resolution DNA methylation maps, and the entire 
catalogue of expression patterns including non-coding and small RNAs (Fig. 3). In 
Japan, three Japanese IHEC teams (http://crest-ihec.jp/) including our team are sup-
ported by the Core Research for Evolutional Science and Technology division of the 
Japan Agency for Medical Research and Development (AMED-CREST). To 
strengthen the research bases for HCCs, we have performed standard epigenome 
analyses of highly purified normal hepatocytes (Fig. 4). Samples of normal liver 
tissue were obtained distant from sites of liver metastases from primary colon can-
cers in partial hepatectomy specimens from patients without HBV or HCV infec-
tion, hepatitis or cirrhosis. To isolate hepatocytes, collagenase perfusion of 
cannulated branches of the hepatic vein was performed, followed by low-velocity 
centrifugation. Immunocytochemistry using Hep Par 1 antibody [17] has confirmed 
that the hepatocytes were more than 95% pure.
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Fig. 3 International human epigenome consortium. (a) Logotype of the consortium. (b) Research 
outline of the IHEC from its webpage (http://ihec-epigenomes.org). (c) Individual research proj-
ects contributing to the IHEC appear on the website

Fig. 4 Activities of our Japanese IHEC team (http://crest-ihec.jp/). To strengthen the research 
bases for HCCs, we have performed standard epigenome analyses of highly purified normal hepa-
tocytes obtained from partial hepatectomy specimens of patients without hepatitis virus infection, 
chronic hepatitis or liver cirrhosis. The results of whole-genome bisulfite sequencing (WGBS) 
using post-bisulfite adaptor tagging (PBAT), chromatin immunoprecipitation-sequencing (ChIP- 
seq), and RNA-seq have been deposited in the National Bioscience Database Center (NBDC, 
http://humandbs.biosciencedbc.jp/en/, Accession number JGA00000000026, JGAS00000000027 
and JGAS00000000028)
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Hepatocytes of six Japanese patients were subjected to WGBS using post- 
bisulfite adaptor tagging (PBAT), CHIP-seq, RNA-seq and whole-genome sequenc-
ing. PBAT, an efficient library preparation method for WGBS, had been originally 
developed by members of our IHEC team [59]. The PBAT method minimally 
requires sub-microgram amounts of DNA for mammalian whole-genome bisulfite 
sequencing without global PCR amplification. A good correlation of the DNA 
methylation pattern was observed among PBAT, the standard Methyl C-seq method-
ology developed by Lister et al. [51], and the Infinium assay. Moreover, the PBAT 
method is advantageous in that it has good coverage of GC-rich regions, especially 
in CpG islands and gene-rich chromosomes.

Based on the epigenome landscape of human normal hepatocytes that we 
obtained, CpG methylation levels were low around the transcription start site 
and the first coding exon (unpublished data). Personal differentially methylated 
regions (pDMRs) were frequently observed in the vicinity of genetic variation 
loci, suggesting possible cis-acting genome-epigenome interaction (unpub-
lished data). Genetic variations may induce epigenetic variations, generating 
individual differences in the phenotypes of normal hepatocytes through varia-
tions in expression.

6  Perspectives

Epigenome alterations, such as alterations of histone modification and DNA 
methylation, occur in precancerous conditions due to HBV or HCV infection 
followed by chronic hepatitis and cirrhosis, or due to aberrant lipogenesis and 
aberrant metabolism of reactive oxygen species, which are the pathophysiologic 
hallmark of NASH. DNA methylation alterations associated with DNA methyl-
transferase abnormalities participate in multistage hepatocarcinogenesis from 
the precancerous stage and may rapidly generate more malignant HCCs. 
Genome-wide DNA methylation profiling can provide optimal indicators for car-
cinogenetic risk estimation and prognostication. Comparison between IHEC ref-
erence epigenome profile data for normal hepatocytes and the epigenome profiles 
during viral hepatitis-related hepatocarcinogenesis and NASH-related hepato-
carcinogenesis may facilitate accurate identification of disease-specific epig-
enome profiles, which would be indispensable to the development of more 
accurate disease biomarkers. Moreover, elucidation of the molecular back-
grounds of DNA methylation alterations during hepatitis virus-related and 
NASH-related hepatocarcinogenesis may provide clues for epigenetic preven-
tion and therapy of HCCs.
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Abstract Colorectal cancers (CRCs) are thought to arise through accumulation of 
genetic and epigenetic alterations. CRC genomes exhibit dual-faceted DNA meth-
ylation abnormality, global hypomethylation with CpG island hypermethylation, 
and CRCs are classified into two groups based on whether their genomes exhibit 
microsatellite instability (MSI) or chromosomal instability (CIN). In addition, a 
subset of CRCs is characterized by concurrent hypermethylation of multiple CpG 
islands, known as the CpG island methylator phenotype (CIMP). Genomic instabil-
ity and epigenetic alterations are tightly linked, and CRCs with MSI largely overlap 
CIMP-positive tumors, while CIN is associated with global DNA hypomethylation. 
Dysregulation of histone methylation and altered expression of histone modifying 
enzymes are also commonly observed in CRC, indicating their critical roles in CRC 
development. Evidence now suggests that DNA and histone methylation could 
potentially serve as biomarkers useful for CRC diagnosis, risk assessment and pre-
diction of therapeutic effects and prognosis. Although many studies examining 
clinical applications are still at an early phase, it is anticipated that further investiga-
tion will lead to improved prevention and management of CRC.
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1  Introduction

Colorectal cancer (CRC) is the third most common cause of cancer and the fourth 
leading cause of cancer-related death in the world [1]. Much evidence suggests that 
CRCs develop through the accumulation of genetic and epigenetic alterations, 
which drives the progression from normal colorectal epithelium to adenoma, carci-
noma and, eventually, metastatic disease. The sporadic form of CRC, which arises 
due to somatic mutations, accounts for approximately 70% of all CRCs, and up to 
one-third of CRCs show familial predisposition, although they do not present a 
Mendelian inheritance [2]. Only a small proportion of CRCs (2–5%) arise through 
well-defined inherited syndromes, including familial adenomatous polyposis (FAP), 
Lynch syndrome (hereditary nonpolyposis colorectal cancer, HNPCC) and 
MUTYH-associated polyposis [2]. Nonetheless, we have learned important lessons 
about the molecular abnormalities that lead to colorectal carcinogenesis from hered-
itary CRC syndromes [3]. For example, mutation of the APC gene, which is one of 
the most frequent genetic abnormalities in sporadic CRCs, was first discovered as 
the genetic cause of FAP [2]. Subsequent studies revealed that APC acts as a gate-
keeper to CRC development by suppressing Wnt signaling [4]. Similarly, mutations 
in DNA mismatch repair (MMR) genes (MLH1, MSH2, MSH6 and PMS2), which 
trigger microsatellite instability (MSI), were discovered as genetic causes of Lynch 
syndrome [5]. These findings later prompted the identification of promoter 
hypermethylation- associated silencing of MLH1 in sporadic MSI-positive CRCs [6, 
7]. The discovery of MLH1 methylation in MSI tumors highlights the functional 
interaction between genomic and epigenomic abnormalities in CRC and facilitated 
the molecular subcategorization of CRC based on molecular characteristics. Thanks 
to remarkable advances in cancer genome analysis, we now understand that the 
CRC genome includes thousands of genetic and epigenetic abnormalities that affect 
the biological and clinical characteristics of this disease. In this review, we will 
focus on the contribution made by aberrant DNA and histone methylation events to 
CRC development and discuss their clinical application.

2  Aberrant DNA Methylation in CRC

CRC genomes generally show dual-faceted DNA methylation abnormality: global 
hypomethylation with regional hypermethylation [8–11]. Hypomethylation com-
monly occurs at repetitive genomic elements, including satellite DNA sequences 
and retrotransposons (LINEs, SINEs and Alu), and is thought to promote 
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tumorigenesis though induction of chromosomal instability (CIN) and activation of 
proto-oncogenes [8, 10, 11]. Hypomethylation-induced loss of imprinting (LOI) is 
also frequently observed in CRC [11]. For instance, LOI of the insulin-like growth 
factor 2 gene (IGF2) results in abnormal expression of the maternal allele of the 
gene, which is normally epigenetically repressed. The upregulated IGF2 expression 
leads to activation of IGF1 receptor and its downstream signaling pathways, which 
contributes to enhanced tumor growth [11–13].

By contrast, hypermethylation of CpG islands located at gene promoters is the 
major mechanism by which tumor suppressors and other tumor-related genes are 
silenced in cancer. The list of genes silenced by hypermethylation in CRC is rapidly 
growing and includes genes involved in virtually all key signaling pathways, includ-
ing WNT, RAS and p53, as well as genes involved in regulating the cell cycle, 
apoptosis, DNA repair, immune system, angiogenesis, invasion and metastasis [9, 
10, 14, 15] (Table  1). Recent studies also have shown that genes for noncoding 
RNA, including microRNAs (miRNAs) and long noncoding RNA, are also targets 
of methylation-associated silencing in CRC [15–17].

Recently, a new concept “CpG island shore” was proposed by Feinberg et al. 
[18]. CpG island shores refer to genomic areas within two kilobases of CpG islands, 
and methylation of this area is associated with gene transcriptional regulation. 
Patterns of CpG island shore methylation are tissue-specific and are altered in vari-
ous malignancies, including CRC [9].

2.1  CpG Island Methylator Phenotype (CIMP) in CRC

Genomic instability is essential in the CRC development, and CRCs are thought to 
arise through two major forms of genomic instability: CIN and MSI [3] (Fig. 1). 
CIN is observed in the majority of CRCs (about 80–85%) and is associated with 
gains and losses of whole chromosomes or chromosomal regions [3, 15]. DNA 
methylation of LINE-1 is often used as a surrogate marker of global hypomethyl-
ation, and LINE-1 hypomethylation is frequently observed in CIN CRCs, whereas 
it is inversely associated with MSI [8, 19–21]. MSI, which is identified by the pres-
ence of frequent insertion and deletion mutations within repetitive DNA sequences, 
is found in approximately 15% of CRCs, among which about 3% are attributable to 
Lynch syndrome [3, 10]. The majority of sporadic CRCs with MSI exhibit biallelic 
hypermethylation of MLH1 [10]. A recent comprehensive genomic analysis of CRC 
by The Cancer Genome Atlas project revealed that sporadic CRCs can be catego-
rized as hypermutated (16%) or non-hypermutated (84%) tumors, which correspond 
to MSI and CIN, respectively [22].

In addition to those exhibiting genomic instabilities, a third subclass of CRCs 
characterized by concurrent hypermethylation of multiple CpG islands has been 
proposed. These tumors are defined as exhibiting a CpG island methylator pheno-
type (CIMP), the characteristic molecular and clinicopathological features of which 
suggest a distinct carcinogenic pathway [23] (Fig. 1). CIMP was initially identified 
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Table 1 Representative 
genes commonly 
hypermethylated in CRC

Categories Genes

WNT signaling APC

SFRP1

SFRP2

SFRP5

DKK1

DKK2

DKK3

SOX17

WIF1

RAS signaling RASSF1A

RASSF2

Growth factor signaling IGFBP3

IGFBP7

Cytokine signaling SOCS1

Apoptosis BNIP3

DAPK1

HRK

Cell cycle CHFR

CDKN2A/p16

CDKN2A/p14

Chromatin remodeling HLTF

DNA repair MLH1

MGMT

Calcium channel CACNA1G

Inflammation COX2

Invasion and metastasis CDH1

CDH13

TIMP3

Transcription factor GATA4

GATA5

HIC1

ID4

RUNX3

Putative tumor 
suppressor

DCC

DFNA5

NDRG4

NEURL

NEUROG1

SLC5A8

SYNE1

TFPI2

miRNA miR-1-1

miR-9-1
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CIN MSI

CIMP

•CIMP-high
•MLH1 methylation
•BRAF mutation
•right side colon

•Copy number aberration
•Global hypomethylation
•TP53 mutation

•CIMP-low
•KRAS mutation

Fig. 1 Classification of CRCs based on genomic and epigenomic alterations

Categories Genes

miR-9-2

miR-9-3

miR-34a

miR-34b/c

miR-124-1

miR-124-2

miR-124-3

miR-127

miR-129-2

miR-137

miR-148a

miR-200c

miR-345

Table 1 (continued)
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through a genome-wide DNA methylation analysis in CRC. By performing methyl-
ated CpG amplification (MCA) coupled with representational difference analysis 
(RDA), Toyota and Issa compared the CpG island methylation statuses of CRC cells 
and normal colonic mucosa samples [24, 25]. This enabled them to isolate a series 
of CpG islands that were hypermethylated in CRC, which they termed MINT 
(methylated in tumor) sequences. They next analyzed the methylation status of 30 
MINT clones from primary samples, and found that a majority (19/30) were meth-
ylated in both tumoral and normal tissues in an age-related manner (type A methyla-
tion), while a smaller number (7/30) were methylated in a cancer-specific pattern 
(type C methylation). By utilizing type C methylation markers (e.g. MINT1, MINT2, 
MINT31, CDKN2A (p16) and MLH1), they found that a subset of CRCs preferen-
tially exhibited hypermethylation at multiple loci. Importantly, they also noted that 
CIMP-positive CRCs could be further subcategorized into two groups depending on 
the presence or absence of MLH1 methylation and MSI. The CIMP phenotype was 
further confirmed in a number of subsequent studies, and CIMP CRCs were found 
to strongly associate with characteristic molecular and clinicopathological features, 
including a proximal colon location, older age, female sex, higher tumor grade, poor 
differentiation and mucinous histology, KRAS/BRAF mutations and wild-type TP53 
[26–29]. There is a strong overlap between CRCs with MSI and those with CIMP, 
whereas CIN is not often observed in CIMP tumors [30–32].

The CIMP hypothesis has been challenged by several groups who found that 
CRCs could not be clearly categorized as CIMP-positive or -negative [33, 34]. This 
ambiguity mainly reflects an absence of consistent criteria by which to define CIMP, 
and there is substantial inconsistency among studies with respect to the markers and 
techniques used to analyze DNA methylation [35]. For instance, Yamashita et al. 
reported that the numbers of methylated CpG islands vary gradually from a high 
methylation group to a low methylation group, which is in sharp contrast to the 
bimodal distribution of microsatellite mutations observed in MSI and microsatellite 
stable (MSS) tumors [33]. Importantly, they also showed that many of the hyper-
methylation events are age-dependent, indicating that age-dependently methylated 
CpG islands are inappropriate as markers to define CIMP. In addition, many earlier 
studies used highly sensitive and qualitative methods to analyze DNA methylation 
of arbitrarily selected genes, which may lead to overestimation or incorrect catego-
rization of CIMP tumors. By contrast, CIMP was originally defined through quan-
titative DNA methylation analysis (COBRA assays), and subsequent studies 
confirmed that quantitative analysis is the key to accurate characterization of CIMP 
[25, 36, 37].

To address this controversy, substantial effort has been made to identify the best 
markers with which to define CIMP. Weisenberger et al. employed a quantitative 
MethyLight assay to analyze a series of 195 CpG islands in 295 primary CRC 
tumors [37]. They selected CpG islands that showed cancer-specific methylation, 
and carried out unsupervised clustering analysis, which confirmed the existence of 
CIMP-positive CRCs. As compared to the classic CIMP markers, CIMP tumors 
defined using the new markers identified in that study (CACNA1G, IGF2, NEUROG1, 
RUNX3 and SOCS1) are more tightly associated with MSI and BRAF mutation.

H. Suzuki et al.



467

2.2  Subclasses of CIMP in CRC

Since the first discovery of CIMP in CRC, a strong association between CIMP and 
MSI has been repeatedly documented, but results of many studies suggest that there 
are distinct subclasses of CIMP-positive CRCs (Fig. 1). For instance, Ogino et al. 
used a panel of 5 marker genes (CACNA1G, CDKN2A, CRABP1, MLH1 and 
NEUROG1) to analyze 840 population-based CRC patients [38]. They found that 
CRCs with intermediate methylation, termed CIMP-low (defined by 1/5–3/5 meth-
ylated markers), are strongly associated with male sex and KRAS mutation, which 
are distinct from CIMP-high tumors (defined by 4/5 or 5/5 methylated markers). By 
performing unsupervised hierarchical clustering of 97 primary CRCs using 27 
marker genes, Shen et al. showed that CRCs could be classified into 3 subclasses: 
CIMP1, which is tightly associated with MSI and BRAF mutation; CIMP2, which is 
characterized by frequent KRAS mutation; and CIMP-negative, which is associated 
with frequent TP53 mutation [39]. Similarly, Yagi et al. used two marker panels to 
show that CRCs could be classified into high-, intermediate- and low-methylation 
epigenotypes [40]. Moreover, technical advances in recent years have enabled 
genome-wide DNA methylation analysis, and unsupervised clustering of the meth-
ylome data clearly delineated two subclasses of CIMP CRCs [22, 41].

CIMP-high (or CIMP1) CRCs show typical characteristics of the CIMP tumors: 
proximal colon location, older age, female sex, frequent BRAF mutation, MLH1 
methylation and MSI [39–41]. On the other hand, they rarely exhibit KRAS or TP53 
mutations. IGFBP7 was recently found to be preferentially methylated in CIMP- 
high CRCs [42, 43]. Another study showed that IGFBP7 is a downstream effector 
of oncogenic BRAF, which induces cellular senescence and apoptosis in melano-
cytes, and that inactivation of IGFBP7 via CpG island methylation is a critical step 
in the development melanoma [44]. Thus, loss of IGFBP7 may also be necessary to 
escape from oncogenic BRAF-induced senescence during the development of 
CIMP-high CRCs.

CIMP-low (or CIMP2) CRCs are strongly associated with KRAS mutation, while 
BRAF and TP53 mutations and MSI are infrequently observed [38–41]. CIMP-low 
tumors are also preferentially located in the proximal colon, but they are slightly 
more common in males than females. Other biological and clinical characteristics 
of CIMP-low CRCs sometimes differ among studies, which may be due to an 
absence of commonly accepted criteria to define this subtype. Ogino et al. tested a 
set of 8 CIMP marker genes (Weisenberger’s CIMP markers plus CDKN2A, 
CRABP1 and MLH1), and again found that CIMP-low tumors (defined by 1/8–5/8 
methylated markers) are associated KRAS mutation and male sex [45]. However, the 
differences between the CIMP-low and CIMP-negative groups are not large, indi-
cating that these markers are more specific to CIMP-high. By contrast, Shen et al. 
reported that the single best marker for predicting CIMP2 (CIMP-low) is KRAS 
mutation [39]. To delineate CIMP subclasses more specifically, Hinoue et al. devel-
oped two panels of makers consisting of genes commonly methylated in CIMP-high 
and -low tumors and additional CIMP-high-specific genes [41]. Yagi et al. used a 
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similar two-panel method to distinguish the three epigenotypes [40]. However, a 
recent study reported that intermediate- and low-methylation epigenotypes may not 
be equivalent to CIMP-low/−negative tumors, indicating that differences in marker 
genes can result in significant discrepancies among studies [46].

A recent large scale analysis using a series of gene expression datasets from 
primary CRCs concluded that CRCs can be classified into four consensus molecular 
subtypes (CMS): CMS1 (MSI immune, 14%), which exhibits MSI and strong 
immune activation; CMS2 (canonical, 37%), which is epithelial and exhibits marked 
WNT and MYC signal activation; CMS3 (metabolic, 13%), which is epithelial and 
exhibits metabolic dysregulation; and CMS4 (mesenchymal, 23%), which exhibits 
TGF-β activation, stromal invasion and angiogenesis [47]. CMS1 CRCs show fre-
quent BRAF mutation and largely overlap CIMP-high tumors. CMS3 CRCs are 
characterized by KRAS mutation, which could induce prominent metabolic adapta-
tion, and show fewer copy number alterations and a higher prevalence of CIMP-low. 
These results again indicate that DNA methylation is strongly associated with the 
molecular subtypes of CRC.

2.3  Serrated Lesions as Precursors of CIMP CRC

It is well known that aberrant DNA methylation, including both hypermethyl-
ation and hypomethylation, occurs early during colorectal tumorigenesis. 
Methylation of a number of cancer-related genes can be detected in premalig-
nant lesions, including aberrant crypt foci and adenomas [9, 48–50]. It is note-
worthy that the largest increase in the number of methylated genes occurs during 
the step from normal mucosa to adenoma [51, 52]. Multiple studies also have 
shown the presence of CIMP in adenomas and hyperplastic polyps (HPs) [25, 
48, 53, 54]. For a long time, HPs were thought to be colorectal lesions with little 
neoplastic potential. However, a recently proposed “serrated pathway,” via which 
lesions progress to CIMP- positive CRCs, challenges this view [55]. Serrated 
lesions include HPs, sessile serrated adenoma/polyps (SSA/Ps) and traditional 
serrated adenomas (TSAs) [56]. SSA/Ps preferentially occur in the proximal 
colon and frequently exhibit BRAF mutation and hypermethylation of multiple 
CpG islands, and they are considered to be precursor lesions of CIMP-high/MSI 
CRCs [55, 57] (Fig. 2).

When assessing the relationship between molecular features and locations of 
CRCs, most studies classify CRCs as proximal colonic, distal colonic and rectal. 
However, Yamauchi et al. showed that the incidence of CIMP-high, MSI-high and 
BRAF mutant tumors gradually increases along the bowel, from the rectum to the 
ascending colon, indicating that CRCs cannot be simply divided into proximal and 
distal colonic tumors [58]. Similarly, studies of colorectal serrated lesions revealed 
a gradual increase in the incidence of CIMP-high tumors from the rectum to the 
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cecum, indicating a site-dependent difference in the susceptibility to CIMP and 
BRAF mutation in premalignant lesions [59, 60].

Detection and resection of SSA/Ps during colonoscopies would contribute to 
reducing CRC mortality, but it is often difficult to discriminate SSA/Ps from other 
HPs through colonoscopic observation, as neither exhibits the surface microstruc-
tures (pit patterns) specific to malignant lesions. A recent population-based study 
reported that use of colonoscopy could reduce both the incidence and mortality of 
CRC, but cancers diagnosed in patients within 5 years after colonoscopy are more 
likely to be CIMP and MSI tumors, which may reflect the difficulty of detecting 
SSA/Ps during colonoscopy [61]. Our group reported a SSA/P-specific pit pattern, 
Type II-O pits, which could improve colonoscopic detection of SSA/Ps [62]. We 
also performed genomic and epigenomic analysis of early colorectal lesions, and 
found that BRAF mutation and CIMP occur at the premalignant stage, while MLH1 
methylation and MSI are acquired during the progression from SSA/P to carcinoma 
[52]. We anticipate that further study of colorectal premalignant lesions will lead to 
better prevention and earlier detection of CRCs.

Adenoma

Serrated 
adenoma/polyp

CIMP-high/MSI CRC

CIMP-low/CIN CRC

CIMP-negative/CIN CRC

CIMP

APC KRAS

MLH1
Hypermutation

Normal colon
stem cell

Normal colon
stem cell

TP53
SMAD4 
PIK3CA

Adenoma
Normal colon
stem cell

KRAS

BRAF

APC CIMP

Global hypomethylation
Copy number aberrations

Global hypomethylation
Copy number aberrations

Fig. 2 Pathways of CRC development. Shown are the molecular carcinogenesis pathways of three 
representative CRC subclasses. CIMP-negative/CIN CRCs develop through the classical multistep 
carcinogenesis pathway, in which tumors develop through accumulation of multiple gene muta-
tions. CIMP-low/CIN tumors are characterized by frequent KRAS mutation. CIN tumors are also 
associated with global hypomethylation and copy number aberrations. The CIMP-high/MSI tumor 
pathway is also known as the serrated pathway. These tumors are characterized by BRAF mutation, 
MLH1 methylation and hypermutation
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2.4  Mechanisms for Induction of Aberrant DNA Methylation 
in CRC

The mechanisms by which aberrant DNA methylation is induced in CRC are not 
fully understood, but several factors that may be causally related have been reported. 
It has been proposed, for example, that upregulated expression or activity of DNA 
methyltransferases are a cause of hypermethylation in various malignancies, and 
DNA methyltransferase 3B (DNMT3B) is reportedly overexpressed in CIMP-high 
CRCs [63]. Another study showed that DNMT3B expression is increased during 
colorectal neoplastic progression, and its expression correlates positively with 
methylation of CIMP-associated genes (NEUROG1, CACNA1G and CDKN2A) as 
well as SFRP2 [64].

Several lines of evidence indicate that dysregulation of miRNAs can lead to aber-
rant DNA methylation in cancer [16]. miRNAs are endogenous, small noncoding 
RNAs that function at the posttranscriptional level as negative regulators of gene 
expression. Numerous studies indicate that subsets of miRNAs act as tumor sup-
pressor genes or oncogenes, and their dysregulation is a common feature of human 
cancers [65, 66]. Dysregulation of miRNAs that potentially target DNA methyl-
transferase genes is observed in various malignancies [67–70]. Among them, miR- 
342 is reportedly downregulated in CRC, and restoration of miR-342 in CRC cells 
leads to reactivation of the tumor suppressor genes ADAM23 and RASSF1A via 
promoter demethylation [71].

It has become evident in recent years that the ten-eleven translocation (TET) pro-
teins are key mediators of active DNA demethylation. Members of the TET family 
(TET1–TET3) are oxoglutarate- and iron-dependent dioxygenases, which catalyze 
the oxidation of 5-mC to generate 5-hydroxymethylcytosine (5-hmC), which is in 
turn recognized by base excision repair proteins for removal and replacement with 
unmethylated cytosine [72]. Dysregulation of TET and thus 5-hmC levels can lead to 
carcinogenesis. Decreased TET expression and loss of 5-hmC are observed in vari-
ous human malignancies including CRC [73]. Loss-of-function mutations in TET2 
and the resultant reduction in 5-hmC are observed in myeloid malignancies [74, 75]. 
There is also an important relationship between TET dysfunction and mutations in 
isocitrate dehydrogenase (IDH) family genes in cancer. Somatic mutations in IDH1 
or IDH2 result in the accumulation of an oncogenic metabolite, 2-hydroxyglutarate 
(2-HG), which can inhibit TET activity [76], and IDH1/2 mutations are strongly 
associated with the hypermethylator phenotype in glioma and AML [77–79]. There 
is at present no evidence of the association between aberrant DNA methylation and 
IDH or TET family genes mutation in CRC, but it was recently reported that TET1 is 
frequently silenced by CpG island methylation in CIMP-high CRCs [80]. Further 
study will be required to determine the biological significance of 5-hmC and TET 
proteins in the induction of aberrant DNA methylation in CRC.

The reason for frequent MLH1 methylation and BRAF mutation in CIMP-high 
CRCs is not fully understood, but several possible mechanisms have been proposed. 
For instance, a polymorphism in the promoter of MLH1 (c.-93G > A SNP) is report-
edly associated with an increased risk of MSI-high CRC [81]. Later studies found a 
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positive association between this polymorphism and MLH1 methylation in CRC 
[82, 83], though conflicting results have also been reported [84]. Frequent BRAF 
mutation in SSA/P indicates that it may be causally related to the establishment of 
the CIMP phenotype, but an earlier study showed that ectopic expression of onco-
genic BRAF (BRAFV600E) in CRC cells did not specifically induce CpG island meth-
ylation [42]. However, Fang et al. recently reported that activation of BRAF/MEK/
ERK signaling by BRAFV600E leads to the activation of a transcriptional repressor, 
MAFG, in CRC cells [85]. MAFG recruits a corepressor complex that includes 
CHD8, BACH1 and DNMT3B to the promoters of MLH1 and other CIMP-related 
genes and induces hypermethylation and transcriptional silencing. CHD8 encodes a 
chromatin remodeling factor, and another recent study reported frequent mutation 
of CHD7 and CHD8 in CIMP1 (CIMP-high) CRCs, indicating a possible causal 
relationship between mutation of these genes and induction of CIMP [86].

The association of lifestyle and genetic factors with aberrant DNA methylation 
in CRC has also been investigated. Cigarette smoking is reportedly associated with 
CIMP-high and BRAF mutant CRCs [87, 88]. Dietary factors are believed to play 
important roles in CRC tumorigenesis, and a link between low folate status and 
increased risk of CRC has been shown in many studies [89]. Folate plays a crucial 
role in DNA metabolism and synthesis, and it is required to maintain an adequate 
cellular pool of the methyl donor S-adenosylmethionine (SAM). Folate deficiency 
leads to genomic DNA hypomethylation and defects in DNA synthesis, which 
increases the risk of colorectal tumorigenesis [90–92]. Possible association between 
low folate and high alcohol intake with the hypermethylation of tumor suppressor 
genes in CRC has been also reported [93]. Polymorphisms in genes encoding folate- 
metabolizing enzymes (e.g. MTHFR, MTR and MTRR) are also reportedly associ-
ated with CIMP status in CRC [94, 95]. Another study showed that a MTHFR 
polymorphism (MTHFR c.1298A > C) could be associated with the development of 
CIMP CRC in conjunction with a high-risk dietary pattern (low folate and methio-
nine intake and high alcohol use) [96]. On the other hand, there is little evidence 
supporting an association between dietary folate, vitamin B6 and B12, methionine 
or alcohol intake with CIMP status in CRC [97, 98].

2.5  Epimutation of MMR Genes in Lynch Syndrome

As described above, MLH1 methylation is a common feature of sporadic MSI- 
positive CRCs. However, germline mutations of MMR genes are undetectable in up 
to 30% of Lynch syndrome families, and some of the affected individuals exhibit 
“epimutation” of MLH1, which is characterized by monoallelic methylation 
throughout the normal somatic tissues [5, 99, 100]. Epimutations of MLH1 are 
thought to account for 1–10% of MMR gene mutation-negative Lynch syndrome 
[101]. Hitchins et al. reported that the hypermethylated MLH1 allele is maternally 
inherited, but the patient’s mothers and siblings did not show the methylation, sug-
gesting MLH1 epimutation can arise as a de novo event [100]. They also showed 
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that inheritance of MLH1 epimutation occurs in a non-Mendelian pattern [102], and 
the epimutation was likened to polymorphisms in the 5′ untranslated region of the 
MLH1 gene (MLH1 c.−27C > A, MLH1 c.85G > T) [103, 104].

In 2006, Chan et  al. reported that heritable epimutation of MSH2 could also 
cause Lynch syndrome [105]. A subsequent study demonstrated that germline dele-
tion of the last exon of an adjacent gene, TACSTD1 (also known as EPCAM), led to 
abnormal transcriptional elongation of EPCAM into MSH2, which could result in 
the methylation and silencing of MSH2 [106]. Because EPCAM is expressed exclu-
sively in epithelial tissues, MSH2 methylation shows a mosaic pattern, in which the 
epimutation is observed only in epithelial tissues.

3  DNA Methylation Biomarkers

3.1  DNA Methylation as a Diagnostic Biomarker of CRC

Although treatment options for CRC have significantly improved in recent years, 
detection and removal of premalignant and early-stage lesions is essential for reduc-
ing CRC mortality. Large population-based studies have also shown that the fecal 
occult blood test (FOBT) and fecal immunological test (FIT) are highly cost- effective 
screening methods for CRC [107, 108]. However, there are limitations to the diag-
nostic accuracy of FOBT and FIT, especially for detection of early lesions. Fecal 
DNA tests are noninvasive and potentially effective methods for detecting CRCs, and 
because of its high frequency and early occurrence, aberrant DNA methylation could 
be a promising biomarker. Numerous studies have tested the usefulness of methyl-
ated genes as stool-based biomarkers. The genes tested include APC [109], CDKN2A 
[110], GATA4 [111], ITGA4 [112], MGMT [110], miR-34b/c [113], NDRG4 [114], 
RASSF2A [115], SFRP2 [116], TFPI2 [117] and VIM [118]. For instance, an early 
study identified methylated SFRP2 as a potential diagnostic biomarker with high 
sensitivity (77–90%) and specificity (77%) [116]. One of the most well studied 
marker genes is VIM, which encodes vimentin. VIM is frequently methylated in pri-
mary colonic neoplasms, and methylated VIM is detected in the fecal DNA of colon 
cancer patients with high sensitivity (46%) and specificity (90%) [118]. Subsequent 
studies confirmed the potential of VIM methylation as a diagnostic marker of CRC, 
and methylated VIM detection served as the basis for development of the first com-
mercial fecal-DNA screening tests for CRC (ColoSure, Lab Corp) [8]. More recently, 
the effectiveness of multi-target stool DNA testing, which detects BMP3 and NDRG4 
methylation and KRAS mutation, has been confirmed in a large study of nearly 10,000 
participants [119]. This study demonstrated that the sensitivity for detecting CRC 
was 92.3% with DNA testing, while it was 73.8% with FIT. Moreover, the sensitivi-
ties for detecting precancerous lesions were 42.4% with DNA testing and 23.8% with 
FIT.  These results led to the development of a FDA- approved stool-based CRC 
screening test, Cologuard (Excact Sciences Corporation) [8].

Blood is also an ideal material for detecting cancer biomarkers, and many groups 
have reported detecting aberrant DNA methylation in the serum or plasma of 
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patients with CRC. The potential blood-based methylation marker genes identified 
to date include ALX4 [120], APC [121], FOXE1 [122], MGMT [121], NEUROG1 
[123], RASSF2A [121], SEPT9 [124], SYNE1 [122], VIM [125] and WIF1 [121]. 
One of the most well studied marker genes is SEPT9, which encodes septin 9. 
Lofton-Day et al. first reported that detection of SETP9 methylation in plasma sam-
ples achieved 69% sensitivity and 86% specificity for diagnosis of CRC [124]. 
Subsequent studies validated the clinical usefulness of SEPT9 methylation as a bio-
marker for CRC screening, which led to the development of several commercially 
available blood-based screening tests, including Epi proColon (Epigenomics), 
ColoVantage (Quest Diagnostics) and RealTime mS9 (Abbott Laboratories) [8].

3.2  DNA Methylation as a Predictive Biomarker of Clinical 
Outcomes

DNA methylation may also be predictive of clinical outcome of CRC. The impact 
of CIMP on the outcome of CRC has been extensively analyzed in several studies. 
Although some conflicting results are seen among studies, much evidence suggests 
that CIMP is predictive of an unfavorable outcome in CRC. Ward et al. analyzed 
more than 600 CRC patients and found that no single marker is independently asso-
ciated with prognosis [126]. However, when they divided the patients into MSI and 
MSS groups, methylation of multiple genes (>3/5) was significantly associated with 
a worse prognosis in the MSS group. A worse prognosis in patients with CIMP- 
positive and MSS CRCs was also shown in later studies [127, 128]. When CIMP 
tumors were divided into two subclasses, CIMP-high status in MSS tumors was 
again associated with shorter survival, whereas CIMP-low was a likely indicator of 
poor outcome, irrespective of MSI status [127, 129]. Similarly, the intermediate- 
methylation epigenotype with KRAS mutation was associated with poor outcome 
[40]. The association between CIMP and poor outcome in CRC patients was further 
validated in recent studies [130–133], though other lines of evidence suggest that 
the adverse effects may be attributable to BRAF mutation. Ogino et al. showed that 
CIMP-high is an independent predictor of low colon cancer-specific mortality, 
regardless of MSI or BRAF status, while BRAF mutation is strongly associated with 
high colon cancer-specific mortality [134]. Poor outcomes in patients with MSS and 
BRAF mutant CRCs were also reported in other independent studies [135, 136].

CIMP may also be a predictive biomarker for responses to treatment in CRC. An 
early report showed that CIMP is an independent predictor of survival benefit from 
5-fluorouracil (5-FU) in stage III CRCs [137]. An association between CIMP status 
and survival benefit from 5-FU-based chemotherapy has been validated by multiple 
groups, but results are inconsistent among studies [138–140]. A more recent study 
reported that the addition of irinotecan to adjuvant 5-FU and leucovorin provides 
longer survival time to patients with stage III, CIMP-positive and MSS CRC [141]. 
Taken together, these results suggest that CIMP could be a useful biomarker for 
predicting outcome in CRC, and further studies testing its clinical application seem 
warranted.
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Studies of pharmaco-epigenomics revealed that methylation of key regulator 
genes can be a predictive biomarker of chemoresistance or chemosensitivity in can-
cer cells [8]. An association between methylation of MGMT, which encodes O6- 
methylguanine- DNA methyltransferase, and the therapeutic effects of alkylating 
agents (e.g. dacarbazine and temozolomide) in glioma is the most well known 
example [142]. A recent phase II study of dacarbazine in metastatic CRC found 
objective responses only in MGMT methylated tumors [143]. However, another 
phase II study of temozolomide in advanced CRCs showed only low response rates 
in MGMT methylated patients [144]. Recently, Ebert et al. recently reported that 
methylation of TFAP2E, which encodes transcription factor AP-2 epsilon, is associ-
ated with resistance to 5-FU based chemotherapy in CRC [145]. DKK4 is a down-
stream target of TFAP2E, and TFAP2E-dependent chemoresistance is mediated 
through DKK4 overexpression. Moreover, methylation of the BRCA1 interactor 
SRBC gene was discovered to be a predictive marker for oxaliplatin resistance in 
CRC [146].

Another form of aberrant DNA methylation that could potentially serve as a 
biomarker in CRC is global hypomethylation. Ogino et al. found that LINE-1 hypo-
methylation is independently associated with shorter survival among CRC patients 
in large prospective cohorts [147]. An association between poor clinical outcome 
and low levels of LINE-1 methylation was confirmed in subsequent studies [130, 
148, 149]. It has been documented that aberrant DNA methylation is often observed 
in normal colonic mucosa adjacent to CRC, which is suggestive of an epigenetic 
field defect [50, 150]. Kamiyama et al. reported that levels of LINE-1 methylation 
are lower in noncancerous colonic mucosa from right-sided colon multiple cancer 
patients than colonic tissue from single cancer patients [151]. This suggests LINE-1 
hypomethylation could be a predictive biomarker of the risk of multiple colon 
cancer.

4  Histone Methylation

4.1  Dysregulation of Histone Methylation in CRC

In addition to DNA methylation, an additional layer of epigenetic regulation of gene 
expression is mediated by covalent modification of histone tails. The most well 
characterized histone modifications in CRC are acetylation and methylation of 
lysine residues within histone tails; di- and trimethylation of histone H3 lysine 4 
(H3K4me2/m3) and acetylation of histone H3 lysine 9 (H3K9ac) are associated 
with active transcription, while di- and trimethylation of histone H3 lysine 9 and 
lysine 27 (H3K9me2/me3 and H3K27me3) are marks of transcriptional silencing 
[152]. Histone modifications are tightly associated with DNA methylation- mediated 
gene silencing in cancer. For instance, CpG island hypermethylation of MLH1 and 
CDKN2A is accompanied by low levels of histone H3K4 methylation and increased 
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levels of H3K9 methylation in CRC cells [153, 154]. Pharmacological inhibition of 
DNMTs using 5-aza-2′-doxycytidine (5-aza-dC, decitabine) induces DNA demeth-
ylation as well as reversal of the histone code, which leads to reexpression of 
silenced genes [153, 154]. The concept that DNA methylation and histone modifica-
tions coordinately mediate gene silencing was further substantiated by a subsequent 
study. An earlier study showed that genetic disruption of DNMT1 and DNMT3B in 
the HCT116 CRC cell line results in complete removal of DNA methylation and 
reexpression of the silenced genes [155]. Bachman et al. found that elimination of 
DNA methylation at the CDKN2A promoter was associated with loss of H3K9 
methylation in the DNMT1/DNMT3B double knockout cells, while continued cul-
ture of the cells led to restoration of H3K9 methylation and re-silencing of the gene, 
and DNA demethylation subsequently occurred after a still longer time in culture 
[156]. A more recent study showed that DNA demethylation by 5-aza-dC is not suf-
ficient to induce gene expression, and chromatin resetting to an active state, includ-
ing nucleosome eviction is required for activation of protein expression in CRC 
cells [157].

The clinical application of histone methylation as a biomarker is hampered by 
the technical difficulty of analyzing histone modifications at specific gene loci in 
primary tumors [8]. Instead, global alterations in histone modification patterns in 
tumor tissues have been the focus for development of CRC biomarkers. 
Immunohistochemical analysis of H3K4me2, H3K9ac, H3K9me2 and H3K27me3 
revealed higher levels of H3K9me2 in adenomas and CRCs than in normal colonic 
mucosa, suggesting that dysregulation of the global H3K9me2 level is an important 
epigenetic event during colorectal tumorigenesis [158]. Analyses using specimens 
of primary CRC and corresponding liver metastasis revealed that lower levels of 
H3K4me2 and H3K27me3 are potential prognostic factors of metachronous liver 
metastasis of CRC [159, 160]. Moreover, a recent study using a tissue microarray 
composed of 254 stage I–III CRC samples demonstrated that low levels of H3K4me3 
and high levels of H3K9me3 and H4K20me3 are associated with a favorable prog-
nosis in early-stage colon cancer [161]. These results suggest that global histone 
methylation status could be a potential biomarker for predicting outcomes in CRC.

4.2  Altered Expression of Histone Modifying Enzymes in CRC

Dysregulation of enzymes that catalyze histone modifications are also frequently 
observed in CRC. For instance, lysine-specific demethylase 1 (LSD1 also known as 
lysine-specific demethylase 1A, KDM1A) is a histone demethylase that specifically 
catalyzes demethylation of histone H3K4me1/me2. LSD1 is frequently upregulated 
in CRC, and expression of LSD1 is associated with low expression of CDH1 
(E-cadherin), high TNM stage, distant metastasis and poor prognosis in CRC [162, 
163]. LSD1 physically interacts with the CDH1 promoter and decreases H3K4 
methylation at that region, which suggests LSD1-mediated downregulation of CDH1 
contributes to CRC metastasis [162]. Expression of histone methyltransferase 
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(HMT) suppressor of variegation 3–9 homolog 1 (SUV39H1) is elevated in 25% of 
primary CRCs, and transcriptional activation of SUV39H1 is positively associated 
with DNMT1 mRNA levels [164]. This may indicate a functional interaction between 
SUV39H1 and DNMT1, though no association between SUV39H1 expression and 
hypermethylation of tumor-related genes was observed [164]. Overexpression of 
SUV39H1 induces high H3K9me3 levels and activates migration in CRC cells, and 
the presence of H3K9me3 in primary CRCs correlates positively with lymph node 
metastasis [165].

The histone H3K4-specific HMT SET domain-containing protein 1A (SETD1A) 
is also overexpressed in CRC cells, and its depletion suppresses CRC cell survival 
and xenograft formation in nude mice [166]. In addition, H3K4-specifc HMT SET 
and MYND domain-containing protein 3 (SMYD3) was originally identified as an 
oncogene overexpressed in CRC and hepatocellular carcinoma [167]. It was sug-
gested that oncogenic RAS could alter global and gene-specific histone modifica-
tion patterns in CRC cells [168]. Consistent with that idea, positive correlations 
between KRAS mutation and elevated SMYD3 expression have been reported in 
primary CRCs [169, 170]. Multiple myeloma SET (MMSET also known as WHS 
candidate 1 gene, WHSC1), which is a H3K36-specific HMT, is highly expressed in 
colorectal premalignant lesions but its expression decreases with increased stage 
[171]. Interestingly, MMSET expression correlates with good prognostic factors at 
early stages of CRCs, whereas CRC patients exhibiting high MMSET expression 
showed poor 5-year survival [171]. Expression of H3K9-specific histone demethyl-
ase Jumonji domain containing 1A (JMJD1A, also known as lysine-specific demeth-
ylase 3A, KDM3A) is elevated in CRC cells under hypoxic conditions, and high 
JMJD1A expression is an independent prognostic factor for CRC [172]. Disruption 
of JMJD1A suppressed CRC cell proliferation in vitro and in vivo, suggesting it 
could be a potential therapeutic target [172].

Polycomb repressive complexes (PRCs), which consist of PRC1 and PRC2, 
mediate epigenetic gene silencing by modulating histone modification. The HMT 
enhancer of zeste homolog 2 (EZH2) is the central unit of PRC2, and it initiates 
methylation of H3K27. EZH2 is frequently overexpressed in CRC [173–175], and 
depletion of EZH2 blocks CRC cell proliferation [176]. PRC1 binds at H3K27me3 
sites and catalyzes monoubiquitination of lysine 119 of histone H2A.  Elevated 
expression of BMI1, which is a component of PRC1, is associated with a poor prog-
nosis in CRC [177]. PRC-mediated epigenetic gene silencing is strongly implicated 
in various human malignancies. The polycomb group proteins, including EZH2 and 
CBX7, interact with DNA methyltransferases, and PRCs are thought to play key 
roles in DNA methylation-associated transcriptional silencing [178–180]. Moreover, 
many of the genes hypermethylated in cancer are pre-marked by H3K27me3  in 
embryonic stem cells, further substantiating the interaction between histone meth-
ylation and DNA methylation in cancer [181–183].
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5  Concluding Remarks

We have presented an overview of the biological and clinical significance of aber-
rant DNA and histone methylation in CRC.  Advances in the study of the CRC 
genome and epigenome have increased our understanding of the underlying molec-
ular basis and subcategories of this disease. On the basis on that knowledge, sub-
stantial efforts have been made to develop new biomarkers for diagnosis, cancer risk 
assessment, prognosis and prediction of drug responses and patient outcome. 
Although the effects of current epigenetic drugs, including DNMT inhibitors, are 
limited in solid tumors such as CRC, epigenetic changes are promising therapeutic 
targets. That said, the majority of studies of the clinical application are at early 
phases, and we anticipate that further investigation will lead to greater prevention 
and better management of CRC.
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1  The Prostate and Prostate Cancer

1.1  The Prostate and Prostate Epithelial Cells

The prostate is part of the mammalian reproductive system in males. It is a walnut- 
sized exocrine gland located in front of the rectum and just below the bladder. The 
main function of the organ is to discharge a clear, slightly alkaline solution that 
nourishes and protects sperm cells produced in the testicles [1]. During ejaculation, 
the muscles of the prostate help to squeeze this fluid into the urethra and expel it, 
together with sperms and fluids from other glands, as semen. Although the protein 
content of human prostatic secretions is less than 1%, it contains a very important 
clinical index for the pathological status of the organ, prostate-specific antigen 
(PSA). Male hormones, testosterone and predominantly its metabolite dihydrotes-
tosterone (DHT), regulate the normal development, proper function as well as neo-
plastic transformation of the prostate cells through binding to and activating the 
nuclear receptor, the androgen receptor (AR).

There are two generic types of cells that form the prostate gland: epithelial and 
stromal [2]. The epithelial cells line the surfaces of the glandular ducts, and they are 
exclusively essential for the secretory activity and structural integrity of the gland. It 
goes without saying that the epithelium compartment is very important to the biology 
of prostate considering the fact that over 90% of the prostate tumors are adenocarcino-
mas [3]. Three prominent cell populations have been identified in prostate epithelium, 
which are the columnar luminal cells, the cuboidal basal cells, and the neuroendocrine 
(NE) cells [4]. These three cell types are quite distinguished in terms of their mor-
phologies, molecular characteristics, functional significance, and relevance to carcino-
genesis. The tall luminal cells are aligned along the inner layer of the prostate ducts and 
project inwards into the gland lumen. They express high levels of AR, so these cells 
require androgens for their survival and secret the AR-produced PSA into the fluid. The 
outer layer of the prostate ducts is lined up by the stretched basal cells that, together 
with an underlying basement membrane, divide the prostatic glands from the surround-
ing connective tissues. AR level in basal cells is low and even undetectable, so andro-
gens are not essential for the growth of basal epithelial cells. It is generally believed 
that within the basal cell layer exist the prostate stem cells, which give rise to the ter-
minally differentiated secretory cells [5]. Neuroendocrine (NE) cells constitute a small 
portion of cells within prostatic epithelium compartment. They are irregularly and 
sparsely scattered throughout the basal layer. Little is known about this type of cells, 
only that they are androgen-independent, non-proliferating and terminally differenti-
ated. The exact origin and physiological function of the NE cells are not completely 
understood, but it is believed that they may play a role in the differentiation of growing 
prostate and have been implicated in the development of carcinogenesis. The stromal 
compartment is mainly composed of smooth muscle cells and also includes fibroblasts, 
nerves, blood vessels and various infiltrating immune and inflammatory cell types. 
Crosstalk between prostatic epithelium and the surrounding stroma has a profound 
effect on prostate organogenesis and development, maintenance of homeostasis of the 
organ, as well as the evolution of prostatic carcinogenesis and cancer progression [6].
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1.2  Pathological Conditions of Prostate

As the largest accessory sex gland in men, the prostate, however, is not required for 
viability. Still, this organ has elicited great attention from biomedical researchers 
because of the high occurrence of prostate diseases. There are several common cat-
egories in prostate-related disorders: prostatitis, benign prostatic hyperplasia (BPH), 
prostate intraepithelial neoplasia (PIN), and cancer [7]. Prostatitis is actually inflam-
mation and swelling of the gland, which can be caused by bacterial infection and 
therefore treated with antibiotics. Prostatitis can happen in men of all ages, and does 
not have a clear link with an increased risk of prostate malignancy. BPH is a specific 
term used to describe the condition of an enlarged prostate. It is the most common 
aging-related prostate problem, which occurs in up to 90% of men older than 80. 
The symptoms can be relieved by lifestyle management, medications, or surgery 
that removes part of the prostate. Again, having BPH does not necessarily lead to 
prostate cancer. PIN, however, is considered as a preliminary step in the develop-
ment of prostate cancer. In this case, the epithelial cells lining the acini and ducts 
become abnormally shaped, their nuclei get enlarged and nucleoli darkened. PIN is 
recognized as a continuum between low-grade (LG) and high-grade (HG) forms 
according to increasing degrees of abnormality, with high-grade PIN considered as 
the immediate precursor of early invasive carcinoma. Currently, the only way to 
detect and diagnose PIN is to use  the technique of transrectal ultrasonography- 
guided biopsy. When HGPIN is identified, follow-up care is necessary. If the lesions 
are present in multiple areas on the initial and subsequent biopsies, patients may be 
treated with inhibitors of the enzymes involved in androgen and estrogen metabo-
lism, anti-androgens, or selective estrogen receptor modulators to eliminate HGPIN 
and to decrease the incidence of prostate cancer.

Carcinoma of prostate is for sure the most deleterious situation of the organ. For 
decades, prostate cancer has been the most prevalent non-dermatologic type of can-
cer in men in the Western countries, with death rates second only to lung cancer [8]. 
According to the American Cancer Society, about 1 man in 7 will be diagnosed with 
prostate cancer at some point during his lifetime, and this ratio is even higher in men 
aged 65 years or older, about 6 cases in 10. Every 20 min another American man 
dies from the disease. In the US, an estimated 180,890 men will be newly diagnosed 
with prostate cancer in 2016, and approximately 26,120 men will die from it [9]. 
The only established factors that may increase the risk of developing prostate cancer 
are age, race/ethnicity and family history. There are other factors that may also 
influence the risk, which include diet, exposures to endocrine disrupting chemicals, 
occupation, etc. [10]. Prostate cancer is intimately associated with aging. Statistic 
reports indicate that prostate cancer affects 1 in 44 males at the ages of 40–59, 1 in 
7 males at 60–79 and over half of men over 80 years of age. These data clearly 
demonstrate that the risk of developing prostate cancer is significantly influenced by 
age. Racial disparity is another element critical for prostate cancer incidence and 
mortality. For example, the frequency of prostate carcinoma occurrence is the high-
est among African-American men and in Caribbean men of African ancestry, while 

DNA and Histone Methylation in Prostate Cancer



492

Asian men living in Asia have the lowest risk. The exact reasons for these ethnic 
differences are still not well understood, but may involve with the differences in 
genetic variations, lifestyles, and socioeconomic statuses, etc. About 20% of pros-
tate cancer runs in a family, and a man having a first-degree relative (father or 
brother) who was diagnosed with the cancer is at least twice as likely to develop the 
disease other men in general. Studies have found some inherited gene changes, like 
mutations in the BRCA1, BRCA2 and HOXB13 genes, but they only account for 
about 5–10% of all prostate cancer cases [11]. Therefore, besides the shared genetic 
makeup, the familial prostate cancer may also be inherited due to similar living 
environment (e.g., diet, lifestyle, carcinogen exposures, etc.). There are still incom-
plete knowledge and several misconceptions regarding the risk factors for prostate 
cancer, therefore future work in prostate cancer etiology, especially understanding 
the gene-environment interaction, is necessary and will help to make more informed 
health care choices and personalized treatment of the disease.

1.3  Evolving Biology and Treatment of Prostate Cancer

High rates of incidence and mortality of prostate carcinoma lead to great interests 
and tremendous efforts in both basic research and clinical trials. Nearly every pros-
tate cancer is adenocarcinoma, which starts in the glandular epithelial cells lining 
the prostate. The tumors display mainly a luminal phenotype as most prostate can-
cer cells express the steroid hormone receptor AR, which is only present in the 
luminal layer. It is now widely accepted that androgens-AR axis plays a pivotal role 
in almost every step of prostate cancer initiation and progression [12]. The male 
hormone binds to a specific protein module on AR, which is called ligand-binding 
domain (LBD), and activates the nuclear receptor by promoting its translocation 
from the cytosol into the nucleus. Once activated, AR binds to target DNA sequences, 
also known as androgen response elements (AREs), and results in up- or down- 
regulation of specific gene transcription, which will stimulate proliferation, inhibit 
apoptosis or maintain dedifferentiation status. Activation of AR signaling is a pre-
dominant driving force for the uncontrolled growth of cancerous prostate cells, thus 
AR-expressing luminal cells are targets of tumorigenic transformation. Prostate 
cancer is very multi-focal, and different foci of the carcinoma are anatomically dis-
tinct. Compared with other epithelial cancers, prostate carcinoma is unique in that it 
is a relatively slow growing malignancy and follows a multistage process. Finally, 
metastatic cascade of the tumors may precede clinical detection of indicative param-
eters and happen even without capsule perforation. All these factors make the 
behaviors of prostate cancer cells highly unpredictable. The disease is usually 
detected and monitored by measuring the amount and velocity of serum PSA, which 
is a secretory prostatic protein circulating in the blood. The quantity of PSA gener-
ally rises when prostate cancer occurs, and the upper limit of a normal situation is 
clinically set at 4.0 ng/ml. Any tumors with PSA levels between 4 and 10 ng/ml are 
usually considered at intermediate stage, and may or may not need a biopsy. Cases 
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with PSA concentrations over 10 ng/ml in general indicate the presence of prostate 
cancer. The other diagnostic method to detect the tumor at its earliest stages is a 
digital rectal exam (DRE), which looks for any irregularities in size, shape and tex-
ture of the organ. If cancer is suspected, follow-up tests will be needed, such as the 
transrectal ultrasound (TRUS) and prostate biopsy. A stage of the cancer is then 
determined based on the comprehensive evaluation of all the results from these 
diagnostic tests, which helps the cancer care team to choose treatment options and 
to predict a patient’s outlook for survival. At early stage, the cancerous epithelial 
cells are confined to the organ with an intact basement membrane and do not invade 
the stroma. Active surveillance or watchful waiting is usually recommended for the 
elderly or those with other serious health problems. If the tumor appears as a large 
mass, treatment options might include radical prostatectomy (often with removal of 
the pelvic lymph nodes) and radiation therapy (external beam radiation or brachy-
therapy or both). As the disease progresses, the tumor extends beyond the prostate 
capsule and advances to local invasion of surrounding tissues such as seminal vesi-
cle. At this stage, besides the remedies mentioned above, hormone therapy, also 
called androgen deprivation therapy or androgen suppression therapy, is commonly 
prescribed, which includes surgical castration (i.e., orchiectomy, a surgery to per-
manently and irreversibly remove one or both testicles) and chemical castration 
(i.e., luteinizing hormone-releasing hormone agonists or antagonists, CYP17 inhib-
itor and anti-androgens, all of which either lower the androgen level or stop the 
hormone from working). Finally, cancers spread to nearby areas like the bladder, 
rectum, lymph nodes or even distant organs such as the bones. Unfortunately, no 
cure is attainable for tumors in this aggressive form, and current treatment merely 
helps to keep the cancer under control and to improve a man’s quality of life. 
Initially, prostate cancer cells depend on the androgen for their growth and survival, 
thereby hormone therapy is the most effective way to make prostate tumors shrink 
or grow slowly when cancer has metastasized beyond the prostate or better effec-
tiveness of radiation therapy is wanted. However, despite the fact that 80–90% of 
tumors initially respond to the hormone therapy, nearly all patients progress to a 
more aggressive and lethal form of the disease termed castration resistant prostate 
cancer (CRPC) with median time to progression of approximately 18–24 months 
[13]. This means that cancer cells continue to divide perpetually and grow uncon-
trollable in the presence of castrate levels of testosterone (≤50 ng/dL). Patients with 
metastatic CRPC retain a guarded prognosis. Without treatment, median survival 
time ranges from 9.1 to 21.7 months, and most of these patients, if not all, eventu-
ally succumb to their disease [14–16]. Over the last two decades, huge advances 
have been made pertaining to the biology and pathophysiology of CRPC. There 
have been several models proposed on the causes of CRPC. For instance, AR gene 
mutations and amplification, which results in altered ligand specificity and increased 
sensitivity of AR signaling; expression of AR splice variants that lack ligand- 
binding domain and are constitutively active; aberrant AR reactivation by unbal-
anced interaction with its co-activators or co-repressors; induction of bypass 
pathway, which circumvents the AR axis and utilizes other mechanisms to stimulate 
the proliferation of prostate cancer cell [17]. Better understanding of the disease has 
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enabled the development of new therapeutic modalities including chemotherapy, 
immunotherapy, novel hormonal and palliative agents, which have gained US FDA 
approval and significantly improved life expectancy in men with metastatic CRPC 
(Fig. 1). These innovative treatment options for CRPC include:

 (i) Sipuleucel-T. It is a therapeutic vaccine, and generated by first incubating the 
patient’s antigen-presenting cells with a fusion protein consisting of antigen 
prostatic acid phosphatase and granulocyte-macrophage colony stimulating 
factor. The activated blood product is then re-infused into the patients and 
reprograms his immune system to attack the cancer.

 (ii) Abiraterone acetate. This is an inhibitor of CYP17A1, the enzyme that catalyzes 
the synthesis of androgens, and thus decreases circulating levels of the hormone.
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 (iii) Enzalutamide. The pure anti-androgen is actually a blocker of AR signaling, 
which inhibits multiple steps along the axis: binding of androgens to AR, AR 
nuclear translocation, and recruitment of AR to target DNA.

 (iv) Cabazitaxel and docetaxel. Both taxane compounds are microtubule inhibitors 
and thus block the mitotic cellular function, which leads to apoptosis. 
Cabazitaxel is a dimethyloxy derivative of docetaxel, and is superior to its 
predecessor because of lower substrate affinity for the drug efflux pump and 
ability to cross the blood-brain barrier. Therefore, cabazitaxel is the drug of 
choice in patients with docetaxel-refractory metastatic prostate cancer.

 (v) Denosumab. As one of the bone-targeting agents in the management of CRPC, 
denosumab acts to prevent the maturation of osteoclast cells that break down 
bone tissues. Receptor activator of nuclear factor-κB (RANK) plays a critical 
role in osteoclast formation, and it is activated by its specific ligand 
RANKL.  Denosumab is the human monoclonal antibody of RANKL, so it 
binds to RANKL and blocks the RANK signaling pathway.

 (vi) Radium-223. This is another FDA-approved drug that is prescribed to prevent 
pain and fractures in CRPC patients with bone metastases. It is a “calcium 
mimetic” radioactive isotope, which means that it accumulates preferentially 
in areas where bone metastases are forming and emits low levels of α-particle 
radiation there to cause double-strand DNA breaks and kill cells.

All these new therapies have shown significant clinical improvement in men with 
metastatic CRPC, however prostate cancer remains the second leading cause of 
cancer death in American men. Further advances in prostate cancer research require 
definite mechanistic and molecular analyses, and the most overarching challenges 
in terms of clinical management include: (1) identification of prognostic markers 
that distinguish fatal from indolent prostate cancer; (2) exploration of mechanisms 
that lead to castration resistance; (3) development of strategies to enhance the well- 
being of men with prostate cancer; (4) recognition of new markers more sensitive 
and specific than PSA for prostate cancer detection. These studies will facilitate 
better diagnosis of primary tumors, lead to the development of novel cancer thera-
pies, and improve quality of life for prostate cancer survivors.

2  Genetics and Epigenetics in Prostate Cancer

Like most cancers, prostate cancer is driven by genetic and non-genetic causes. 
Modern genetic and genome-based technologies have enabled the discoveries of 
somatic alterations and germline variations, which drive malignant transformation 
and progression of prostate cancer. Common genetic changes with well-defined roles 
in the disease include loss of heterozygosity (LOH) of TP53 (in 10–20% of primary 
and up to 42% of advanced prostate cancer) [18] and PTEN (in approximately 27% 
of localized and 60% of metastatic tumors) genes [19], fusion of ETS transcription 
factor genes with androgen-responsive TMPRSS2 promoter (in about half of prostate 
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cancer) [20], mutations of AR gene (in less than 2% of untreated localized prostate 
cancer and up to 50% of metastatic hormone-refractory tumors) [21], and mutations 
of SPOP gene encoding the substrate-binding component of a cullin-RING-based 
ubiquitin ligase complex (in 6–15% of prostate cancer) [22, 23], etc. However, even 
with all these mutation hotspots in prostate cancer, some cases of prostate tumorigen-
esis still cannot be explained by definitive driving genomic events. As a consequence 
of divergent clonal evolution of the disease, the constellation of genetic mutations in 
prostate cancer can be quite heterogeneous, and many identified mutation types have 
low levels of recurrence. So genetic change is not the sole contributory factor to the 
origins of prostate cancer, and it is quite likely that other biological events precede 
and enforce the malignant transformation of the cells. Epigenetic alteration is one of 
the candidates for such early events.

Epigenetics refers to any biological process that acts upon the chromatin but 
does not affect the actual DNA sequences in order to modulate gene expression and 
subsequently control cell fate [24]. The topics that are covered in the epigenetic 
study have expanded rapidly, and now include DNA methylation, histone modifica-
tions, chromatin remodeling and non-coding RNA processing. A specific epigenetic 
pattern is highly susceptible to environmental stimuli such as dietary components 
and life style, hence it undergoes a real-time change upon the stimulation of the 
external factors and induces biological signaling cascade as an early response. It has 
been shown that numerous epigenetic alterations appear to be highly recurrent, and 
sometimes nearly universal, in prostate cancer. These alterations can affect thou-
sands of loci across the cancer genome, reinforcing the establishment of a new 
transcriptional profile that favors self-renewal, survival, and invasion of prostate 
cancer cells. It has been demonstrated that accumulation of epigenetic aberrations 
eventually creates genetic or genomic instability. On the other hand, several genes 
encoding the enzymes for shaping the epigenetic landscape are found mutated in 
prostate cancer. Therefore, acquired/inherited genetic mutations and epigenetic 
aberrations contribute individually and cooperatively to the pathogenesis and pro-
gression of prostate cancer. In this chapter, we will mainly focus on two of the most 
broadly studied epigenetic modifications, DNA methylation and histone methyla-
tion. We will not only give a review of the most updated functions of these two 
epigenetic programs in prostate cancer, but also discuss the prospects for targeting 
either one of these two marks to better diagnose and treat the disease.

3  Prostate Cancer and DNA Methylation

3.1  DNA Methylation and Demethylation

DNA methylation is one of the critical epigenetic regulatory mechanisms to control 
gene expression. The reaction results in the addition of a methyl (−CH3) group to the 
5′-carbon position of the cytosine ring (5mC). In mammals, DNA methylation predomi-
nantly occurs in the context of CpG dinucleotide (5′-Cytosine-phosphate- Guanine-3′), 
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and approximately 60–90% of all CpGs are methylated. However, this dinucleotide 
is found in only 1% of human genome, less than one-quarter of the expected fre-
quency due to the spontaneous deamination of the methylcytosines to thymines. It 
has been extensively documented that DNA methylation is used as an epigenetic 
mark for gene silencing, and several models have been proposed to explain the 
molecular mechanisms [25]. The modification directly retrains the binding of tran-
scription factors to the methylated recognition elements, or it specifically attracts 
proteins containing a methylated-DNA binding domain (MBD) so that the preoc-
cupied chromatin region is no longer accessible to factors required for gene induc-
tion. Besides, methylated DNA establishes a repressive and closed chromatin 
structure, as suggested by the evidence that methylated chromatin is insensitive to 
nuclease digestion and histone proteins assembled on it are significantly less acety-
lated. Finally, a cis-acting theory showed evidence that transcriptional repression 
does not require methylation of promoter sequences but is dependent on the posi-
tion, length, or density of methylated cytosine residues. All these mechanisms of 
action indicate how critical and complex DNA methylation can be in terms of gene 
expression regulation, thus this epigenetic program must be precisely controlled. 
This covalent chemical modification is catalyzed by DNA methyltransferases 
(DNMTs), of which 3 active members (DNMT1, DNMT3A and DNMT3B) have 
been identified [26]. DNMT1 is the first DNA methyltransferase to be discovered 
and also the most abundant one in all adult human tissues. It is mainly responsible 
for maintaining DNA methylation patterns after DNA replication, when the parent 
DNA strand remains methylated while the daughter strand is not. So DNMT1 binds 
to CpG sites on DNA with only one strand modified, so-called hemi-methylated 
DNA, and methylates the cytosine on the newly synthesized strand. In contrast, both 
DNMT3A and B are de novo DNA methyltransferases, which means that they bind 
with equal affinity to hemi-methylated and non-methylated DNA and that they cata-
lyze DNA methylation from the beginning after embryo implantation. Of course, 
the maintenance versus de novo function of these enzymes is not absolute, and 
DNMTs can fulfill the role as one or the other when their levels are modulated. 
Removal of methyl group from DNA is a more complicated process compared with 
its methylation, as there are no single enzymes directly catalyzing the reaction [27]. 
DNA demethylation can be achieved as a passive process simply due to the loss of 
methylation on daughter strand after several rounds of DNA replication, or it takes 
place actively by replication-independent processes. Unlike in plants where firm 
evidence has been identified that direct excision of the methyl group is accom-
plished by a subfamily of DNA glycosylases specific to 5mC, the active demethyl-
ation pathways in animal cells are hotly contested and proposed to involve various 
mechanisms, none of which have been conclusively proven. So far, accumulating 
data has suggested an affirmative role for base excision repair (BER) in active 
demethylation in mammals, which is initiated by either direct excision of 5mC in a 
locus specific manner or deamination of 5mC to thymine resulting in T-G mismatch. 
In another hypothetical theory, entire DNA patch containing the methylated CpG 
sites is removed, and the bulky lesions are then filled with unmodified nucleotides 
by nucleotide excision repair (NER). Recently, the discovery of Ten-eleven 
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translocation (TET) family proteins opened up a new mechanistic route for DNA 
demethylation. Three members, TET1–3, have been currently identified, and all are 
oxygenases that catalyze the oxidation of 5mC to 5-hydroxymethyl cytosine 
(5hmC), then 5-formylcytosine (5fC) and finally 5-carboxylcytosine (5caC). TET- 
mediated removal of DNA methylation could be achieved by several ways: first, 
DNMT1 does not recognize 5hmC, thus the newly synthesized DNA would not be 
methylated so that the patterns of methylation will be diluted after several rounds of 
replication passively; second, BER DNA repair pathway may be activated to pro-
cess the lesions that are introduced by either a 5hmC-specific or, after deamination 
of 5hmC to 5hmU, a 5hmU-specific glycosylase; third, the oxidative derivatives of 
5hmC (5fC and 5caC) can be ultimately replaced with unmodified cytosine by a 
decarboxylation reaction similar to the thymidine salvage pathway. Altogether, the 
whole system for DNA methylation and demethylation cycling is sophisticated, 
which implies far-reaching effects of these epigenetic programs on the modulation 
of local and global chromatin structure (Fig. 2). Therefore, any step in these pro-
cesses going awry may lead to deranged biological conditions, such as genomic 
imprinting-related diseases, psychiatric disorders and cancers.

3.2  DNA Hypermethylation in Prostate Cancer

Many human diseases, cancers in particular, are found to be associated with aber-
rant DNA methylation patterns, either globally or locus specifically. One of the 
common hallmarks in all human malignant neoplasias is the CpG island hyper-
methylation. By the most updated definition, CpGs are short stretches of DNA that 
are longer than 500 base pairs in length and have a GC content greater than 55% 
with an observe-to-expected CpG ratio of at least 65% [28]. In human genome, 
there are about 29,000 such regions, which occur at or near up to 70% of annotated 
gene promoters. In normal cells, most promoter CpG islands are unmethylated. 
However, when cells become transformed or malignant, hypermethylation of cer-
tain CpG islands occurs resulting in inappropriate transcriptional repression. This 
observation has been described in almost every tumor type, including prostate can-
cer. Although most of the target genes that are inactivated by CpG hypermethyl-
ation are supposed to act as tumor suppressors, unique sets of genes with dynamic 
biological functions are affected when comparing different cancer types. In prostate 
carcinoma, over 40 genes have been reported to be silenced by hypermethylation, 
and this number is still increasing probably due to the development of more 

Fig. 2 (continued) homocysteine (SAH) and methylated cytosine (5mC). The transferred methyl 
group is circled. (B) DNA demethyation can be achieved by passive demethylation mechanism 
(upper panel) or active demethylation mechanism (lower panel). Passive demethylation happens 
during DNA replication, and the modified cytosines are either missed (5mC) or not recoganized 
(5hmC) by DNMTs. Active demethylation takes place through nucleotide excision repair (NER) 
pathway or TETs-involved base excision (BER) pathway
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sensitive detection technologies. Some representative genes will be discussed in the 
following section, because their methylation is relatively prevalent in prostate can-
cer and they involve in a number of pivotal cellular pathways such as hormonal 
response, tumor cell invasion/metastasis, cell cycle control, apoptosis, and DNA 
damage repair. A comprehensive list of the methylated genes in prostate cancer is 
summarized in Table  1. Interestingly, classical tumor suppressor genes, such as 
PTEN, RB1 and TP53, are rarely methylated at their promoter regions in prostate 
cancer, although genetic alterations like loss of heterozygosity and point mutations 
are detected in advanced stage cases [29].

As described above, hormones and their corresponding nuclear receptors play 
significant roles in carcinogenesis and progression of prostate cancer. AR activity is 
particularly critical for nearly every stage of the cancer growth, from the initiation 
to the androgen-dependent state till the metastatic, castration resistant status. 
However, loss of AR protein expression has been seen in as many as 20–30% of 
androgen-independent tumors, and this is attributed to epigenetic silencing partly 
by promoter hypermethylation [30–32]. It is reported that the incidence of 
methylation- mediated AR inactivation ranged from 0%–20% in untreated primary 
cancer to 13–28% in CRPC tissues. Although the frequency of AR promoter meth-
ylation in general appears to be low in prostate cancer and varies from case to case, 
this type of epigenetic regulation seems to be more prevalent in CRPC than in pri-
mary tumor tissues. It is highly clinical relevant to identify this AR-negative sub-
group of prostate cancer, and implication of DNA methylation in mediating the 
downregulation of AR expression will have a profound effect on the treatment regi-
mens for the metastatic, hormone-refractory prostate cancer.

Besides AR, other members of the steroid/thyroid hormone receptor superfamily 
have also been identified as having promoter hypermethylation in some studies of 
prostate cancer samples. For instance, both estrogen receptors genes, ESR1 and 
ESR2, which encode two different forms of the receptor ERα and ERβ respectively, 
are frequently methylated in prostate cancer. Frequencies of ESR1 methylation are 

Table 1 Hypermethylated and hypomethylated genes in prostate cancer

Categories Genes

DNA hypermethylation

DNA repair genes GSTP1, MGMT, GPX3, hMLH1

Hormone signaling genes AR, ESRα, ESRβ, RARβ, PR-α, PR-β
Cell invasion/adhesion genes CDH1, CDH13, CD44, LAMA3, LAMB3, LAMC2, TIMP3, 

S100A2, TIG1, THBS1

Cell-cycle genes CCND2, CDKN1B, RASSF1, CDKN2α, RB1, CDKN1A, 
CDKN1B

Apoptotic genes GADD45α, PYCARD, RPRM, GLIPR1, DAPK, TNRFSF6, 
TNRFSR10C, CRBP1, FHIT

Cell signaling genes 14–3-3σ, CAV1, APC, PTEN, PTGS1, PTGS2, MDR1, EDNRB, 
DAB2IP, VEGFR1, HIC1, RUNX3

DNA hypomethylation

Gene-locus-specific CAGE, HPSE, PLAU, CYP1B1
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diverse from 19% to 95% and ESR2 from 65% to 83% in prostate cancer [33–35]. 
However, the findings on the expression of ERα and ERβ in prostate cancer have 
been very conflicting [36], especially for ERα levels, although downregulation of 
both ERs in prostate tumor tissues has been documented in some studies and pro-
moter hypermethylation is the primary mechanism responsible for this transcrip-
tional inactivation [35]. Some evidence showed that higher methylation levels of the 
ER genes, particularly at some CpG sites, were detected in high-grade and CRPC 
cancer samples than in low-grade and BPH tissues [34, 35], but it also appears 
unlikely that alterations in the expression of either ER are associated with the pro-
gression of prostate cancer [37, 38]. Therefore, it is still very controversial and 
remains to be established as for the biological significance of DNA hypermethyl-
ation of both ER genes in prostate cancer. One thing we can have certainty about, 
however, is that DNA methylation is the main reason for gene silencing in any clini-
cal cases when lost or decreased ER expression was noticed. Retinoic acid receptor 
β (RARβ) is another nuclear receptor that shows abnormal CpG island methylation 
patterns in prostate cancer, especially in the second promoter region of the gene 
(RARβ2). RARβ2 methylation varies greatly across studies, for example 0–23% of 
normal and BPH tissues, 20–94.7% of PIN and 40–97.5% of primary prostate can-
cer [39–41], and it appears to happen in early stage of prostate cancer, suggesting a 
role in cancer initiation. There is no clear association between RARβ2 methylation 
and pathological stage or Gleason score of prostate cancer [42–44].

DNA damage response (DDR) is an exquisite proofreading mechanism that 
repairs DNA lesions and prevents the duplication of these errors into daughter cells. 
Misregulation of DDR pathways leads to the deleterious genomic instability, which 
is a universal characteristic of cancer cells, and therefore is a major driver for carci-
nogenesis. So far, two genes that are involved in DNA damage repair have been 
reported to be hypermethylated in prostate cancer, one is the detoxifier gene gluta-
thione S-transferase Pi (GSTP1) and the other is the DNA alkyl-repair gene O6- 
methylguanine DNA methyltransferase (MGMT). GSTs are a family of metabolic 
enzymes that catalyze the conjugation of hydrophobic and electrophilic compounds 
with reduced glutathione for the purpose of detoxification. Thus, inactivation of 
GST proteins may lead to cell vulnerability to genotoxic foreign compounds and 
accumulation of DNA base adducts. Indeed, some evidence suggests that mutations 
or polymorphisms of GST genes can influence BER capacity and subsequent DNA 
stability, suggesting a potential role for these proteins in DNA damage processing. 
CpG island hypermethylation of GSTP1 gene is one of the most common molecular 
alterations detected in prostate adenocarcinoma. This epigenetic aberrancy is absent 
or at very low level in nonmalignant prostate tissues, but present in 50–70% of PIN 
and in nearly all prostate cancers at different stages [45]. Recently, emerging evi-
dence suggests that the extent of GSTP1 promoter methylation is also positively 
correlated with the risk of recurrence in prostate cancer patients with early disease 
[46]. MGMT is one of the few proteins functioning in direct reversal (DR) DNA 
repair pathway. It transfers the methyl group from O6-methylguanine to a nucleo-
philic cysteine residue in its active site. O6-methylguanine base pairs with thymine 
instead of cytosine and thus is the major carcinogenic lesion in DNA. The reaction 
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is irreversible, so the modified cysteine cannot be regenerated and the alkylated 
MGMT protein is degraded after the direct DNA repair. Results about the associa-
tion between the status of MGMT methylation and prostate cancer have been incon-
sistent. Some studies reported low frequency of MGMT promoter methylation in 
0–2% of prostate cancer tissues, while others observed moderate to high prevalence 
of this event in 19–76% of tumor samples [40, 47–49]. This discrepancy may come 
from technical issues, e.g., various assays used for quantifying methylation levels 
and different tissue processing methods, so further work or meta-analysis will be 
needed to resolve the inconsistent results.

Cell proliferation and programmed cell death are two coupling processes that 
determine the destiny of a cell to either live or die, so deregulation of the balance 
between cell cycle progression and apoptosis leads to pathological conditions 
including cancer. CDKN2A (p16INK4a) is one of the cyclin-dependent kinase inhibi-
tors (CDKIs) and a well-characterized tumor suppressor. Besides genetic changes 
such as deletion and point mutation, CDKN2A is inactivated by DNA hypermethyl-
ation in many tumor tissues including prostate [50]. This feature makes the gene 
unique because other CDKIs, such as CDKN2B, CDKN1A and CDKN1B, are rarely 
methylated in prostate tumors. However, the frequency of CDKN2A promoter meth-
ylation varies in prostate tumors across studies, ranging from 0% to 16%, and it 
appears to be indiscriminate between benign and malignant cases [51]. Interestingly, 
several reports indicate methylation at exon 2 of CDKN2A, which is present in more 
tumors (73%) relative to normal tissues [52]. Although there was no apparent asso-
ciation between the expression level of CDKN2A gene and the extent of its exon 2 
methylation, it is plausible that this epigenetic modification may serve as a bio-
marker for early detection of prostate carcinoma. Another well-known tumor sup-
pressor gene that is frequently silenced by promoter hypermethylation in prostate 
cancer is RAS association domain family protein 1 isoform A (RASSF1A). RASSF1A 
exerts its tumor suppressive functions by modulating microtubule stability, inducing 
cell cycle arrest and apoptosis. CpG islands within promoter region of RASSF1A 
gene are highly methylated in a wide range of cancers, and up to 99% of prostate 
tumors show this epigenetic alteration [53, 54]. In normal epithelial cells and benign 
prostate tissues, RASSF1A promoter methylation is detected in 0–40% of samples, 
and it also occurs in 64% of PIN [55]. In addition, the relative frequency of methyla-
tion is higher in more aggressive tumors with higher Gleason scores compared with 
less malignant tumors. All these findings suggest that RASSF1A promoter methyla-
tion may be a common event during prostate carcinogenesis and progression, and 
hence it can be utilized for the early detection and prognosis prediction of prostate 
cancer. Many other cell cycle regulators, for example CCND2 and SFN, and apop-
tosis genes such as DAPK and TNFRSF10C, have also been found to be aberrantly 
hypermethylated at their promoter regions in prostate cancer [56].

Most prostate cancer-related deaths are caused by the metastasis of the original 
tumor cells. The process of tumor invasion and metastasis entails a series of sequen-
tial events, including the penetration of original cancer cells into surrounding tis-
sues, spreading to distant organs through the circulatory system, and finally seeding 
secondary tumors in distinct target locations. During this metastatic cascade, cell 

K. Xu



503

adhesion molecules (CAMs) play important roles in cell-cell and cell-matrix 
 interaction. Therefore, misregulation of CAMs expression is often observed in 
many human cancers, including prostate. E-cadherin, encoded by CDH1 gene, is a 
CAM that distributes at the epithelial cell junctions and mediates cell-cell adhesion. 
In E-cadherin-negative prostate cancer cell lines, the CpG islands in the promoter of 
CDH1 gene are densely methylated, which suggests that epigenetic alteration in 
DNA methylation contributes to the decreased or loss of E-cadherin expression 
[57]. Hypermethylation of CDH1 gene has been detected in 0–77% of prostate 
tumors, and the overall methylation frequencies are higher in advanced prostate 
tumors compared with early stage samples [58]. However, several studies reported 
contradictory results regarding the methylation status of CDH1 gene in prostate 
cancer. In two such studies, promoter region of CDH1 was found no methylation 
signals in either primary or metastatic prostate tumor samples [47, 59]. In the other, 
unmethylated CDH1 gene was detected in metastatic prostate cancer cells in bone, 
which was significantly associated with the concurrent expression of E-cadherin 
protein [60]. It is currently unclear why discrepancies were observed in different 
cases, but epigenetic alteration in promoter methylation appears to be the main 
explanation for E-cadherin transcriptional inactivation in prostate cancer, rather 
than CDH1 gene mutations which lead to loss of E-cadherin function in other can-
cer types like gastric and breast [61, 62]. Adenomatous polyposis coli (APC) gene 
is also an important molecule that helps control the movement of a cell within or 
away from a tissue. It associates with the WNT/β-catenin signaling pathway and 
negatively regulates β-catenin protein stability and interaction with E-cadherin, 
which is a critical step in cell-cell adhesion. Mutations in CTNNB1, the gene encod-
ing β-catenin protein, or truncation in APC have been detected in colon cancer and 
melanoma, which increases the stability of β-catenin. However, these genetic altera-
tions are relatively rare in prostate cancer. In contrast, APC gene is commonly meth-
ylated at its promoter region, with a prevalence of 27–100% in prostate cancer 
samples but only 5–6% in noncancerous tissues [63, 64]. Multiple analyses also 
demonstrated that hypermethylation in APC gene is significantly associated with 
progression of prostate cancer [65, 66], and more frequent in patients who experi-
enced biochemical recurrence, metastasis or death [64, 67]. Many additional genes 
with critical functions in tumor invasion and metastasis have been reported to 
undergo methylation-mediated inactivation in prostate cancer, including the cell- 
surface glycoprotein (CD44), H-cadherin (CDH13), the scaffolding protein on the 
caveolae plasma membrane caveolin-1 (CAV1), tissue inhibitors of matrix metallo-
proteinases (TIMP-2 and -3), etc. [68].

3.3  DNA Hypomethylation in Prostate Cancer

Although DNA hypermethylaion has been focused as an important mechanism for 
inactivation of tumor suppressor genes in prostate cancer, demethylation of nor-
mally methylated genomic regions, also known as DNA hypomethylation, is shown 
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to associate with prostate cancer development and progression as well. In contrast 
to DNA hypermethylation that usually occurs at specific regulatory sites of specific 
individual genes, loss of DNA methylation modification seems to be a genome-wide 
phenomenon. It predominantly occurs in the intergenic and intronic genomic areas, 
particularly at repeated sequences including the heterochromatic satellite DNA and 
interspersed transposable elements. It is postulated that DNA hypomethylation 
induces genomic instability and mutation events, thus contributing to oncogenesis 
and cancer progression. For example, aberrations on chromosome 8 were strongly 
correlated with the presence of hypomethylation in prostate cancer, and such genetic 
and epigenetic alterations tended to be more frequent in higher-stage tumors [69]. 
In prostate adenocarcinoma, methylation signals at repetitive DNA elements were 
dramatically decreased from normal prostate to PIN to cancer [70]. In another study, 
primary prostate cancer cells from up to 96.7% of patients exhibited dramatic 
decrease in overall 5mC levels compared with the paired benign and normal sec-
tions from the same patient. Interestingly, partial gain of methylation was observed 
in men with recurrent disease [71]. These results, together with many others, sug-
gest that overall reduction of genomic methylcytosine content appears to occur 
early in prostate carcinogenesis. Global hypomethylation is thus hypothesized to 
precede temporally the promoter CpG island hypermethylation that later leads to 
aberrant silencing of specific tumor suppressor genes critical for cancer progres-
sion. However, there is emerging evidence that diffuse genomic hypomethylation in 
prostate cancer may not adhere to this generalized model. An early report showed 
that the overall DNA methylation levels were particularly lower in metastatic, 
androgen-refractory prostate tumors, while the 5mC content in non-metastatic pros-
tate tumors was essentially comparable to that in normal tissues [72]. Similar con-
clusion was obtained when methylation of repetitive sequences like LINE-1 
retrotransposons was found diminished in 49% of prostate cancer and this hypo-
methylation was more pronounced in high stage and lymph-node positive tumors 
[73]. In the same study, hypermethylation at specific genes such as GSTP1, RARB2 
and APC, however, was neither related to tumor stage nor Gleason score. In an 
independent report, decreased LINE-1 methylation was again detected in the pri-
mary prostate cancer compared with normal tissues, but the degree of reduction was 
more dramatic in metastatic prostate cancer. In addition, the overall genomic 5mC 
content was reduced only in metastatic but not primary cancer or tumors adjacent 
PIN/normal tissues [74]. All these findings suggest that global DNA hypomethyl-
ation may actually occur later than hypermethylation changes and play an important 
role in prostate cancer progression rather than initiation.

Compared with the focal hypermethylation of CpG islands containing promot-
ers, demethylation of individual genes is much less documented in terms of its role 
in the initiation and progression of cancers. This type of epigenetic alteration was 
often ignored because localized DNA hypomethylation seems to be much less fre-
quent in cancer and some theory suggests that specific regional demethylation may 
occur as a consequence of being swept by the large genomic hypomethylation [75]. 
Even so, a number of single copy genes have been reported to be derepressed in 
prostate cancer by the epigenetic mechanism of DNA hypomethylation. For 
instance, the PLAU gene, which promotes extracellular matrix tissue degradation 
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and cell migration, is highly expressed in most prostate cancer tissues, particularly 
in the invasive ones [76]. Overexpression of PLAU is partly attributed to the unmeth-
ylated status of the CpG islands proximal to its transcription start site, which was 
noticeable in nearly all prostate cancer samples but rare in non-neoplastic tissues or 
BPH samples. Most interestingly, disruption of the demethylation condition at 
PLAU gene promoter induced higher invasive capacity of prostate cancer cells and 
larger xenograft prostate tumor volumes in vivo [77, 78]. One unique group of genes 
with regard to their methylation status in cancers is the cancer/testis antigen (CTA), 
since many of the gene members are hypomethylated in several types of cancers 
including prostate. As their name indicates, CTA genes are typically expressed in 
germ cells of the testis and most cancers but absent in any other normal tissues. It is 
well known that this exclusive expression pattern of CTAs is highly correlated with 
the extent of DNA methylation at their promoters [75]. In prostate carcinoma, a 
large fraction of CTA genes, especially those in the X chromosome-associated sub-
family, showed CpG islands hypomethylation. More than that, some report claimed 
that significant DNA hypomethylation of these genes occurred only in metastatic 
prostate cancer [74]. Other work showed similar results that some representative 
CTA genes were highly methylated in more than 90% of primary cancer specimens, 
but severely unmethylated in castration resistant samples [79]. Recently, partial 
hypomethylation was observed in prostate cancer tissues at the promoter of XIST 
gene, which is transcribed into a non-coding RNA acting as a major effector of the 
X-chromosome inactivation in females [80]. Although the association between the 
degree of methylation and transcription of XIST gene was not clearly established, it 
is a perfect example to demonstrate the universal presence of DNA hypomethyl-
ation, affecting repeat and unique sequences at specific loci that encode proteins or 
not. Other hypomethylated genes in prostate cancer include WNT5A, CRIP1, S100P, 
CYB1B1 and HPSE, etc., overexpression of which have all been implicated in pros-
tate cancer progression [81–83]. Taken together, DNA methylation, both hypo- and 
hypermethylation, is a critical mechanism that cancer cells adapt to regulate gene 
expression so as to drive prostate cancer development and progression.

4  Prostate Cancer and Histone Methylation

4.1  Proteins in Regulation of Histone Methylation

Histones are the chief protein components of nucleosome, the basic structural unit 
of chromatin. They are highly alkaline and positively charged, so they closely asso-
ciate with DNA, which is negatively charged instead, through a series of electro-
static interactions including hydrogen bonds and salt bridges. Five major families of 
histone proteins exist: H1/5, H2A, H2B, H3 and H4. Histone H2A, H2B, H3 and H4 
are known as the core histones, so two copies of each core protein assemble in an 
octamerous complex, with which 146–147 base pairs of DNA wrap around in a 
superhelical manner. This core particle is bound by the linker histones, H1 (or H5 in 
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avian species), at the entry and exit sites of the DNA, thus locking the DNA into 
place and organizing nucleosome chains into higher order structures. Interaction 
between histones and DNA governs the chromatin structure and thus exerts a tre-
mendous amount of influence on gene expression. There are several regulatory 
mechanisms controlling the dynamic changes in this histone-DNA interaction, one 
of which is the post-translational modifications (PTMs) on the histone protein tails. 
Histone proteins feature two structurally and functionally distinct domains: the cen-
tral globular domain that allows heterodimeric interactions between core histones or 
mediates the protection of linker DNA, and unstructured terminal tails of various 
length, on which specific amino acids are subject to various covalent modifications, 
including acetylation, phosphorylation, ADP-ribosylation, ubiquitination and meth-
ylation, etc. These enzyme-assisted modifications primarily occur at N-terminal 
tails of the histones. They can affect the charge properties of the histone, and thus 
loosen or tighten the condensed DNA that is wrapped around histones. Such modi-
fications can also recruit other proteins specifically recognizing the modified resi-
dues, which act to alter the chromatin structure so that it becomes more closed or 
more accessible.

Histone methylation is a biochemical reaction by which methyl groups are trans-
ferred to specific residues on histone proteins. It can happen on all three basic amino 
acids: arginine (R), lysine (K) and histidine (H), although lysines on tails of histone 
H3 and H4 are most commonly targeted, whereas only monomethylation of histi-
dine has been described and it is rarely observed [84, 85]. Because the addition of 
the methyl group leaves the charge of lysine or arginine intact, methylation of his-
tones can be associated with either transcriptional repression or activation, depend-
ing on the specific modified residues in the histones and also the numbers of methyl 
groups attached. Arginine is able to be either mono- or dimethylated. When it is 
dimethylated, these two methyls can be added asymmetrically on the same free 
NH2 group or symmetrically with one on NH2 and one on NH2+ group. Even 
though the similar reactions end up with molecules in the same chemical formulas, 
these two types of dimethylation are catalyzed by two different subfamilies of 
enzymes. Lysine can accept up to three methyl moieties replacing each hydrogen of 
its NH3+ group. Site-specific methylation is catalyzed by histone modifying 
enzymes called the histone methyltransferases (HMTs).

Two major types of HMTs exist, lysine-specific and arginine-specific. Both types 
of HMTs transfer the methyl groups from S-adenosyl-L-methionine (AdoMet or 
SAM), which serves as the cofactor and methyl group donor, to either ε-amino 
group (NH3

+) on lysine or the guanidine functional group on arginine, forming the 
methylated products and S-adenosyl-L-homocysteine (AdoHcy). The class of 
lysine-specific HTMs is subdivided into SET (Su(var)3-9, Enhancer of zeste, 
Trithorax) domain-containing ones and non-SET domain-containing ones. The SET 
domain is an evolutionary well-conserved sequence motif of 130–140 amino acid 
long. It contains a catalytic pocket, where cofactor SAM and the to-be-modified 
lysine are bound as well as properly oriented. Next, the ε-amine of the lysine sub-
strate is deprotonated, makes a nucleophilic attack on the collinear methyl group on 
the sulfur of SAM, and finally completes the attachment of the methyl group to the 
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lysine side chain. The adjacent cysteine-rich regions flanking the SET domain on 
either side play a crucial role in substrate recognition and maximizing enzymatic 
activity. Dot1 (Distruptor of telomeric silencing) is the only HMT known to date 
that does not contain the SET domain. Dot1 and its mammalian homolog, DOT1L 
(DOT1-Like, also called KMT4), are very special enzymes in terms of its substrate 
specificity. First, Dot1/DOT1L appears to be solely responsible for methylation of 
K79 on histone H3; second, unlike SET-domain-containing HMTs that target at the 
histone tail regions, Dot1/DOT1L is the only enzyme known to methylate a lysine 
residue in the globular core of the histone; finally, Dot1/DOT1L only methylates 
histone substrates that are actively engaged in the nucleosome but not the free ones. 
Despite lacking a SET domain, Dot1/DOT1L share a similar structure with other 
classical methyltransferases, which surprisingly more resemble histone arginine 
methyltransferases. However, extensive efforts have failed to demonstrate that Dot1/
DOT1L can directly methylate arginine [86]. Amino acids 1–416 at the N terminus 
of Dot1/DOT1L contain the active histone methyltransferase catalytic sites, where 
several critical residues (T139, Q168, D161, E186, and D222 of human DOT1L/
KMT4) align the methionyl moiety of SAM molecule and the lysine substrate for a 
methyl transfer reaction. The long, flexible C-terminal tail is important for substrate 
specificity and nucleosome binding [87]. There are at least nine members of protein 
arginine methyltransferase (PRMTs) in mammals, which are separated into three 
main types. Type I PRMTs (e.g., PRMT1, 2, 3, 4, 6, and 8) can all catalyze mono-
methylation and continue to form asymmetric dimethylarginine. Type II PRMTs 
(e.g., PRMT5 and 9) produce monomethylarginie and symmetric dimethylarginine. 
PRMT7 is the single Type III enzyme described to date that generates monomethyl-
ation of arginine only [88]. PRMT2 was identified by sequence homology, but dem-
onstrated substantially low enzymatic activity in vitro [89]. Structural comparison 
suggests that all PRMTs contain a conserved catalytic core where the cofactor SAM 
binds, and a barrel-like domain where the substrate binds [90]. The sequences at 
both N- and C-termini are variable among different PRMTs, containing protein- 
protein interaction modules that may participate in determining substrate specificity 
or recruiting other proteins critical for enzymatic activity. Like in the methylation 
reaction mediated by a SET-containing HMT, the nitrogen group on target arginine 
residue is also first deprotonated and then acts as a nucleophile to attack the methyl 
group of SAM. It is suggested that a methionine in the active site of Type I PRMTs 
grants their abilities to catalyze asymmetric methylation, whereas in Type II PRMTs, 
like PRMT5, the corresponding residue is switched to a serine, so the less bulky side 
chain of this amino acid now allows for symmetric methylation formation [91].

For many years, histone methylation, unlike acetylation or phosphorylation, was 
thought to be irreversible, because of the fact that the N-CH3 bond is very stable 
with a half-life approximately equal to that of histones themselves. The identifica-
tion of histone demethylases, enzymes that remove methyl groups from histones, 
completely overturned the dogma (Fig. 3). Two main classes of histone demethyl-
ases have thus far been identified, which predominantly target at the lysine residues: 
the flavin adenine dinucleotide (FAD)-dependent amine oxidase, which includes the 
Lysine (K) Demethylase 1 (KDM1) family proteins, and the Fe(II) and 2- oxoglutarate 
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(2OG)-dependent dioxygenase, which features a signature motif of JmjC domain. 
Both families of demethylases operate via an oxidative mechanism that releases 
formaldehyde as a co-product. KDM1A/LSD1 and KDM1B/LSD2 are the only two 
members that have been identified so far in the KDM1 family, and KDM1A/LSD1 
is actually the first protein demonstrated to possess bona fide histone demethylase 
activity. Interestingly, both KDM1A and B can demethylate only mono- and dimeth-
ylated lysines. The JmjC domain-containing histone demethylases form a larger and 
more versatile family, which act on multiple histone lysine residues and can accept 
all three methylation states. Of note, although no arginine-specific demethylases 
have ever been reported, some of the JmjC KDMs have demonstrated arginine 
demethylation activity in vitro [92, 93]. There are some other mechanisms of 
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demethylation, much less common though, such as the nucleophilic demethylation 
by methylesterases [94]. The dynamic and reversible nature of histone methylation 
supports the hypothesis that modifications on histone tails, called the histone code, 
serve as marks for the recruitment of proteins or protein complexes to dictate the 
information of the genetic code [95, 96]. So, besides the enzymes that add or elimi-
nate the histone modifications, there is another group of proteins that play pivotal 
roles in deciphering the language of the histone code: the binding partners of  specific 
chemical moieties on histones. A large family of proteins has been identified that 
can recognize methylated lysine residues, and they are divided into several subfami-
lies based on the distinct recognition domains they contain, including PHD (plant 
homeodomain) domain that binds histone H3 in various methylation states, PWWP 
(named after a conserved Pro-Trp-Trp-Pro motif) domain that is concurrent with 
other motifs such as PHD, Chromo domain that is known to bind methylated 
H3K4/9/27, and MBT (Malignant Brain Tumor) domain that mostly binds mono- 
and dimethylated lysines, etc. In spite of the presence of divergent recognition 
motifs, their pairs with the corresponding lysine methylation do not simply fit into 
the “one domain-one mark” model: one single methylated lysine can be recognized 
by several readers and one reading module can bind multiple separate methylated 
substrates. Sometimes even different methylation states (mono-, di- or trimethyl-
ation) of the same residue can recruit different sets of binders [97], and the more 
methyl groups attached, the stronger the binding strength will be [98]. Considering 
all these uncertainties, here comes the question: how are the strength and specificity 
of one particular lysine methylation reader determined? Firstly, structural evidence 
suggests that the binding surfaces of distinct domains that recognize the same mark 
remarkably resemble each other. Secondly, flanking sequences of the methylated 
lysine are heavily involved in the selective recruitment process and make multiple 
direct contacts with the reader. Finally, according to the “histone end effects”, modi-
fied lysine that locates near the end of a histone peptide, like H3K4 methylation, is 
easy to be read and therefore attracts more diverse binding partners. As for the read-
ers of the methylated arginines, it is still highly ambiguous whether such specific 
motifs do exist. So far, only two proteins were claimed to recognize methylated 
arginine, one is the PHD motif within the ADD domain of DNMT3A, which may 
[99], or may not [100], directly bind symmetrically methylated H4R3; and the other 
is the Tudor domain of TDRD3 protein, which was spotted using a protein domain 
microarray approach as a reading module of asymmetrically methylated H3R4 and 
R17 [101].

All currently known methyltransferases, demethylases and recognition modules 
of methylated histones are summarized in Table 2, together with the corresponding 
methylation marks. For years, the diverse array of methylation events on histone 
proteins is believed to provide exceptional regulatory power of gene regulation in a 
context-specific manner, and considered to be essential steps in many processes that 
determine cell fate. Therefore it is not surprising that abnormal expression or activi-
ties of the enzymes that write, erase or read methylated histones are implicated in a 
variety of human disease states including cancers.
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Table 2 Proteins in regulation of histone methylation

Histone-modifying enzymes Epigenetic marks Proposed functions

Histone Methyltransferases (HMTs)
Lysine-specific methylation

EZH2 H1K26me1/2/3 Transcriptional silencing
Unknown H2BK5me1 Transcriptional activation
MLL H3K4me1/2/3 Transcriptional activation, 

permissive euchromatin
G9A/EHMT2, SETDB1 H3K9me1/2/3 Transcriptional silencing, genomic 

imprinting
EZH1, EZH2, G9A/EHMT2 H3K27me1/2/3 Transcriptional repression, X 

inactivation
SET2D (tri-Me), ASH1L 
(mono−/di-Me)

H3K36me1/3 Transcriptional activation/
elongation

DOT1L H3K79me1/2/3 Transcriptional activation/
elongation, euchromatin

SETDB1, SUV420H, NSD1 H4K20me1/3 Transcriptional silencing 
(mono-Me)/activation, 
heterochromatin

Unkonwn H4K59me1/2/3 Transcriptional silencing
Arginine-specific methylation

PRMT1/5/6/7 H2AR3me2 Transcriptional activation/
repression

PRMT5/6 H3R2me1/2 Transcriptional repression
PRMT2/5/6 H3R8me2 Transcriptional activation/

repression
CARM1 H3R17me1/2 Transcriptional activation
CARM1 H3R26me1/2 Transcriptional activation
CARM1 H3R42me1/2 Transcriptional activation
PRMT1/5/6/7 H4R3me1/2 Transcriptional activation/

repression
Histone Demethylases
Lysine-specific demethylation

KDM2A/JHDM1A H3K36me2 Transcriptional repression, 
associated with heterochromatin

KDM2B/JHDM1B H3K4me3, H3K36me2 Transcriptional repression
KDM3A/JMJD1A H3K9me1/2 Transcriptional activation
KDM3B/JMJD1B H3K9me1/2 Transcriptional activation
KDM4A/JMJD2A H3K9me3, H3K36me3 Transcriptional repression
KDM4B/JMJD2B H3K9me3 Unknown
KDM4C/JMJD2C H3K9me2/3 Transcriptional activation, 

inhibition of heterochromatin
KDM4D/JMJD2D H3K9me2/3, H1K25me1 Unknown
KDM5B/JARID1B H3K4me3 Transcriptional activation
KDM5C/JARID1C H3K4me3 Transcriptional repression

(continued)
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4.2  Histone Methylation in Prostate Cancer

Increasing evidence suggests that histone methylation, together with other types of 
histone modifications, contributes to the onset and progression of prostate cancer. A 
panel of methylation marks, including mono-, di- and trimethylation of H3K4 
(H3K4me, H3K4me2 and H3K4me3) and H3K9 (H3K9me, H3K9me2 and 
H3K9me3) as well as pan-acetylation of H3 and H4, was stained in a tissue micro-
array containing 23 nonmalignant prostate tissues and 113 prostate adenocarci-
noma samples in various pathological states [102]. H3K9 di- and trimethylation 
and acetylation of H3 and H4 were all significantly reduced in cancer samples 
compared to BPH and normal tissues, whereas all three methylation states of H3K4 
were upregulated in androgen-independent tumors and correlated with 

Table 2 (continued)

Histone-modifying enzymes Epigenetic marks Proposed functions

KDM5D/JARID1D H3K4me2/3 Transcriptional repression, DNA 
condensation

KDM6A/UTX H3K27me3 Transcripional activation/repression
KDM6B/JMJD3 H3K27me2/3 Transcriptional silencing
JHDM1D/KDM7A H3K9me2, H3K27me2 Transcriptional activation
JMJD5/KDM8 H3K36me2 Unknown
KDM1A H3K4me1/2, 

H3K9me1/2
Transcriptional activation/
repression

KDM1B H3K9me2 Transcriptional activation
PHF8/JHDM1F H3K9me2, H3K4me2, 

H4K20me, H3K27me2
Transcriptional activation

Arginine-specific demethylation

JMJD6 H3R2me2, H4R3me1/2 RNA splicing
KDM4E/JMJD2E H3R2me1/2, 

H3R8me1/2, 
H3R26me1/1, H4R3me2

Unknown

KDM5C/JARID1C H3R2me1/2, H3R8me2, 
H4R3me2

Unknown

Readers
Tudor domain (e.g., SHH1) H3K9me3
Chromodomain (e.g., HP1, 
Pc proteins, MRG1/2)

H3K9me3, H3K27me3, 
H3K4me3, H3K36me3

PWWP (Pro-Trp-Trp-Pro) 
(e.g., ZCWPW1)

H3K4me0/1/2/3

MBT domain (e.g., 
L3MBTL1/2)

H4K20me1/2

PHD domain (e.G., BPTF, 
ING1/2, MMD1)

H3K4me3

WD40 repeat (e.g., WDR5, 
CYP71)

H3K4me3, H3K27me3
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clinical-pathological parameters. The other histone methylation mark that has been 
extensively investigated in prostate cancer is H3K27 methylation. Different meth-
ylation status (mono-, di- or trimethylation) of H3K27 (H3K27me, H3K27me2 or 
H3K27me3) showed distinct patterns in normal prostate tissue, clinically localized 
tumors, hormone- dependent and hormone-refractory prostate cancer [103]. Levels 
of H3K27 mono- and trimethylation have been reported to positively correlate with 
aggressive tumor features [103, 104]. Intriguingly, the global concentrations of 
H3K27me3 in  cell- free circulating nucleosome from peripheral blood of prostate 
cancer patients, detected by an ELISA-based assay, were significantly lower in men 
with metastatic disease than in those with localized or local advanced tumors [105]. 
Although it is still deliberative as for how the overall levels of specific histone 
methylation marks change in prostate cancer, cumulative evidence implies that 
global patterns of histone methylation may distinguish cancer cells from their nor-
mal counterparts or even metastatic disease from organ confined tumors, and it is 
highly possible that they can be prognostically relevant. Indeed, multiple studies 
showed that certain methylation marks, either alone or in combination with other 
types of histone modifications, could serve as independent prognostic markers 
associated with clinical outcome in prostate cancer patients. In one study, five indi-
vidual histone modifications, the acetylation of H3K9 (H3K9ac), H3K18 (H3K18ac) 
and H4K12 (H4K12ac) as well as the dimethylation of H3K4 (H3K4me2) and 
H4R3 (H4R3me2), were evaluated by immunohistochemical staining in 183 pri-
mary prostate cancer tissues [106]. Except H3K9ac, higher level of each one of the 
rest four histone modifications is correlated with higher grade of cancer samples. 
Interestingly, combination of the patterns of all these five modifications clearly 
predicted the clinical outcome of patients with lower grade (Gleason score 2–6) 
prostate tumors. The prognostic power of specific histone modifications was further 
confirmed in another prostate cancer cohort [107]. The levels of both H3K18ac and 
H3K4me2 were quantified immunohistochemically in 279 prostate cancer cases, 
and stronger intensities of both histone marks were significantly associated with 
increased risk of tumor relapse. In another study, H3K4 di- and trimethylation 
(H3K4me2 and H3K4me3), H3K36 trimethylation (H3K36me3), H4K20 trimeth-
ylation (H4K20me3) and H3K9 acetylation (H3K9ac) were assessed using immu-
nohistochemistry in 169 primary prostatectomy tissue samples [108]. H3K4me3 
alone can serve as an accurate predictor of the biochemical recurrence following 
radical prostatectomy for low grade (Gleason score ≤ 6) prostate cancer. Taken 
together, all these studies convincingly demonstrate that changes in overall levels of 
certain histone methylation events are associated with increased risks of prostate 
cancer recurrence and poor survival. Therefore, global epigenetic patterns of histone 
methylation may function as promising biomarkers for prostate cancer prognosis.

Not only the dissimilarity in overall levels, dynamic changes of histone methyla-
tion at individual chromatin loci also contribute to prostate cancer initiation and 
progression by coordinated regulation of cancer-specific gene expression. Because 
histone methylation has been implicated in both transcriptional activation and 
repression, a number of oncogenes and tumor suppressor genes were found to be 
epigenetically switched on or off, respectively, driving the malignant transformation 
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of prostate epithelial cells. For instance, H3K27 trimethylation (H3K27me3), the 
methylation mark that is associated with gene silencing, was found to be signifi-
cantly enriched at the promoter regions of a large number of tumor suppressor 
genes, such as ADRB2, DAB2IP, RARβ2, etc., in metastatic prostate cancer com-
pared with localized tumors or normal prostates. Presence of this epigenetic mark is 
correlated with decreased expression of these genes and results in prostate cancer 
cell growth, survival and metastasis [104, 109–111]. Histone methylation is also 
intimately involved in controlling the transcriptional activity of AR. Methylation of 
H3K4 dictates the functionally active chromatin region, and its presence at AR 
binding sites contributes to the maintenance of the open chromatin architecture and 
initial recruitment of the pioneer factor FOXA1, which facilitates the transactivation 
of AR target genes, such as the proto-oncogene UBE2C, in CRPC cells [112]. In 
contrast, methylation of H3K9, another histone mark strongly linked to transcrip-
tional repression, is detected at the regulatory regions of AR target genes, such as 
KLK3 that encodes PSA, and constrains the transactivation of these genes. Androgen 
stimulation leads to transcriptional activation of KLK3 gene, which is accompanied 
by a robust decrease in H3K9 methylation levels at its promoter [113]. Silencing of 
H3K9 demethylases LSD1, JHDM2A or JMJD2C, increased the signals of this 
repressive mark and subsequently decreased the expression of AR target genes [114, 
115]. Recently, AR is found to act as a global transcriptional repressor, and genes 
being silenced by functional AR are mostly developmental regulators that play 
important roles in cell differentiation. Surprisingly, AR-repressed genes demon-
strated strong enrichment of bivalent H3K4me3 and H3K27me3 modifications at 
their promoter regions, suggesting that the repressive function of AR is dictated by 
the status of histone methylation and that this particular epigenetic pattern contrib-
utes to prostate cancer progression through cell dedifferentiation and destabilization 
[116, 117]. All the above evidence offers important insights into the roles of histone 
methylation in prostate cancer development and progression. No matter if it is at 
individual genomic locations or at the overall levels, alteration in methylation pat-
tern may directly reflect the aberrant activities or expressions of the enzymes that 
regulate this epigenetic program. Approximately 50% of the HMTs encoded by the 
human genome, for example, are now linked to diseases and in particular cancers 
[118]. In the following parts, only those enzymes that regulate histone methylation 
marks with clear links to cancer formation and progression will be discussed.

One of the best-characterized histone-modifying proteins in prostate cancer is 
the enhancer of zeste 2 (EZH2) that specifically methylates histone H3 at lysine 27. 
It is also reported to have methyltransferase activity towards the linker histone H1.4 
at lysine 26. EZH2 is the catalytic subunit of the polycomb repressive complex 2 
(PRC2), which also contains other core components such as EED, SUZ12 and 
RbAp46/48, for maximum enzymatic efficiency. EZH2 is found to be significantly 
increased in metastatic, hormone-refractory prostate cancer compared with clini-
cally localized prostate tumors and normal samples. Overexpression of EZH2 is 
strongly associated with poor clinical outcome and prognosis in prostate cancer 
patients. Loss of EZH2 expression blocked the aggressive behaviors, like prolifera-
tion, metastasis and invasion, of prostate cancer cells, while overexpression of 
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EZH2 caused the neoplastic transformation of normal prostate epithelial cells [119]. 
All these observations clearly establish the oncogenic function of EZH2 in prostate 
cancer. Although there is still much debate about the mechanisms by which EZH2 
drives prostate tumorigenesis, it is believed that H3K27me3 at regulatory chroma-
tin regions leading to the downregulation of targeted tumor suppressor genes may in 
part explain the cancer-driving effects of EZH2. Indeed, a “polycomb repression 
signature” was identified in metastatic human prostate cancer tissues, which con-
sists of 14 direct targets of EZH2 as they were upregulated upon EZH2 knockdown 
and contained high H3K27me3 signals in their promoter regions. Interestingly, the 
signature genes are largely downregulated in prostate cancer and can predict clinical 
outcome of multiple solid tumors including prostate [109]. In addition, EZH2 is 
reported to also involve in biological signaling other than epigenetic regulation. For 
example, EZH2 was recently found to serve as an AR co-activator and facilitate the 
recruitment of AR to target genes that are critical for the development of androgen- 
independent prostate cancer [120]. Although this co-activator function of EZH2 is 
still dependent on its methyltransferase activity, H3K27 methylation is not involved 
as the specific chromatin loci co-bound by EZH2 and AR was devoid of this epigen-
etic mark. In addition, cytosolic EZH2 was shown to regulate actin polymerization 
in prostate cancer cells in a methyltransferase-dependent fashion [121]. EZH2- 
mediated maintenance of a dynamic actin cytoskeleton controls the shape and 
motive force of cancer cells, subsequently promoting a metastatic phenotype. All 
the evidence suggests the possibilities of proteins other than histones being methyl-
ated by EZH2, which is also critical for the roles of EZH2 in oncogenic transforma-
tion. Several non-histone proteins of EZH2 have been identified albeit not in prostate 
cancer, such as GATA4 [122], STAT3 [123] and RORα [124]. EZH2-catalyzed 
methylation modulates either activities or protein stabilities of these transcription 
factors, which may be broadly relevant to EZH2-dependent normal development 
and malignancies. All these findings show diverse mechanisms by which EZH2 
promotes the aggressive characteristics of cancer cells through methylation of his-
tone or non-histone proteins, and thus pharmacological inhibition of the methyl-
transferase activity of EZH2 may hold great promise for the treatment of prostate 
cancer.

As a functionally important epigenetic mark, methylation of H3K27 is dynami-
cally and precisely controlled. The JmjC domain-containing proteins, UTX (ubiqui-
tously transcribed tetratricopeptide repeat, X chromosome) and JMJD3, specifically 
remove only the di- and tri-methyl groups though, from H3K27, counteracting the 
action of EZH2. Therefore, it is conceivable that UTX or JMJD3 exerts a 
 tumor- suppressive role in prostate cancer. In support of this supposition, inactivat-
ing somatic mutations of UTX have been discovered in many types of human can-
cers including prostate [125]. Lack of functional UTX may result in increased levels 
of H3K27 methylation and subsequently have an analogous effect to the phenotypes 
caused by EZH2 overexpression. Genome-wide study revealed that UTX-occupied 
promoters were significantly underrepresented for H3K27me3 signals and that 
majority of the downstream target genes were functionally enriched in RB-centered 
cell cycle regulation. This suggests a role for UTX-catalyzed demethylation of 
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H3K27me3  in controlling cancer cell fate through the RB network [126]. This 
conclusion was further confirmed in another study, which demonstrated that UTX 
restricted Notch and RB signaling to suppress eye tumor formation in Drosophila, 
which was dependent on its demethylase activity [127]. More than that, UTX was 
shown to be localized at the promoters of apoptosis and autophagy genes, upregu-
lated their expressions by removing the repressive methylation marks from H3K27, 
hence induced cell death of larval salivary glands [128]. In keeping with these find-
ings, it was shown that the other only H3K27 demethylase, JMDJ3, induced the 
transcriptional activation of several tumor suppressor genes, such as p16INK4A and 
p14ARF [129, 130]. All the above indications support the idea that demethylation of 
H3K27 catalyzed by either UTX or JMJD3 impedes tumorigenesis. However, the 
exact function of UTX or JMJD3 in prostate cancer is insufficiently investigated. 
Recently, an oncogenic role of UTX was discovered that it cooperates with H3K4 
methyltransferase MLL4 in activating transcriptional programs that are required for 
proliferation and invasiveness of breast cancer cells [131]. This implies that the 
biological effects of UTX in cancers, either tumor-promoting or tumor-suppressive, 
are highly tissue-specific. Considering the relatively high rate of loss-of-function 
mutations of UTX in prostate carcinoma, the demethylase may function as a tumor 
suppressor in this type of cancer. Adding to the complexity of the situation, JMJD3 
was upregulated in prostate cancer with higher expression levels in metastatic sam-
ples [132]. Therefore, it is likely that UTX and JMJD3, albeit their same activities 
against H3K27 demethylation, may produce opposite biological outcomes in pros-
tate cancer. Further investigation is clearly warranted to explore the dynamic and 
divergent functions of H3K27 demethylation in prostate carcinogenesis and tumor 
progression.

Unlike H3K27 methylation, which is catalyzed by only two methyltransferases 
EZH2 or its close homolog EZH1, H3K4 can be methylated by at least ten known 
or predicted methyltransferases. The major class of such enzymes is the Mixed 
Lineage Leukemia (MLL) family, which contains six members MLL1–4, SET1A 
and B. Like EZH2 and most histone-modifying enzymes, MLL-family methyltrans-
ferases exist in multiprotein complexes, and the most common components that are 
shared by all MLL family complexes include WDR5, RBBP5 and ASH2L [133]. 
Misregulation of MLL genes is implicated in prostate cancer development and pro-
gression. The recurrent mutations in MLL2 gene have been identified in 8.6% of 
prostate cancers [125], and somatic MLL3 mutations found in African American 
patients were associated with the aggressiveness of prostate cancer [23, 134]. In 
addition, translocation of MLL gene was found in two metastatic CRPC cases [135]. 
Besides the genetic alterations, MLL proteins together with the assisting subunits 
involve intimately in AR signaling through direct epigenetic regulation of AR target 
genes. It was demonstrated that MLL-containing complex acts as a co-activator of 
AR signaling, and that pharmacological blockage of MLL-AR axis reduces xeno-
graft tumor growth in CRPC mouse models [136]. WD repeat-containing protein 
5 (WDR5), an indispensible subunit of all MLL complexes, is upregulated in human 
prostate cancer. It directly interacts with the T11-phosphorylated histone H3 at 
AR-bound chromatin locations, then recruits MLL1 complex that leads to H3K4 
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methylation  at these sites, and subsequent transactivates AR target genes [137]. 
Using similar mechanism of action, BPTF associated protein of 18 KDa (BAP18), 
which was also shown to associate with MLL complexes, facilitates the recruitment 
of MLL1 complex to the androgen-response elements, increases the levels of active 
epigenetic marks such as H3K4me3 and H4K16ac, and therefore enhances 
AR-induced transactivation [138]. In addition to AR signaling, MLL complex was 
shown to activate the transcription of HOXA9 gene by upregulating H3K4me3 
intensity at its promoter region, which induces metastatic phenotype in prostate 
cancer cells [139]. Another integral subunit of MLL1/2 complexes, menin encoded 
by the MEN1 gene, has also been indicated in prostate carcinogenesis. Male mice 
carrying the loss-of heterozygosity of MEN1 gene developed prostate cancer, sug-
gesting a possible role of MEN1 in suppressing tumorigenesis of the prostate gland 
[140]. However, increased expression of MEN1 was also  detected in metastatic 
prostate cancer [141–143], and gain at the gene locus was shown to independently 
predict disease recurrence after radical prostatectomy [144].

Similar to adding the functional methyl onto H3K4, which is catalyzed by mul-
tiple methyltransferases, eradiation of this epigenetic mark is tightly controlled by 
groups of demethylases, such as the JARID1 subfamily proteins (e.g., JARID1A-D) 
and KDM1 family members (e.g., KDM1A and B). Among them, KDM1A, also 
known as LSD1, is the most extensively studied demethylase in prostate cancer. 
Overexpression of LSD1 was detected in prostate cancer compared with benign 
prostatic hyperplasia, which is positively correlated with high Gleason score, dis-
tant metastases and poor prognosis [145, 146]. As the demethylase for the active 
histone mark H3K4me1/2, LSD1 is expected to mediate transcriptional repression, 
and indeed, it is found to associate tightly with several corepressors such as NuRD 
complex, histone deacetylases, and CoREST, etc. [147–149]. How the role of LSD1 
as a transcriptional repressor leads to prostate cancer was best explicated by the 
discovery that LSD1 mediates AR-dependent silencing of target genes such as those 
involved in androgen synthesis, DNA synthesis and cell proliferation, including AR 
itself [150]. This was concomitant with a decrease of H3K4 methylation intensity at 
the regulatory chromatin elements of these AR-repressed genes in an androgen- 
dependent manner. Interestingly, LSD1 has also been repeatedly demonstrated to 
function as a transcriptional co-activator for AR [113, 115]. Pharmacological inhi-
bition or genetic silencing of LSD1 abrogates androgen-induced gene activation and 
prostate cancer cell proliferation. In these scenarios, LSD1 stimulates AR-dependent 
transcription by relieving the repressive histone mark H3K9 methylation. It colocal-
izes with JMJD2C, the demethylase possessing an enzymatic activity towards H3K9 
trimethylation, at AR-binding sites, where JMJD2C initiates the demethylation 
reaction followed by LSD1-catalyzed removal of remaining mono- and dimethyl-
ation marks on H3K9 [115]. Thereby, these two demethylases cooperatively stimu-
late AR-dependent gene expression. It is postulated that switch in the substrate 
specificity of LSD1 from H3K4 on AR-repressed genes to H3K9 on AR-activated 
genes may be determined by phosphorylation status of histone H3. Phosphorylation 
of H3 on threonine 11 (H3T11ph), which is catalyzed by protein kinase C-related 
kinase 1 (PRK1), increases the activities of LSD1 (mono- and dimethylation) and 
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JMJD2C (trimethylation) for H3K9 demethylation [151], while PKCβ1-induced 
phosphorylation of H3 on threonine 6 (H3T6ph) prevents LSD1 from demethylat-
ing H3K4me1/2 [152]. This is an excellent example of the close and dynamic cross-
talk among distinct epigenetic patterns in establishing specific chromatin structure 
for transcriptional regulation. Apart from engaging in AR signaling, LSD1 also con-
trols aggressive features of prostate cancer cells, such as angiogenesis, invasion and 
metastasis. This attributes to the fact that the demethylase epigenetically activates or 
represses expression of critical genes in these processes, including lysophosphatidic 
acid receptor 6 (LPAR6) and vascular endothelial growth factor (VEGF-A), etc. 
[153, 154]. Although implied, further mechanisms, such as demethylation of non- 
histone substrates, need to be explored, which likely contribute to the biological 
function of LSD1 in prostate cancer [155, 156].

Not only the above mentioned histone-modifying enzymes, many additional pro-
teins that are involved in regulation of histone methylation have been implicated 
pivotal roles in prostate cancer development and progression. For example, the levels 
of arginine methyltransferases, such as CARM1, PRMT1 and PRMT2, are elevated 
in metastatic, hormone-refractory prostate cancer [157–159], and they regulate the 
transcriptional activity of AR, which is dependent on the arginine methylation states 
of histone H3 [158–160]. Equally interesting, SET7/9, which can write monometh-
ylation on H3K4, was reported to directly methylate AR at K630 and K632, potenti-
ating transcriptional activity of the nuclear receptor and stimulating prostate cancer 
cell proliferation [161, 162]. This list of histone-methylation-regulating proteins can 
keep growing, but their precise functions in prostate cancer development and pro-
gression need to be deliberately evaluated. It is intriguing to find that a lot of these 
enzymes as well as the corresponding histone methylation marks are involved in 
control of AR activity, further supporting an indispensible role of epigenetics in reg-
ulation of central signaling axis that drives prostate carcinogenesis and tumor 
progression.

5  DNA/Histone Methylation in Prostate Cancer Diagnosis, 
Prognosis and Treatment

Although in the preliminary stage, epigenetic regulatory mechanisms are gaining 
strength and proving their potential in terms of risk assessment, diagnosis, and ther-
apy monitoring in prostate cancer. Even though the widespread application of PSA 
test has a paradigm-shifting impact on the clinical management of prostate cancer, 
this marker cannot effectively differentiate between cancer and non-cancerous con-
ditions such as prostatitis and BPH. On the other hand, there are frequent occasions 
when PSA level is detected low but prostate cancer is actually present. Both false- 
positive and false-negative results of PSA test warrant the discoveries of approaches 
with high sensitivity and specificity for early detection of prostate cancer. Epigenetic 
marks hold great promise as useful diagnostic indexes, and DNA hypermethylation 
seems to especially fulfill this mission as several features of this epigenetic 
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modification render it promising for risk assessment of prostate carcinogenesis. 
First, genome-wide and locus specific DNA methylation alterations of certain genes 
have been recurrently detected in prostate cancer. For instance, GSTP1 hypermeth-
ylation is replicated in tons of independent studies that involve more than thousands 
of prostate cancer samples [48, 163, 164]. When considered together with methyla-
tion status of other genes such as APC, the specific epigenetic mark at GSTP1 gene 
promoter can distinguish primary prostate cancer from benign tissues with sensitiv-
ity approaching 97.3–100% [47]. Second, somatic changes of DNA methylation 
pattern are usually found to occur early in prostate carcinogenesis. Acquisition of 
CpG island hypermethylation can already be detected in PIN lesion but is not or 
rarely present in BPH [49, 165]. Promoter methylation of certain genes helps dis-
criminate between cancerous and non-cancerous prostate cells during the early 
development of the disease [65, 166]. This highlights the prospective character of 
DNA hypermethylation as an early event in prostate cancer evolution, and hence 
suggests that this epigenetic signature may accurately and sensitively diagnose ini-
tial stage of the disease. Third, methylated DNA can be detected in cancer tissues 
and body fluids of prostate malignancy. Moderate or high frequencies of methyla-
tion at several gene promoters, such as RARβ2, APC, RASSF1A, and GSTP1, were 
observed in the plasma, serum and urine of patients [167, 168]. One of the biggest 
advantages of measuring DNA methylation in body fluids is that fluctuation in the 
levels of this epigenetic modification can be easily and reproducibly quantified using 
well- developed techniques like methylation-specific PCR and bisulphite sequenc-
ing. This enables the feasibility of a non-invasive molecular approach for quick 
detection of epigenetic changes associated with prostate cancer. Finally, DNA 
hypermethylation appears to be relatively stable in a defined area of the gene. 
Somatic alterations of methylation can be repeatedly spotted using specific primers 
for the particular chromatin regions of particular genes. This is in contrast to genetic 
mutations, which can take place at a wide range of sites along a gene and therefore 
be easily missed unless the whole gene is completely sequenced. Besides, DNA is 
much less susceptible to degradation than protein or RNA, and thus can be main-
tained at steady levels throughout the sampling process. Due to its relative simplic-
ity, safety and sensitivity, DNA methylation analysis has become a promising tool in 
molecular diagnostics of prostate cancer, which will substantially reduce mortality 
and unwanted tension of patients.

In addition to an impact on early detection, epigenetic marks have also been 
implicated in rapid determination of prognosis and monitor of treatment efficacy in 
advanced prostate cancer. DNA hypermethylation of several genes is found to cor-
relate with clinicopathological features of poor prognosis like late stage and high 
Gleason scores, and accurately predict patients who are likely to experience bio-
chemical recurrence [169–171]. While DNA hypermathylation can be an earlier 
event in prostate tumorigenesis, global hypomethylation and histone methylation 
seem to happen relatively late in prostate cancer and are more common in metastatic 
cases. For example, the methylation status of H4R3 positively correlates with 
increasing tumor grade and can be used to predict the risk of prostate cancer recur-
rence [106]. Loss of LINE-1 transposable elements was observed in 67% of prostate 
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tumors with lymph node metastases but in only 8% of tumors with no metastatic 
lesions [172]. More interestingly, the prognostic roles of epigenetic marks can be 
assessed in cell-free circulating tumor  DNA (ctDNA) or nucleosome (ctNUC). 
Methylated ctDNA of GSTP1 gene was found to be associated with chemotherapy 
response and overall survival of CRPC patients [173]. H3K27 trimethylation level 
in intact ctNUC discriminated metastatic prostate cancer from organ confined, 
locally controlled disease [105]. Taken together, specific epigenetic signatures, such 
as DNA methylation and histone modifications, represent a new generation of prog-
nostic biomarkers for monitoring of cancer recurrence and therapy response. 
Although still in its infancy, innovative methodology has been developed so as to 
detect and validate these epigenetic biomarkers in an efficient and sensitive way 
using materials originating from body fluids of cancer patients.

Interests in targeting epigenetic modulators for anticancer therapy have never 
been stopped. So far, six epigenetic drugs, two DNA methyltransferase (DNMT) 
inhibitors and four histone deacetylase (HDAC) inhibitors, have been approved by 
FDA for treatment of myelodysplastic syndrome, multiple myeloma and T cell lym-
phoma [174–178]. In the case of prostate cancer, pharmacological inhibition of 
DNA methylation and histone modifications show encouraging yet limited antitu-
mor activities. Several nucleoside analogues including those two FDA-approved 
DNMT inhibitors, 5-Aza-2′-deoxycytidine and 5-Azacytidine, were reported to 
suppress CRPC cell proliferation, reactivate AR signaling and induce cancer cell 
differentiation [179, 180]. Compounds that are designed to directly inhibit the enzy-
matic activity of human DNMTs like RG108 also exhibited some inhibitory efficacy 
against CRPC in vitro and in vivo [181–183]. Both types of DNMT inhibitors are 
thought to have the tumor-suppressive effects by specifically demethylating and 
reactivating tumor suppressor genes. It is indeed the case that exposure of prostate 
cancer cells to DNMT inhibitors significantly decreased promoter methylation sig-
nals of several genes, such as GSTP1, APC, RASSF1A and RARβ2, which, in gen-
eral, is concomitant with the expression restoration of these prostate cancer specific 
methylated genes [183–185]. Unfortunately, in spite of all these promising results in 
pre-clinical settings, there are only a few clinical trials testing DNMT inhibitors in 
prostate cancer patients with either modest activities or severe side effects [186, 
187]. A panel of small molecule inhibitors of the enzymes that regulate histone 
methylation is currently under intensive evaluation to assess their anticancer effec-
tiveness. Compounds that selectively disrupt the catalytic sites of EZH2 are thought 
to hold great promise for treatment of prostate cancer. The very original prototype 
of EZH2 inhibitors is 3-dezaneplanocin-A (DZNeP), which later turned out to be a 
pan-HMT inhibitor [188]. DZNeP downregulates EZH2  protein, decreases the 
overall levels of H3K27me3, and therefore de-represses several tumor suppressor 
genes that are epigenetically silenced by PRC2 complex [104, 189, 190]. Exposure 
of prostate cancer cells to DZNeP resulted in cell cycle arrest, blocked prostato-
sphere formation, and diminished invasion capacity of the cancer cells [189]. More 
interestingly, this compound significantly reduced the expression of cancer stem 
cell markers and therefore abrogated self-renewal ability [189]. More specific inhib-
itors of EZH2 methyltransferase activity were recently developed, like GSK126, 
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EPZ-6438, etc. [191–193]. These drugs all demonstrated dose dependent inhibition 
of H3K27me3 without triggering EZH2 protein degradation. Intriguingly, both 
H3K27me3-dependent and -independent functions of EZH2 were indicated in medi-
ating the antitumor effects of EZH2 inhibitors, hence the mechanism of drug action 
in prostate cancer cells needs further investigation [194]. Currently, there are no 
clinical studies involving EZH2 inhibitors in prostate cancer. Another group of 
 epigenetic drug precursors that have been extensively studied thus far is the inhibi-
tors of histone demethylase LSD1. Because LSD1 catalyzes lysine demethylation 
via an FAD-dependent monoamine oxidase (MAO) mechanism, majority of cur-
rently available compounds targeting LSD1 are actually non-selective MAO inhibi-
tors, which include pargyline, tranylcypromine and phenelzine, etc. Pargyline 
blocked LSD1-catalyzed demethylation of H3K9 in prostate cancer cells, and sub-
sequently inhibited AR-dependent transcription [113]. Furthermore, this LSD1 
inhibitor reduced migration and invasion ability of prostate cancer cells and retarded 
the epithelial-mesenchymal transition (EMT) process in vitro and in vivo [195]. 
Inhibition of LSD1 by pargyline and tranylcypromine suppressed proliferation of 
both androgen-responsive and androgen-independent prostate cancer cells in a 
dose- and time-dependent manner [154]. However, in another independent study, 
pargyline treatment induced cell cycle arrest, whereas tranylcypromine had no 
effect or even promoted proliferation of prostate cancer cells [196]. The conflicting 
findings prompted comprehensive research on LSD1 function in prostate cancer and 
urged the generation of more specific inhibitors of the histone demethylase activity. 
Indeed, several highly selective LSD1 inhibitors have been identified recently, such 
as NCL-1, HCI-2509 and namoline [197–199]. All of these potent, reversible and 
selective LSD1 inhibitors suppressed the androgen-independent growth of CRPC 
cells in vitro and in vivo, with no apparent adverse effects [198–200]. Pan- 
demethylase inhibitors have also been designed and synthesized, which can simul-
taneously inhibit both families of KDMs, KDM1 and JmjC-containing demethylases. 
Several of these compounds caused growth arrest and substantial apoptosis in can-
cer cells including prostate, but had little effects on nonmalignant cells [201]. 
Finally, two clinical trials are currently being conducted with the non-specific LSD1 
inhibitor phenelzine sulfate, either alone in treating patients with relapsed prostate 
cancer that has not metastasized (NCT02217709) or in combination with docetaxel 
to treat patients with progressive prostate cancer after first-line therapy with 
docetaxel (NCT01253642). Tremendous efforts are ongoing to screen for com-
pounds that target other epigenetic enzymes involving in regulation of histone meth-
ylation. For example, selective (e.g., BIX01294, UNC0638 and A-366, etc.) and 
non-selective (e.g., chaetocin) inhibitors of euchromatic histone methyltransferase 
2 (EHMT2, also known as G9a), the HMT that is primarily responsible for H3K9 
dimethylation, have been identified [202–205]. Unfortunately, although they effi-
ciently reduce H3K9me2 in prostate cancer cells, their effects on the development 
and progression of the disease are quite obscure. CARM1 (PRMT4), the protein 
arginine methyltransferase that methylates H3 on arginines 2, 17, and 26, has been 
implicated as a transcriptional coactivator of AR signaling [158, 159], and therefore 
several pharmacological inhibitors of CARM1, such as the 1-benzyl-3,5-bis(3- 
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bromo- 4-hydroxybenzylidene)piperidin-4-one and its analogues, dramatically 
reduced AR transcriptional activity in a dose-dependent fashion [206]. Additionally, 
a small molecule inhibitor that dissociates the menin-MLL HMT complex blocked 
AR signaling and prevented the growth of castration resistant tumors in vivo [136].

Overwhelming evidence supports the idea that solid tumors, such as prostate 
cancer, may well respond to epigenetic drugs targeting DNA methylation or histone 
modifications. However, the lack of success in clinical trials testing these drugs in 
prostate cancer raises the concerns about their potencies, specificities, and side 
effects. Further work is warranted in order to gain deeper understanding of the 
global patterns of these epigenetic modifications, such as DNA methylation and 
histone methylation, during prostate carcinogenesis and tumor progression. 
Increased insights into these epigenetic regulatory mechanisms will definitely foster 
successful clinical applications of these epigenetic modifications as biomarkers of 
cancer diagnosis and risk stratification, in predicting a patient’s response to therapy 
or providing alternative treatment options for prostate cancer.
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Abstract A number of epigenetic alterations occur during carcinogenesis, and inacti-
vation of tumor suppressor genes is a major determinant of cancer development. 
Hypermethylation of tumor suppressor genes, histone modification, DNA methylation 
are major epigenetic alteration in cancers. These alterations may cause a change in gene 
expression in cells as well as in secretory factors, which include proteins and nucleic 
acid. Aberrant miRNA expression associated with promoter methylation has been found 
in body fluids such as plasma and serum, and liquid biopsy can therefore be used to 
identify significant biomarkers in the early detection of cancer. In addition, telomeres are 
a key regulator of chromosome stability in cancer. Epigenetic modification by histone 
methylation is associated with the maintenance of telomere length. This maintenance is 
essential for cancer to maintain an immortal phenotype. Telomeric repeat-containing 
RNA (TERRA) is also a regulator of epigenetic modification. In this review, we describe 
recent advances in our understanding of epigenetic regulation in cancers, including 
DNA and histone modifications, as well as regulation by non-coding RNAs.

Keywords Senescence • MicroRNA • Telomere • Stem cell • Liquid biopsy • 
Cancer diagnosis • Histone modification

1  Epigenetic Changes as Biomarkers for Cancer Diagnosis

1.1  Altered and Hypermethylation of Tumor-Suppressor Genes

DNA methylation occurs in cytosines that precede a guanine nucleotide (CpG) in 
DNA. CpG-rich regions, known as CpG islands, are distributed in the regulatory 
region of many genes [1]. Abnormal DNA hypermethylation at CpG islands of gene 
promoters contributes to tight transcriptional silencing of many genes in cancer [1]. 
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In 1989, epigenetic silencing was first reported to be associated with retinoblastoma 
protein (RB) [2, 3], known as a tumor suppressor gene [4–6]. RB plays an important 
role in negative control of the cell cycle and in cancer progression [7]. These find-
ings suggest that epigenetic pathways play an important role in tumor-suppressor 
gene silencing. In addition to RB, several groups have reported that hypermethyl-
ation of other tumor-suppressor genes is associated with epigenetic gene inactiva-
tion in cancer [8, 9]. For example, CDKN2A, which encodes two proteins 
[10]  – p16INK4a, a cyclin-dependent kinase inhibitor, and the alternative reading 
frame (ARF) – is associated with dense CpG methylation of its promoter regions in 
cancer [8, 9]. Hypermethylation in the CpG island occurs early in tumorigenesis 
and leads to transcriptional silencing of CDKN2A. On the other hand, Serrano et al., 
reported that p16INK4a and ARF function to suppress tumor development [11], and 
that both p16INK4a and ARF were induced by constitutive activation of the oncogenic 
Ras signaling pathway, and lead to premature cell senescence associated with acti-
vation of p53 and RB [12]. In addition, the relationship between tumor-suppressor 
activity and DNA methylation was demonstrated by the potency of demethylating 
drugs or by gene silencing of DNA methyltransferases (DNMTs) [13–15]. These 
early studies reveal that CpG-island methylation as well as cancer-specific mutation 
play an important role in tumor-suppressor gene silencing in tumorigenesis. Hence, 
it has been recognized that tumor-suppressor genes protect tumor development. In 
fact, tumor-suppressor genes such as p16INK4a, ARF, p53, and RB have been found 
to be disable in many tumor types [10].

1.2  Histone Modification Connected to DNA Methylation 
in Tumor Suppressor Genes

DNA methylation changes have been associated with other epigenetic changes, 
such as histone modification, to maintain the silent epigenetic state. The develop-
ment of genomic technologies has revealed a link between DNA and histone meth-
ylation events over the last few years. These technologies, particularly next-generation 
sequencing (NGS) and chromatin immunoprecipitation (ChIP), have generated 
comprehensive maps of DNA and histone methylation, and uncovered the recruit-
ment of protein complexes to methylated DNA and modified histones [16]. In 
human cancer, DNA methylation profiles with ChIP-Seq data for histone methyla-
tion have indicated a correlation between cancer-associated DNA methylation and 
genes marked with histone methylation [17, 18]. These genes are marked by biva-
lent histone modifications, namely trimethylation of histone H3 lysine 4 (H3K4me3), 
which is strongly associated with transcriptional activation, and trimethylation of 
histone H3 lysine 27 (H3K27me3), which is frequently associated with gene silenc-
ing. For example, H3K27me3 occurs with gene silencing of the CDKN2A tumor 
suppressor in cancer cells [19–23]. In addition, de novo DNA hypermethylation is 
mediated by the presence of H3K27me3 [24]. This evidence suggests the presence 
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of crosstalk between histone modification and DNA methylation. While it is possi-
ble to detect tumor-associated alterations in histone modifications for cancer diag-
nosis, assessment of histone modifications in cancer diagnosis remains technically 
challenging compared with the diagnostic potential of DNA methylation [25]. 
Because histone modifications have been shown to be more dynamic and unstable, 
their assessment using antibodies is more difficult to apply in cancer diagnosis.

1.3  Advantage of Aberrant DNA Methylation in Cancer 
Diagnosis

Aberrant DNA methylation and genetic mutation in tumor-suppressor genes is rec-
ognized as an important cause of tumor formation and progression [26]. DNA meth-
ylation changes have been associated with the alteration of gene expression in some 
tumor-suppressor genes, suggesting that aberrant DNA methylation can be exploited 
in cancer diagnosis. DNA methylation-based diagnostic techniques present advan-
tages over genetic mutational analysis in cancer diagnosis. In many types of can-
cers, DNA hypermethylation occurs more frequently at CpG islands, facilitating 
detection compared with genetic mutations and allowing higher sensitivity in the 
assessment of cancer risk and cancer diagnosis [25, 27, 28]. Moreover, the diagnos-
tic use of genetic mutation is limited by the low frequency of point mutations, mak-
ing them technically complicated to detect. In marked contrast, changes in 
methylation of circulating tumor DNA (ctDNA) in blood can be reliably identified 
by commonly used techniques, such as the methylation-specific PCR (MSP) 
method. This method converts unmethylated cytosines to uracil by sodium bisul-
phite treatment of DNA, and analyses the modified DNA using either specific PCR 
with primers for methylated and unmethylated DNA, or DNA sequencing. As an 
example, the diagnostic potential of DNA methylation in the vimentin gene in 
plasma or stool has been well studied in human colorectal cancer [29, 30]. In addi-
tion, cancer-specific DNA hypermethylation has been detected in fluids, including 
blood, stool, saliva and urine (Table 1) [91, 92]. Detection of methylated ctDNA in 
fluids might serve as a liquid biopsy, which would be useful in assessing cancer risk 
and cancer diagnosis.

1.4  Liquid Biopsy and Epigenetics

Although epigenetic alterations are events in the nucleus, there are evolving 
approaches to diagnosing such abnormalities with minimally invasive methods, 
such as liquid biopsy.

Liquid biopsy requires body fluid samples such as blood, plasma, serum, urine, 
saliva, and cerebrospinal fluid, and does not use affected tissue area or cell samples 

DNA and Histone Modifications in Cancer Diagnosis



536

Table 1 Detectable circulating tumor DNA methylation in fluid

DNA source Genes References

Bladder Plasma
Serum
Urine

CDKN2A (ARF and INK4A)
CDKN2A (INK4A)
RARB(RAR-β), DAPK1, CDH1(E-
cadherin), and CDKN2A (INK4A)

[31]
[32]
[33]

Breast Plasma
Serum
Plasma
Serum
Serum
Plasma

Ductal lavage fluid

CDKN2A (INK4A)
RASSF1A
RASSF1A and HIC-1
MDR1
BRCA1, MGMT, and GSTP1
RASSF1A, RARB (RAR-β), and 
HIC-1
RARB (RAR-β), CCND2 (cyclin D2), 
and TWIST

[34, 35]
[36]
[37]
[38]
[39]
[40]

[41]

Cervical Plasma
Serum

FHIT and CDH1(E-cadherin)
CALCA, hTERT, MYOD1, PGR, and 
TIMP3

[42]
[43]

Colorectal Plasma
Plasma/serum
Plasma
Serum

SEPT9
CDKN2A (INK4A)
ALX4, SEPT9, and TMEFF2
MLH1

[44, 45]
[46–48]
[49]
[50]

Liver Serum
Plasma/serum

Serum
Plasma/serum

RASSF1A
CDKN2A (INK4A) and CDKN2B 
(INK4B)
GSTP1
CDKN2A (INK4A)

[51]
[52]

[53]
[54]

Lung Plasma
Sputum/plasma
Plasma
Serum

Plasma/serum
Sputum
Bronchoalveolar lavage 
fluid
Sputum
Sputum

CDKN2A (INK4A)
CDKN2A (INK4A)
SFN(14-3-3σ)
CDKN2A (INK4A), GSTP1, MGMT, 
and DAPK1
APC
CDKN2A (INK4A)
CDKN2A (INK4A)

CDKN2A (INK4A) and MGMT,
CDKN2A (INK4A), MGMT, DAPK1, 
and RASSF1A

[55–58]
[59]
[60]
[61]

[62]
[63, 64]
[64, 65]

[66]
[67]

Lymphoma Plasma CDKN2A (INK4A) [68]
Melanoma Serum

Serum
RASSF1A and RARB2(RAR-β2)
RASSF1A, MGMT, and 
RARB2(RAR-β2)

[69]
[70]

Ovarian Plasma

Peritoneal fluid

BRCA1, PGR, HIC1, PAX5, and 
THBS1
TIMP3, CDH1, CDH13, APC, 
PPP1R13B, HSPA2, HSD17B4, 
ESR1, GSTP1, CYP1B1, BRCA1, 
MYOD1, SOCS1, TITF1, and 
GSTM3

[71]

[72]

(continued)
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directly. The noninvasive character of most of these enables the use of liquid biopsy 
in healthy persons to predict cancer risk; in pre- or less-symptomatic patients to 
detect early-stage cancer; pre-treatment patients to predict therapeutic efficacy; 
patients under treatments to test therapeutic effects; and post-treatment patients to 
detect cancer recurrence. Cancer cells and their microenvironment secrete cancer-
specific small molecules, peptides, proteins, lipids, and nucleic acids into body flu-
ids. DNA and histone modification-related molecules are no exception.

1.5  Nucleic Acids for Liquid Biopsy

Nucleic acids circulating in body fluids, including free, protein-bound and vesicle-
contained nucleic acids (exosomes, microvesicles and apoptotic bodies etc.), are 
also potent biomarkers for cancer diagnosis. Circulating nucleic acids in plasma/
serum were first reported in 1948 [93]. Circulating DNAs with oncogenic mutation, 
mutated K-ras gene and mutated N-ras gene, were found in 1994 and are the first 
convincing evidences of the existence of cancer-derived nucleic acids in body fluid 
[94, 95]. Cancer-related circulating RNAs were not discovered for another 5 years. 
Kopreski et al. detected tyrosinase mRNAs in the cell-free serum of a patients with 
malignant melanoma [96], while Lo et al. detected Epstein-Barr virus (EBV) cod-
ing RNAs from the plasma of patients with nasopharyngeal carcinoma [97].

Table 1 (continued)

DNA source Genes References

Pancreatic Plasma

Plasma

CCND2, DAPK1, ESR1, HMLH1, 
MGMT, MUC2, MYOD1, CDKN2B, 
CDKN1C, PGK1, PGR, 
RARB(RAR-β), RB1, and SYK
CCND2, SOCS1, THBS1, PLAU, 
and VHL

[73]

[74]

Prostate Plasma and urine
Plasma/serum, urine, 
and ejaculate
Serum
Serum

Blood

Ejaculate
Urine
Biopsy lavage fluid

GSTP1
GSTP1

GSTP1
RASSF1, RARB2(RAR-β2), and 
GSTP1
GSTP1, RASSF1A, APC, and 
RARB(RARβ)
GSTP1
GSTP1
GSTP1

[75, 76]
[77, 78]

[79]
[80]
[
81]

[82]
[83, 84]
[85]

Esophageal Plasma
Serum

APC
CDKN2A (INK4A)

[86]
[87]

Head and neck Serum

Plasma
Saliva

DAPK1, MGMT, and CDKN2A 
(INK4A)
DAPK1
DAPK1, MGMT, and CDKN2A 
(INK4A)

[88]

[89]
[90]
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Serum DNA reflects the DNA methylation status of cancer cells. Methylation of 
the transmembrane protein containing epidermal growth factor and follistatin 
domains (TPEF) gene locus was detected in peripheral blood from colorectal tumor 
patients [98]. Fujiwara et al. detected methylation of serum DNA derived from the 
promoter region of tumor suppressive genes such as MGMT, p16INK4a, RASSF1A, 
DAPK and RAR-β from lung cancer patients [99]. Since promoter methylation leads 
to low promoter activity, serum DNA is expected to be a novel cancer diagnostic 
tool. DNA hypomethylation is not limited to specific tumor suppressive genes. 
Shotgun massively parallel bisulfite sequencing in 2013 revealed the cancer-type 
independent genome-wide hypomethylation of plasma DNA [100]. Genome-wide 
hypomethylation was observed in plasma DNA from hepatocellular carcinoma 
(HCC), breast cancer, lung cancer, nasopharyngeal cancer, smooth muscle sarcoma 
and neuroendocrine cancer patients. Analysis in 26 HCC patients versus 32 healthy 
subjects gave 81% sensitivity and 94% specificity for HCC detection.

Plasma RNA expression levels are also linked with the epigenetic status of can-
cer cells. Plasma EBV coding RNA is associated with epigenetic changes in host 
nasopharyngeal carcinoma cells [97]. EBV is a double stranded DNA (dsDNA) 
virus which causes mononucleosis and is also associated with wide range of can-
cers. EBV keeps its virus genome in the host cell as episomal circular dsDNA and 
silences its lytic genes by promoter CpG methylation [101]. EBV also modifies 
DNA methylation of host genome DNA and alters gene expression pattern of the 
host cell [102]. In EBV latency, promoter regions of host genomic DNA are also 
highly methylated. The tumor-suppressor gene promoters CDH1, p14 and p16 are 
densely methylated in EBV-associated gastric carcinoma [103–105].

Circulating noncoding RNA (ncRNA) such as microRNA (miRNA) and long 
ncRNA (lncRNA) is another potent epigenetic RNA biomarker for cancer diagno-
sis. miR-155 expression is regulated by miR-155 promoter methylation in cancers, 
including chronic lymphocyte leukemia (CLL) [106–110]. High expression of 
plasma miR-155 is a potent prognostic marker which predicts the response to che-
motherapy and overall survival of CLL patients [111]. Plasma miR-155 is secreted 
within microvesicles derived from leukemia cells or platelets. Cellular miR-155 
levels are elevated in early-stage CLL cells and involved in the transition of mono-
clonal B lymphocytosis (MBL) to CLL. The expression of cellular and plasma miR-
155 levels may be regulated in the early stage of cancer progression and their DNA 
and histone methylation status are associated with miR-155 expression. The next 
section describes the aberrant expression of miRNA in cancer in detail.

Circulating lncRNAs are also detected in body fluids. In 2004, a lncRNA, dif-
ferential display code 3 prostate cancer associated 3 (DD3PCA3), was detected in the urine of 
patients with prostate cancer [112]. This discovery has lead to the challenge to find 
lncRNA biomarkers for cancer diagnosis. Numerous lncRNAs are associated with 
DNA and histone modifications. Conversely, lncRNA expression is often regulated 
by these epigenetic changes. Liquid biopsy lncRNA markers that reflect epigenetic 
changes are waiting to be discovered.

The mechanisms by which circulating nucleic acids are protected from degradation 
are still under investigation. Initially, the source of these nucleic acids was considered 
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to be dead cancer cells and cancer-surrounding cells. It is natural to consider apoptotic 
bodies as stable sources of circulating nucleic acids [113]. In 2007, Valadi et  al. 
reported that the transfer of circulating RNAs was mediated by exosomes, termed 
endosome-originated secreted vesicles [114]. This finding shed light on the nature of 
circulating nucleic acids as not only fragments of dead cells but also as intercellular 
communication tools. Circulating nucleic acids are potential biomarkers of the epigen-
etic status of the originating cells and might also reflect the condition of the recipient 
cells.

1.6  Other Epigenetic Markers for Liquid Biopsy

A number of examples of epigenetic-related protein markers for liquid biopsy in the 
diagnosis of cancer are available. Histone modifications within circulating nucleo-
somes are proposed as possible biomarkers [115, 116]. Histones make a complex 
with DNA to form a nucleosome. Histones within nucleosomes have N-terminal 
amino acid tails which are post-translationally methylated, acetylated and phos-
phorylated. These histone modifications change nucleosome folding into hetero-
chromatin or euchromatin to control gene expressions coded in the chromatin 
region. Histone modifications such as H3K9me3 and H4K20me3 ratio changes are 
observed in many types of cancer cell. Nucleosomes with modified histones are 
secreted into and circulate in plasma/serum collected from colorectal cancer or 
breast cancer patients [115, 116].

Liquid biopsy test using plasma nucleic acids is already in clinical use. In June 
2016, the US Food and Drug Administration (FDA) approved the first blood-based 
genetic liquid biopsy test for non-small cell lung cancer (NSCLC). The presence of 
a specific mutation in the epidermal growth factor receptor (EGFR) gene in plasma 
DNA indicates eligibility for erlotinib treatment. Although liquid biopsy techniques 
based on epigenetic changes are still in the developmental stage, the numerous stud-
ies to date, a few of which are introduced above, will enable their practical 
applications.

2  Aberrant Expression of microRNA in Cancer: Diagnosis 
of Liquid Biopsy

2.1  Biogenesis and Function of miRNA

MicroRNAs (miRNAs) are endogenous small non-coding RNAs which regulate tar-
get genes by degrading mRNA or repressing translation of mRNA. In 1993, the first 
functional small non-coding RNA, lin-4, was reported to regulate the development 
of C. elegans by repressing its target, LIN-14 [117]. Since this discovery, many 
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miRNAs have been identified. 35,828 mature miRNAs in 223 species, including C. 
elegans, mouse and human, are currently stored in miRNA database miRBase 
(Release 21; June 2014, http://www.mirbase.org), including 2585 mature human 
miRNAs. The sequences of miRNAs are well-conserved among various species in 
eukaryotes [118]. Moreover, several miRNAs are expressed in a tissue-specific 
manner: examples include miR-1 and miR-133, which are expressed in skeletal and 
cardiac muscle, and miR-122 and miR-124, which are expressed in liver and brain, 
respectively [119]. miRNAs have accordingly received attention as key effectors of 
biological processes.

MiRNAs are transcribed by RNA polymerase II as primary miRNAs (pri-miR-
NAs), which are long form of transcripts. These are then cleaved by a microproces-
sor complex consisting of the RNase III enzyme Drosha and the double-strand RNA 
binding protein DGCR8 in the nucleus. This leads to the generation of precursor 
miRNAs (pre-miRNAs) of 60–70 nt in length. Pre-miRNAs are exported from the 
nucleus to the cytoplasm by Ran-GTP-dependent RNA binding protein Exportin-5, 
wherein the RNase III enzyme Dicer processes pre-miRNAs to approximately 22 nt 
double-strand mature miRNAs. The guide strand of mature miRNA is distinguished 
from the passenger strand, and selectively incorporated into the RNA-induced 
silencing complex (RISC) [120]. RISC specifically bind the 3′ untranslated region 
(3′ UTR) of target mRNA, resulting in the suppression of translation with or with-
out the cleavage of target mRNA [121]. As many miRNAs bind partially comple-
mentary sequences on the target mRNAs, one miRNA could target multiple genes, 
and one mRNA could be targeted by several miRNAs [122]. Accordingly, miRNAs 
are thought to regulate various genes through concomitant translational suppression 
of multiple target genes; indeed, a study using an algorithm to predict miRNA tar-
gets reported the targeting of one-third of genes in the human genome [123, 124]. In 
addition, a recent study showed that miRNAs bind not only 3′ UTR but also 5′ UTR 
and CDS of target mRNAs [125, 126]. Thus, miRNA has more target genes than 
predicted. Thus, miRNAs appear to be involved in various biological processes, 
including development, differentiation and apoptosis [122], and the changes in 
miRNAs expression are thought to be associated with various diseases, such as 
cancer, diabetes, and neurological disorders.

2.2  Alteration of miRNA Expression in Cancers

In fact, aberrant miRNA expression has been revealed in human cancer. Calin dem-
onstrated that miR-15 and miR-16, located at human chromosome 13q14, were 
deleted or down-regulated in B cell chronic lymphocytic leukemia. Moreover, both 
miRNAs exert tumor suppressor function by targeting genes associated with apop-
tosis and cell cycle [127]. Following this finding, abnormal expression profiles of 
miRNAs were shown in various cancer cell lines, in which one cluster of miRNAs, 
the miR-17-92 polycistron, was amplified and involved in tumorigenesis [128]. It 
was revealed that the expression level of miR-21 was elevated in glioblastoma 
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tissues, and that knockdown of miR-21 triggered activation of caspases, leading to 
apoptosis [129]. In contrast, it was also reported that some miRNAs were decreased 
in cancer; for example, expression of let-7 was decreased in lung cancer, and over-
expression of let-7 in lung cancer cells inhibited cancer cell proliferation [130]. In 
addition, several lines of evidence revealed that miR-34a was reduced in various 
cancers and that it had the ability to suppress cancer cell growth by inducing apop-
tosis or senescence [131–133]. Intriguingly, expression of miR-34a is activated 
directly by p53 tumor suppressor protein [134]. In this way, some miRNAs function 
as oncogenic genes and are up-regulated in cancer cells  – these are called 
“OncomiRs” – whereas conversely, other miRNAs function as tumor suppressors 
and are down-regulated in cancer cells. These latter miRNAs are called “Tumor 
Suppressor miRNAs”. These studies suggest that the aberrant expression of miRNA 
is associated with diseases, included cancer.

2.3  Epigenetic Regulation of miRNAs

As described above, abnormal expression of miRNAs is associated with cancer pro-
gression. What then is involved in the abnormal expression of miRNAs in cancer? 
As summarized in Table 2, aberrant expression of miRNAs is partly caused by a 
single nucleotide polymorphism (SNP) in miRNA sequence, copy number variation 
(CNV) and epigenetic change. Examples of the major causes are shown below.

2.3.1  Single Nucleotide Polymorphisms

A SNP is a variation in a single nucleotide, occurring at a specific position in the 
genome sequence among human beings, and generally associated with differences 
among individuals. Since they approximately occur once in every 300 nucleotides, 
they are also found in genomic regions which include miRNA genes, resulting in 
the aberrant expression of miRNAs. Polymorphisms in genomic sequences encod-
ing pri-miRNAs might affect their secondary stem-loop structures and alter pri-
miRNA stability, leading to changes in the efficiency of miRNA processing. SNP 
rs531564, a C/G polymorphism in the genomic sequence encoding pri-miR-124, 
affects its secondary structure and processing efficiency, and the expression level of 
the mature form of miR-124 is consequently upregulated [183]. In addition, SNPs 
in the promoter region of miRNA genes affect the transcriptional regulation of pri-
miRNAs. Dysregulated miR-107 in gastric adenocarcinomas is caused by an SNP 
in the promoter region of miR-107 [155]. Moreover, SNPs in miRNA processing 
genes are associated with the efficiency of miRNA biogenesis [184]. These findings 
indicate that the SNPs occurring in miRNA genes affect not only their biogenesis 
but also their function.
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Table 2 Epigenetic alteration of miRNA in cancers

Cancer types miRNA Epigenetic regulation References

Glioblastoma miR-214, miR-328 and 
miR-1224-3p

Promoter methylation [135]

miR-181c Promoter methylation [136]
miR-200a/b and miR-429 Promoter methylation and 

H3K27 tri-methylation
[137]

miR-142-3p Promoter methylation [138]
Head and neck miR-10b H3K79 mono-methylation [139]

miR-137 and miR-196a Promoter methylation [140, 141]
Breast miR-181a/b, miR-200a/b/c 

and miR-203
H3K9 and H3K27 
tri-methylation

[142]

miR-200a/b/c Promoter demethylation [143]
miR-205 SNP [144]
miR-125b-1 H3K9 and H3K27 

tri-methylation
[145]

miR-29c Promoter methylation [146]
miR-146b Promoter methylation [147]
miR-31 Promoter methylation [148]
miR-335a/b CNV [149]

Lung miR-139 Histone methylation [150]
miR-205 SNP [144]
miR-373 Histone deacetylation [151]
miR-200b Histone deacetylation [152]
let-7a-3 Promoter demethylation [153]

Gastric miR-30b-5p Promoter methylation [154]
miR-107 SNP [155]
miR-23a, miR-27a, miR-24-2 
and miR-181c/d

CNV [156]

miR-196b Promoter demethylation [157]
miR-181c Promoter methylation [158]

Liver miR-101 Histone methylation [159]
miR-148a Promoter methylation [160]
miR-191 Promoter demethylation [161]

Pancreatic miR-132 Promoter methylation [162]
miR-124 Promoter methylation [163]
miR-615 Promoter methylation [164]
miR-506 Promoter methylation [165]

Colorectal miR-9, miR-129 and 
miR-137

Histone deacetylation [166]

miR-34b/c Promoter methylation [167]
miR-612 SNP [168]

(continued)
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2.3.2  Copy Number Variation

CNV is an alteration in the copy number of a genomic region, wherein some regions 
are duplicated and others deleted. Alterations in the copy number of genomic 
regions which include miRNA genes is reported to affect expression levels of miR-
NAs. When the genomic loci corresponding to 186 miRNAs were mapped on the 
human genome and compared with nonrandom genomic alterations, 52.5% of 
miRNA gene loci were associated with genomic regions altered in cancer, many of 
which were found to be located in the deleted regions in cancer cells and reduced in 
their expression levels in cancer samples [185]. For example, miR-15 and miR-16 
are located at human chromosome 13q14, which is frequently deleted in B-CLL and 

Table 2 (continued)

Cancer types miRNA Epigenetic regulation References

Prostate miR-181a/b, miR-200a/b/c 
and miR-203

Histone methylation [142]

miR-29a and miR-1256 Promoter methylation [169]
miR-612 SNP [168]
miR-205 Promoter methylation [170]
miR-31 H3K27 tri-methylation [171]

Ovarian let-7a-3 Promoter methylation [172]
miR-182, miR-103, miR-140, 
miR-184 and miR-15

CNV [173]

miR-337, miR-432, miR-495, 
miR-368, miR-376a/b, 
miR-337 and miR-419

Promoter methylation [173]

miR-29 Promoter methylation [174]
Cervical miR-432, miR-1286, 

miR-641, miR-1290, 
miR-1287 and miR-95

Promoter methylation [175]

miR-155 SNP [176]
miR-23b Promoter methylation [177]

Leukemia miR-15 and miR-16 CNV [127]
miR-31 H3K9 and H3K27 

tri-methylation
[178]

miR-9-2, miR-124-2, 
miR-129-2, miR-551b and 
miR-708

Promoter methylation [179]

miR-21, miR-29a/b-1, 
miR-34a, miR-155, miR-574 
and miR-1204

Promoter demethylation [179]

miR-203 Promoter methylation [180]
Lymphoma miR-17-92 cluster CNV [128]

miR-29 Histone deacetylation and 
tri-methylation

[181]

miR-155 Promoter demethylation [182]
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associated with tumorigenesis, so that expression levels of miR-15 and miR-16 are 
down-regulated. In contrast, amplification of human chromosome 19p13.13, which 
includes loci of five miRNAs (miR-23a, miR-27a, miR-24-2, miR-181c and miR-
181d), was observed in gastric cancer, and up-regulation of these miRNAs pro-
moted their proliferation [156]. These findings suggest that aberrant expression of 
miRNA resulting from CNVs is closely associated with cancer progression.

2.3.3  Epigenetic Change

Aberrant expression of miRNAs is associated with alteration of epigenetic regula-
tion, which also affect miRNAs. The best-known factors in epigenetic regulation are 
DNA and histone modifications. For example, the DNA methylation involved in 
gene silencing is associated with downregulation of miRNA expression in cancer 
cells. Hyper-methylation of CpG islands in the promoter region of let-7a-3 was iden-
tified in epithelial ovarian cancer, resulting in down-regulation of let-7a-3 [172]. 
Similarly, miR-137 and miR-193a located around these CpG islands were silenced 
by DNA hyper-methylation in oral cancer, and these miRNAs were identified as 
tumor suppressors [140]. On the other hand, expression levels of miRNAs were 
upregulated by hypomethylation of CpG islands in their promoter regions. Expression 
levels of miR-196a and miR-196b are relatively low in normal lung and stomach 
tissues, but highly expressed in non-small cell lung carcinoma and gastric cancer cell 
lines due to the lack of methylation in the promoter region. Moreover, hypomethyl-
ation in the promoter region of miR-196 was observed in gastric cancer [157].

DNA methylation is regulated by DNA methyltransferases (DNMTs) and Ten-
eleven translocation methylcytosine dioxygenases (TETs). The MiR-29 family (miR-
29a, 29b and 29c) is known to directly target both DNMT3A and DNMT3B. In lung 
cancer, down-regulation of miR-29s were observed, and DNMT3A/3B mRNA expres-
sion was accordingly upregulated [186]. Moreover, DNMT3A/3B was recently shown 
to suppress miR-29b expression through methylation of the CpG island in the pro-
moter region. As a consequence, miR-29 and DNMT3A/3B reciprocally affect their 
expression levels [174]. In addition, miR-22 suppresses expression of the TET family, 
which is associated with DNA demethylation, resulting in downregulation of mir-200 
through lack of demethylation of the promoter region of the mir-200 gene [143].

Histone modifications are another example of epigenetic regulation. These occur 
via acetylation, methylation, phosphorylation, etc. For instance, histone deacety-
lation promoted by HDAC downregulated expression levels of miR-9, miR-129 and 
miR-137. HDAC1 is suppressed by miR-449a, resulting in cell cycle arrest [166, 
187]. In addition, histone deacetylation of the promoter region in the miR-29 gene 
was enhanced though binding of c-myc through a corepressor complex with HDAC3 
and EZH2, resulting in silencing of miR-29 expression. Moreover, HDAC3 and 
EZH2 are regulated by miR-494 and miR-26a, respectively [181]. Together, these 
findings indicate that aberrant expression of miRNAs could alter DNA and histone 
modifications, leading to repression of miRNA expression, and that epigenetic regu-
lation is deeply involved in the regulation of miRNA expression.
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2.4  Detection of Aberrant miRNA Expression for Cancer 
Diagnosis

Expression profiles of miRNA are unique in each tissue, enabling the detection of a 
cancer’s tissue of origin [188]. Moreover, expression profiles of miRNA reflect the 
developmental lineage and differentiation state in various cancer types, and expres-
sion levels of various miRNAs are globally down-regulated in tumors compared 
with normal tissues [189]. These findings indicate that aberrant expression profiles 
of miRNA are a biomarker for cancer detection. Furthermore, it was revealed that 
miRNAs exist not only inside but also outside cells in almost all body fluids con-
taining serum, plasma or urine [190–192]. In the first study of the miRNA profile in 
serum, miR-21 level was higher in serum from patients with B-cell lymphoma than 
from healthy controls, and a high level of miR-21 was associated with relapse-free 
survival [190]. By contrast, miR-21 level is up-regulated in the activated B cell-like 
subtype of B-cell lymphoma [193]. These studies indicate that the miRNA profile in 
serum does not necessarily reflect the cellular profile of miRNA expression. 
Aberrant miRNA profiles in body fluids might therefore be biomarkers for the diag-
nosis, progression, prognosis, and prediction of therapeutics effects in several dis-
eases, including cancer. As reviewed by Kosaka et al., various miRNAs, including 
miR-21, have been revealed as biomarkers for the early diagnosis for cancer [194]. 
Recent reports of miRNA profiles in body fluids are summarized in Table  3. 
Additionally, it has been noted that the combination of miRNA levels in serum 
would represent a more sensitive, specific and accurate biomarker for cancer diag-
nosis than the single miRNA level [237]. Non-invasive diagnosis using miRNA 
profiles in body fluids is therefore expected to find practical applications.

3  Association of Epigenetic Alterations in Telomeres 
with Expression of TERRA and Telomerase

3.1  Relationship Between Telomere Length and Epigenetic 
Modification

In eukaryotes, chromosome ends are composed of tandem repeat DNA sequences 
known as telomeres, which protect them from inappropriate DNA transactions. 
Telomeres have epigenetic marks of constitutive heterochromatin, and play a key 
role in chromosome stability (Fig.  1). In mammals, telomeric and subtelomeric 
chromatin abounds in trimethylated histone H3 lysine 9 (H3K9), trimethylated his-
tone H4 lysine 20 (H4K20) and HP1 [238]. These histone modifications are known 
to require deacetylase and methyltransferases. SIRT 6 deacetylates H3K9, and 
SUV39-H1 and SUV39-H2 mediates trimethylation of H3K9 [239–241]. 
Consequently, trimethylated H3K9 interacts with HP1, contributing to chromatin 
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Table 3 Aberrant miRNA levels in body fluids of cancer patients

Cancer types Body fluid miRNA References

Glioblastoma Serum miR-137 [195]
Plasma miR-211, miR-212 [196]
Serum miR-320, miR-574-3p [197]
Cerebrospinal fluid miR-21 [198]

Head and neck Saliva miR-139-5p [199]
Saliva miR-9, miR-134, miR-191 [200]
Saliva miR-31 [201]

Esophageal Serum miR-1246 [202]
Plasma miR-21, miR-375 [203]

Breast Serum miR-1246, miR-1307-3p, miR-4634, 
miR-6861-5p, miR-6875-5p

[204]

Plasma miR-145, miR-451 [205]
Serum miR-181a [206]

Lung Serum miR-29c, miR-93, miR-429 [207]
Serum miR-15b, miR-27b [208]
Serum miR-1254, miR-574-5p [209]

Gastric Plasma miR-16, miR-25, miR-92a, miR-451, 
miR-486-5p

[210]

Plasma miR-199a-3p [211]
Serum miR-378 [212]
Plasma miR-17-5p, miR-20a [213]

Liver Plasma miR-483-5p [214]
Serum miR-15b, miR-130b [215]
Serum miR-885-5p [216]

Pancreatic Serum miR-17-5p, miR-21 [217]
Serum miR-1290 [218]
Serum miR-20a, miR-21, miR-24, miR-25, 

miR-99a, miR-185, miR-191
[219]

Renal Serum miR-193a-3p, miR-362, miR-572, 
miR-28-5p, miR-378

[220]

Serum miR-378, miR-451 [221]
Colorectal Serum miR-19a [222]

Serum let-7a, miR-1224-5p, miR-1229, 
miR-1246, miR-150, miR-21, miR-223, 
miR-23a

[223]

Serum miR-200c [224]
Plasma miR-378 [225]

Bladder Urine miR-96 [226]
Urinary sediment miR-200a/b/c, miR-192, miR-155 [227]

Prostate Serum miR-375 [228]
Plasma let-7c/e, miR-30c, miR-622, miR-1285 [229]

Ovarian Serum miR-92 [230]

(continued)
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compaction [242]. In addition, the Rb family facilitates methylation of H4K20 by 
SUV4-20H1 and SUV4-20H2 [243]. Downregulation of SUV39H1 and SUV39H2, 
as well as Rb deficiency, are reported to cause abnormal telomere elongation [241, 
243, 244]. Meanwhile, telomere shortening induces hypomethylation of subtelo-
meric DNA, leading to decreased binding of H3K9me3 and HP1 in the region [245]. 
These findings suggest that telomere length is epigenetically regulated by telomeric 
and subtelomeric histone and subtelomeric DNA modifications.

Table 3 (continued)

Cancer types Body fluid miRNA References

Cervical Serum miR-16-2, miR-195, miR-2861, 
miR-497

[231]

Serum miR-20a, miR-203 [232]
Leukemia Serum miR-150, miR-155, miR-1246 [233]

Plasma miR-150, miR-342 [234]
Lymphoma Cerebrospinal fluid miR-21, miR-19, miR-92a [235]

Plasma miR-92a [236]

Fig. 1 Epigenetic alterations of telomeres with aging. In mammals, telomere regions are rich in 
heterochromatic marks, such as subtelomeric DNA hypermethylation, modified histones including 
H3K9me3 and H4K20me3, and HP1, which suppress TERRA expression, while telomeres regu-
late the expression of hTERT though the TPE-OLD mechanism. Not only do these heterochro-
matic marks decrease in telomeric and subtelomeric regions, but also the influence of TPE-OLD is 
attenuated, as the length of the telomere shortens with age. Consequently, telomeric and subtelo-
meric chromatin became “open” chromatin, and transcription of TERRA is increased. Therefore, 
the risk of any cancer, such as head and neck cancer and gastrointestinal tumors, increases as the 
telomeres get shorter
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3.2  Telomere Length and Chromatin Modification Regulate 
Transcription of Genes Near and Far from Telomere

Telomeres have the ability to reversibly silence genes located near them. This phe-
nomenon is called the telomere position effect (TPE) [246]. TPE depends on telo-
mere length, distance from the telomere, and histone acetylation. A specific HDAC 
inhibitor, Tricostatin A, impaired TPE, while overexpression of human telomerase 
catalytic subunit gene hTERT enhanced TPE in HeLa cells [247]. Moreover, 
SIRT6-deficient cells induced hyper-acetylation of telomeric and subtelomeric 
H3K9 and resulted in gain of TPE [240]. These findings suggest the possibility that 
epigenetic status associated with telomere length modulates the expression of 
genes located near the telomere. In fact, expression of the DUX4 gene, located 
25–60 kb from the telomere, increased in cells derived from patients with facio-
scapulo-humeral-dystrophy (FSHD) with shortened telomeres; and in general, the 
range of TPE is possibly within 100 kb from the telomere [248]. Recently, how-
ever, the telomere position effect over long distance (TPE-OLD) was reported to 
affect gene transcription over much larger distances of up to 10 Mb from the telo-
mere through telomere length-dependent loop formation [249]. It was also reported 
that hTERT gene is regulated by TPE-OLD [250]. Thus, epigenetic modifications 
of subtelomeric and telomeric regions affect gene expression located near and far 
from the telomere through mechanisms involved in TPE and TPE-OLD. Although 
not fully understood, these mechanisms appear to be associated with human dis-
eases [248, 250, 251].

3.3  Epigenetic Modification Regulate Telomerase

Mammalian telomeres are composed of repetitive DNA sequence 5′-(TTAGGG)-3′n 
and bound to a complex of six proteins, known as shelterin [252, 254]. The protein 
complex regulates telomere length homeostasis and protects telomeres from DNA 
damage repair processing at chromosome ends [253, 254]. Critically shortened telo-
meres or lack of shelterin complex induce DNA damage responses including activa-
tion of checkpoint kinases, accumulation of gamma H2AX and repair factors, 
resulting in growth arrest or apoptosis [255]. Telomeres of most normal somatic 
cells in humans are gradually shortened as cells divide, referred to as the end repli-
cation problem [256]. By contrast, the telomere lengths of human germinal stem 
cells as well as most cancer cells are maintained by telomerase, an enzyme respon-
sible for extension of the ends of the chromosomes by de novo synthesis. Telomerase 
consists of protein subunits including human telomerase associated protein (hTEP1), 
human telomerase RNA (hTERC), hTERT, and other RNA-binding proteins. Since 
telomerase components excepting hTERT are constitutively expressed, and expres-
sion of hTERT is strictly limited in tissue stem cells in adults, dysregulation of 
hTERT expression is associated with cell immortalization and tumorigenesis. 
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Transcription of the hTERT gene is regulated by epigenetic modification, such as 
DNA and histone modifications [257, 258]. hTERT promoter in certain somatic cell 
species is unmethylated or hypomethylated [259, 260], but by contrast is methylated 
in many telomerase-positive cancer cells [261]. These paradoxical observations 
between the methylation status of the hTERT promoter and expression levels of 
hTERT are partially explained by CTCF, a transcriptional repressor which binds the 
unmethylated TERT promoter in normal cells but not in hTERT-positive cells, 
resulting in higher expression of hTERT in cancer cells than in normal cells, even 
though the hTERT promoter is methylated in cancer cells [262].

In addition, histone modifications were also reported to affect expression of 
hTERT.  Treatment of normal cells with HDAC inhibitors induces expression of 
hTERT and telomerase activity [263, 264]. Conversely, in cancer cells, HDAC 
inhibitors inhibit hTERT expression and telomerase activity [265]. Moreover, a 
decrease in trimethylation levels of H3K9 and H4K20  in telomeric regions was 
observed in cancer cells [266], whereas telomeric regions in telomerase-positive 
cells were associated with methylated H3K4 and hyperacetylated H3 and H4 [267]. 
Accordingly, alterations in DNA and histone modifications are common in telomer-
ase-positive cancers.

3.4  Alternative Lengthening of Telomeres

While most cancer cells, around 90%, are telomerase-positive, the remaining 10% 
are telomerase-negative. These have a unique telomere elongation mechanism 
which is independent of telomerase [268, 269]. These cells, called Alternative 
lengthening of telomeres (ALT) cells, maintain telomere length by homologous 
recombination between telomeric regions of sister chromosomes [270]. ALT cells 
are often found in cancer cells with a mesenchymal origin, such as neuroendocrine 
tumors, neuroblastomas, and pediatric glioblastomas [271–274]. In these cells, the 
ATRX gene, which is associated with chromatin remodeling, has a high probability 
of being mutated [275, 276]. In addition, hypomethylation of subtelomeric DNA 
has been observed in cells from ATRX patients [276]. Mutation in histone H3.3 
chaperone DAXX gene has also been found in ALT cells [277, 278], and other fac-
tors activating the ALT pathway have been identified [271, 273, 274]. Furthermore, 
ATRX depletion did not activate the ALT pathway in epithelial or telomerase-posi-
tive cells, while suppression of ATRX expression induced activation of ALT path-
way in fibroblasts. Moreover, overexpression ATRX was reported to suppress ALT 
phenotype in ALT cells [279]. These results suggest that mutation of ATRX plays a 
key although inadequate role in acquiring the ALT mechanism, and that cells with 
the ALT mechanism express ATRX [280]. However, it is unclear how these cells 
acquire the traits of the ALT mechanism, and further studies to the elucidate ALT 
mechanism are required.
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3.5  Telomeric Repeat Containing RNA

ALT cells are known to exhibit higher expression of telomeric repeat-containing 
RNA (TERRA) than other normal and telomerase-positive cells [281, 282]. TERRA 
is long non-coding RNA (lncRNA) transcribed from sub-telomeric CpG islands 
toward chromosomal telomeric ends by RNAPII [283]. Deng and colleagues found 
that siRNA-mediated knockdown of CTCF decreased RNAPII binding to subtelo-
meric DNA, resulting in reduction of TERRA expression, and suggested that 
TERRA transcription required CTCF [284]. The 5′ ends of TERRAs contain a 
7-methylguanosine cap structure. Meanwhile, in only about 7% of TERRA, the 3′ 
ends contain a poly (A) tail, which is unable to bind chromatin. Non-polyadenylated 
TERRA was found to have the ability to bind chromatin and contribute to HR [285]. 
Additionally, overexpression of hTERT in HeLa and HT1080 cells caused elonga-
tion of telomeres, from which longer TERRA was transcribed [286], suggesting that 
TERRA length depends on telomere length. In fact, TERRA length varies from 100 
bases to 9 kb in mammals [285]. Since telomeres and subtelomeres in normal cells 
form heterochromatin with enriched heterochromatin markers such as H3K9me3 
and H3K27me3, expression of genes located near telomeres was suppressed [247, 
287]. Telomere shortening induces a decrease in methylated H3K9 and H3K27 and 
DNA methylation in CpG islands, leading to ‘open’ chromatin and upregulation of 
TERRA transcription [288].

In addition to epigenetic modification, TERRA expression is regulated through 
the cell cycle. Expression of TERRA increases during M/G1 phase and decreases 
during S/G2 phase [286, 288]. siRNA-mediated depletion of ATRX sustained the 
expression level of TERRA in G2 phase, implicating a role for ATRX in regulation 
of TERRA expression through the cell cycle [289]. Expression level of TERRA also 
changes in gametogenesis and is reported to increase during meiosis. Further, 
TERRA is colocalized with telomerase catalytic subunit and TRF2, a member of the 
shelterin complex, in prophase [290].

It is also known that TERRA binds and interacts with many factors. TERRA is 
associated with origin recognition complex (ORC) and is recruited at telomeres 
via the GAR domain of TRF2 [291]. TERRA directly binds LSD1, which cata-
lyzes the removal of mono and dimethyl groups from H3K4 and H3K9, and medi-
ates the interaction of LSD1 with MRE 11, which is required for telomere 
3′overhang processing [292]. In addition, introduction of recombinant TERRA 
into telomerase-positive cells reduces the accessibility of telomerase to chromo-
somal ends [293]. On the other hand, hnRNPA1 binds TERRA and inhibits its 
function by suppressing telomerase accessibility [294]. Thus, it has become clear 
that TERRA plays key roles in telomere biology, and further studies will provide 
important new findings.
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3.6  TERRA Associates with Epigenetic Modification

TERRA transcription is regulated by epigenetic modification. It has been reported 
that a correlation was found between the expression of TERRA and histone code 
preferentially modified with H3K4me3 and H3K27ac in the TERRA promoter 
[295]. Subtelomeric hypomethylation in human cells by depletion of the DNA 
methyltransferases DNMT1 and DNMT3b resulted in the elevated expression of 
TERRA and elongated telomere [296]. In addition to DNA modification, methyla-
tion of H3K4 mediated by the methyltransferase MLL was associated with TERRA 
transcription activity [297], and moreover, HDAC inhibitor induced upregulation of 
TERRA [285]. These results suggest that TERRA expression is regulated by epi-
genetic modification. On the other hand, it was shown that trimethylation of H3K9 
bound by TERRA was reduced at telomeric chromatin when TERRA was knocked 
down [291]. Therefore, TERRA affects DNA and histone modification, although it 
is unknown how TERRA influences epigenetic status.

ALT cells commonly show high expression of TERRA, as do some normal mam-
malian cells [298]. Novakovic and colleagues reported that the promoter region of 
TERRA in human placenta is hypomethylated compared to other somatic cells and 
ALT cancer cells, and that telomere length in human placenta is longer than that in 
other somatic cells [299]. Furthermore, they suggested that the ALT mechanism is 
involved in maturation of the placenta [299]. In summary, because TERRA is 
closely associated with epigenetic status of telomeres, further accumulation of evi-
dence will help us to understand the biology of TERRA and ALT.

3.7  Diagnosis for Prevention and Early Detection of Cancer

In general, since cancer therapy becomes more difficult as cancer progresses, early 
detection is extremely important for radical cure of cancer. Exosomes are known to 
be secreted into the blood from various cell species including cancer cells [300]. 
Recently, Wang and colleagues reported that a cell-free form of TERRA (cfTERRA) 
was secreted from cells through exosomes, and that cfTERRA levels were increased 
with telomere dysfunction induced by the expression of the dominant negative 
TRF2. Furthermore, cfTERRA-containing exosomes stimulated the expression of 
genes encoding inflammatory cytokines in peripheral blood mononuclear cells 
[301, 302]. These results suggest that cfTERRA-containing exosomes might be a 
promising biomarker for the early detection of cancers with telomere dysfunction.

In addition, because telomere shortening induces chromosomal instability as 
well as expression of hTERT and TERRA, shortened telomeres have been recog-
nized as a risk factor of oncogenesis [303–305]. Recently, a meta-analysis of 51 
papers with 23,379 cancer cases and 68,792 controls showed an association 
between telomere shortening and the increased risk of head and neck cancer and 
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gastrointestinal tumor [306]. These reports suggest that monitoring of telomere 
length might be important for the prevention of cancer.

As described above, cancer cells are roughly classified as telomerase-positive 
cells and ALT cells [268, 269]. Anticancer drugs targeting telomerase are consid-
ered to be effective against telomerase-positive cells, and telomerase inhibitors is 
under development [307, 308]. On the other hand, it was recently reported that 
inhibitors of ATR checkpoint kinase, which plays a critical role in genomic integ-
rity, selectively induced cell death in ALT cells [289].

The accumulating evidence and understanding of telomere biology associated 
with cancer diagnosis and therapy described above, including epigenetic alterations, 
liquid biopsies, and anticancer drugs, is expected to contribute to clinical applica-
tion in the near future.

4  Disseminated Tumor Cells with Stem Cell Properties 
and Epigenetic Plasticity for Early Diagnosis of Cancer 
Metastasis and Recurrence

Cancer stem cells are profoundly implicated in resistance to chemotherapy and 
molecular target treatment, and cancer stem cell dormancy is a major cause of ther-
apy resistance, metastasis, and recurrence. Although cancer metastasis is widely 
considered as a late event in cancer progression, recent findings suggest that cancer 
cells are disseminated throughout the body from epithelial precancerous lesions 
early in carcinogenesis [309]. Disseminated tumor cells (DTCs) dispersed through-
out the body exhibit the plasticity required for metastasis, dormancy and recurrence, 
suggesting that DTCs have properties of cancer stem cells, which is mainly regu-
lated by epigenetic mechanisms.

Epigenetic regulation of gene expression through information not encoded in 
DNA sequences themselves, such as DNA methylation, histone modification, 
and nucleosome positioning play pivotal roles as a program of developmental 
progression and generation of tissue-specific cell species. Epigenetic properties 
are inherited through mitosis, and are predisposed to be affected by environ-
mental alteration and external stimuli. Thus, epigenetic plasticity allows adapta-
tion to environmental change and epigenetic aberration, termed “Epimutation”, 
and plays an important part in tumorigenesis [310]. The existence of DTCs not 
only predicts cancer metastasis and recurrence, but might also indicate a target 
for the development of new DTC-focused therapeutic strategies aimed at pre-
venting metastasis or keeping DTCs in dormancy through revealing epigenetic 
alteration in DTCs.
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4.1  Significance of Cancer Dormancy and Recurrence 
in Metastatic Disease

Patients with breast, colorectal, and prostate cancer can experience recurrence years 
after complete resection of a primary tumor [311–315]. Dormancy is deeply 
involved in cancer recurrence. In the case of breast cancer, patients have a disease 
latency of 10–15 years from primary diagnosis to recurrence in a distant organ, and 
despite complete resection of a primary tumor and tumor-free regional lymph nodes, 
20–25% of patients potentially experience cancer recurrence in distant organ [315]. 
The border between dormancy and recurrence is the first 20–25 years after surgery, 
and recurrence hardly occurs after that [312]. Moreover, metastasis of melanoma 
cells in the dormant state mediated by organ transplantation from a donor to a recip-
ient has been reported: the recipient of a lung transplant from a donor who had not 
experienced recurrence in the 32 years since resection of the primary melanoma 
lesion developed metastatic melanoma, suggesting that melanoma cells were in a 
dormant state via immune system activity in the donor for a significant period of 
time [316]. As cancer recurrence results in death in most cases, elucidation of the 
mechanism of relapse after prolonged dormancy is a most important task for the 
identification of new therapy targets and development of diagnostic methods.

4.2  Significance of Disseminated Tumor Cells in Cancer 
Dormancy and Recurrence

DTCs dispersed throughout the body from the primary lesion and occult in tissues, 
including bone marrow, are implicated in cancer dormancy and recurrence. Death in 
patients who had successful complete resection of a primary tumor seems to be 
caused by early metastasis which cannot be detected at primary diagnosis. DTCs are 
thought to be already dispersed throughout the body at primary surgery, most of 
which might be nonproliferated and in a dormant state [317]. According to an epi-
demiological study of 12,423 breast cancer patients, it is predicted that metastatic 
disease had already occurred in more than 80% of patients at primary diagnosis, and 
that metastasis was initiated more than 5 years before diagnosis [318]. These find-
ings might enable us to identify patients before overt metastasis, who are predicted 
to die due to metastatic disease. Therapeutic strategies determined by tumor size 
and lymph node status only will result in misjudgment about whether to perform 
adjuvant therapy to prevent recurrence. Therefore, detection of occult metastasis in 
patients with early-stage cancer is important for prognosis after surgical resection 
and appropriate therapy selection. Furthermore, as DTCs exhibit resistance to 
known adjuvant therapy [319], in addition to developing detection methods for dor-
mant cancer cells, revealing the molecular mechanisms of dormancy and recurrence 
would enable the development of adjuvant therapy targeting DTCs in the dormant 
state.
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4.3  Characteristics of Disseminated Tumor Cells

Solid tumors have three possible routes for metastasis: invasion to adjacent organs 
from the primary lesion and subsequent proliferation, and the lymphatic and hema-
togenic pathways. Although metastasis through the two former pathways would be 
detectable by imaging and histopathological analyses, it is difficult to detect dis-
semination via the hematogenic pathway. Detection of DTCs or circulating tumor 
cells (CTCs) provides a clue to linking the primary lesion with distant metastasis. 
Highly sensitive immunocytochemical methods were developed to detect DTCs/
CTCs in the 1980s, and a study using bone aspirate revealed that DTCs were 
enriched in bone marrow, and that bone marrow played an important role as an 
organ sustaining DTCs [320]. Antibodies against intermediate filament protein 
cytokeratin or epithelial specific antigen EpCAM expressed on the cell surface are 
mainly used for detection of DTCs/CTCs derived from epithelial cancer tissue such 
as breast cancer [321], and studies using these antibodies indicated the profound 
association of epithelial cells in bone marrow with recurrence after surgical resec-
tion and poor prognosis [322]. Moreover, since postoperative adjuvant therapy with 
drugs targeting proliferating cells had little effect on cytokeratin-positive cells 
[319], cytokeratin-positive cells are thought to be DTCs which are disseminated 
early through the body from the primary lesion, and have the ability to sustain a 
dormant state by adapting to niches in tissues such as bone marrow. Additionally, as 
the early stage of hematogenic metastasis followed by transition to the dormant 
state through dissemination throughout the body is extremely efficient, the coloni-
zation ability of DTCs in distant organs is considered to determine the prognosis of 
metastatic disease.

As described below, DTCs might include cancer stem cells with phenotypic 
plasticity, which might contribute to cancer recurrence through adaptation and pro-
liferation in microenvironmental niches in distant organs. Thus, detection and anal-
ysis of DTCs in a dormant state is a valuable strategy to preventing cancer recurrence 
by appropriate choice of adjuvant therapy. The presence of DTCs in bone marrow 
predicts recurrence and poor prognosis in pancreatic and prostate cancer, as well as 
in breast cancer [323, 324], and is also a critical factor in the selection of adjuvant 
therapy in these cancers. However, as invasive bone aspiration is not only burden-
some on patients but needs skills in aseptic procedure and anesthesia, it is difficult 
to standardize bone aspirate testing in clinical practice. On the other hand, CTC 
testing by blood collection is simpler, repeatable, and imposes a lesser burden on 
the patient. In addition, since the detection of CTCs correlates with the presence of 
DTCs, and the proliferative ability of CTC is reported to be weak, as is that of 
DTCs [325], CTC testing is expected to be an alternative to DTC testing in the 
future [326].
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4.4  Cancer Stem Cell Properties in Disseminated Tumor Cells

It is reported that CD44+ CD24/low cancer stem cells were enriched in cytokeratin-
positive DTCs derived from patients with breast cancer [327]. An increase in the posi-
tive rate for cancer stem cell markers in CTCs correlated with stage of cancer 
progression, and expression of EMT (epithelial-mesenchymal transition) markers 
was induced in CTCs enriched with antibody against EpCAM [328, 329]. Given that 
chemotherapy resistance and sustained dormancy of DTCs/CTCs are common prop-
erties of cancer stem cells [330], DTCs/CTCs appear relevant to cancer stem cells.

Mutations in genes such as Ras, p53, and Idh which are observed in various can-
cers and are known to serve as drivers which not only promote cancer cell growth 
but also affect the epigenetic states of cancer cells, involving changes in expression 
of epigenetic modifier genes. Activated Ras oncogene is known to epigenetically 
suppress genes related to apoptosis induction and growth inhibition via chromatin 
modifiers such as polycomb and DNA methyltransferase [331]. By contrast, gain-
of-function mutation in tumor suppressor p53 increased histone methylation and 
acetylation in a genome-wide manner through increased expression of epigenetic 
modifier genes required for stem cell self-renewal, including acetyltransferase 
[332]. Moreover, mutation in the metabolic enzyme gene Idh induced repressive 
histone methylation and contributed to differentiation resistance of gliomas [333]. 
These findings suggest the possibility that the well-known mechanism of tumori-
genesis provokes aberration in epigenetic regulation, and play a crucial role in the 
acquisition of stem cell properties during tumorigenesis.

For example, alteration of epigenetic regulation due to driver mutations in oncogenes 
or tumor suppressor genes would provide cancer cells with cancer stem cell properties 
by epigenetically inducing pluripotency genes, such as Oct3/4, Sox2, and Nanog. 
Whereas these pluripotency genes are known to form a transcriptional network to sus-
tain their undifferentiated state [334], and have an ability to provide somatic cells with 
stem cell properties by reprogramming them into an undifferentiated state [335], tran-
sient induced expression of reprogramming factors in vivo generated tumors in various 
tissues [336]. In this regard, highly attractive findings were more recently reported by 
Mu et al., who showed that suppression of p53 and the function of Rb tumor suppressors 
in androgen-dependent prostate cancer cells lead to phenotypic conversion into andro-
gen-independent prostate cancer cells though increased expression of Sox2 [337].

These pluripotency genes were also reported to be expressed in tumor tissues, 
including breast cancer, and to be associated with cancer progression, such as EMT 
[338–341]. Expression of Sox2 and Nanog in gliomas and germ cell tumors, respec-
tively, undergo epigenetic regulation [342, 343]. Furthermore, these pluripotency 
genes induce epigenetic alterations in cancer cells and are involved in phenotypic 
plasticity [344–346]. Therefore, they likely play a pivotal role in the phenotypic 
plasticity possibly involved in the dormancy and recurrence in cancer stem cells. 
Moreover, epigenetic traits are inherited through cell division, but unlike genetic 
information, they exhibit flexibility in response to environmental change. Epigenetic 
alterations might therefore arise early in tumor development and be crucially 
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involved in the extravasation of cancer cells from the primary lesion to blood ves-
sels, and metastasis to and dormancy in distant organs, including bone marrow 
[347]. Thus, establishing a relationship of these cells with cancer stem cells would 
facilitate effective strategies in appropriate diagnosis and the choice of adjuvant 
therapy. A possible mechanism underlying how epigenetic alterations are involved 
in the acquisition of cancer stem cell properties is shown in Fig. 2.

Fig. 2 Possible mechanism underlying how epigenetic alterations are involved in the acquisition of 
cancer stem cell properties. Cells harboring driver mutations in genes such as Ras, p53, and Idh are 
predisposed to alterations in epigenetic regulation mechanisms, including DNA methylation, histone 
modification, and chromatin positioning. Microenvironmental insults in the niche can also result in 
epigenetic aberrations. Initial “Epimutations” are initiated from this point, possibly leading to aberrant 
expression of pluripotency genes such as Sox2 and Nanog. Expression of pluripotency genes results in 
expansion of “Epimutations”, providing the epigenetic and phenotypic plasticity involved in the stem 
cell-like state, including differentiation resistance and epithelial-to-mesenchymal transition (EMT). 
Cells acquiring epigenetic plasticity and a stem cell-like state probably form a feedback loop enhancing 
“Epimutations” toward the cancer stem cells implicated in metastasis, dormancy, and recurrence
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4.5  Enrichment of Disseminated Tumor Cells

As DTCs in bone marrow and CTCs in the blood are distributed among millions of 
blood cells, an enrichment process in the detection and isolation of these cells is 
indispensable. Density gradient centrifugation is used as the first choice for simple 
enrichment of DTCs/CTCs from nucleated cells in the blood [325]. In addition, fil-
tration by size differences between DTCs/CTCs and blood cells is used for higher 
enrichment [348–350]. The most widely used enrichment procedure is actually 
immunomagnetic separation, which effectively concentrates DTCs/CTCs using 
antibodies against cytokeratin or EpCAM [351, 352]. FACS [353], laser capture 
microdissection [354], and microfluidics [355, 356] are also used to isolate cells as 
single cells, and isolation of single DTCs/CTCs has been done by a method which 
first separates fluorescence-labeled cells by dielectrophoresis using cartridges 
developed by a combination of microfluidic and silicon-based biochip technologies, 
and then selects and isolates single cells with a fluorescence microscope and CMOS 
camera [357, 358].

4.6  Procedures for Epigenetic Analysis of DTCs/CTCs

Epigenetic properties inheritable though cell division are not encoded in DNA 
sequences themselves and are predisposed to modification by environmental 
changes and external stimuli. Thus, epigenetic plasticity enables cells to adapt 
to alterations in the environment, and aberration of epigenetic regulation, so-
called “epimutation,” has important roles in tumorigenesis [310]. The best-
known inheritable substances in epigenetic regulation are DNA and histone 
modifications, and mechanisms based on accessible chromatin are also impor-
tant epigenetic information. Accurate detection and measurement of epigenetic 
marks not only identify the epigenetic alterations associated with cancer, but 
will also help understanding of the mechanisms by which epimutations regulate 
processes in tumorigenesis, dormancy and metastasis as drivers. Evaluation 
methods are described below for DNA methylation, histone modification, and 
accessible chromatin in single cells. A flow diagram of single-cell epigenetic 
analysis, including the enrichment and isolation of DTCs/CTCs and epigenetic 
analysis procedure, is shown in Fig. 3.

4.6.1  DNA Methylation

The methylation status of cytosine residues in gene promoter regions, showing 
inverse correlation with activation state of the genes is major targets of epigen-
etic aberrations. When genomic DNA is treated with sodium bisulfite, non-
methylated cytosine residues are deaminated into uracil, and 5-methylated 
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cytosine residues remain intact [359]. The methylation status of each cytosine 
can be evaluated by whether or not it is converted to uracil with treatment. This 
method is the gold standard in DNA methylation analysis, and can be analyze in 
single nucleotide resolution across the whole genome. Although several whole-
genome bisulfite sequencing methods of single cells have been recently reported 

Fig. 3 Flow diagram of single-cell epigenetic analysis. Enrichment of DTCs/CTCs is an indis-
pensable process for the detection and isolation of these cells. Density gradient centrifugation, 
filtration, and immunomagnetic separation are used in the enrichment process, followed by detec-
tion and single cell isolation using FACS, laser capture microdissection, and microfluidics. Isolated 
DTCs/CTCs are subjected to whole genome epigenetic analyses including whole genome bisul-
phite sequencing, ChIP-seq, and ATAC-Seq to identify “Epimutations” distinguishing cancer stem 
cells from other malignant cancer cells. These “Epimutations” are used as targets for DTC/CTC 
testing to determine diagnosis and therapeutic measures, and elucidate epigenetic mechanisms in 
cancer stem cell properties
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[360, 361], DNA degradation during bisulfite conversion is a hurdle in diagnosis 
requiring highly reliable data and a constant and stable analysis range. 
Comprehensive single cell bisulfite sequencing is therefore used for genome-
wide screening of methylated sites as targets for diagnosis. In contrast, a method 
which combines methylation-sensitive restriction enzyme (MSRE) digestion 
and PCR is valuable for reliable analysis of DNA methylation status in the tar-
get sites of single cells [362, 363], and will be applicable to analysis of DNA 
methylation status in single DTCs/CTCs.

4.6.2  Histone Modification

Variation in cell species in multicellular organisms depends on the whole 
genome chromatin structure, which regulates the accessibility of transcriptional 
regulators to gene promoters and other regulatory elements, and consequently 
the gene expression profile [364]. Histone modification and nucleosome posi-
tioning play critical roles in chromatin organization, and mutations and aberrant 
expression of histone modifiers and chromatin remodeling factors are involved 
in cancer etiology [365]. ChIP-Seq, with a combination of chromatin immuno-
precipitation and DNA sequencing, is widely used for genome-wide mapping of 
binding sites of modified histones, transcription factors, and other DNA-binding 
proteins [366], and is therefore an important tool for genome-wide elucidation 
of cell species-specific and transcriptionally active or silent epigenetic status 
through the mapping of overlapped sites among modified histone, transcription 
factors, and DNA-binding proteins [367]. Because epigenetic aberrations in 
chromatin organization are associated with phenotypic plasticity and heteroge-
neity of cancer cells, genome-wide mapping of these binding sites in single cells 
would provide important clues to understanding the epigenetic status of indi-
vidual cancer cells. However, as a large amount of DNA is required as input 
material, the ChIP-Seq method has the disadvantage that data is obtained as an 
average value of the cell population, and is thus unsuitable for heterogeneity in 
individual single cells. Recently, the epigenetic heterogeneity of embryonic 
stem cells was successfully demonstrated by genome-wide mapping of methyl-
ated histones and transcription factor binding sites using single cell ChIP-Seq 
with combination of a cell sorting method based on microfluidics and indexing 
of chromatin fragments using barcode sequences [356]. Although the number of 
captured promoters and enhancers was about one thousand, if transcription fac-
tors defining cancer stem cells, such as Sox2 and/or Nanog, were employed by 
the targets, the existence of cancer stem cells would be identified in DTC/CTC 
populations.
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4.6.3  Accessible Chromatin

Transcriptionally active regions on the genome are DNase I-sensitive, and DNase-
Seq is a technique for identifying these accessible chromatin regions. In particular, 
analysis of genome-wide accessible chromatin regions in a variety of cell species or 
tissues has made it possible to efficiently identify regulatory sequences across a 
variety of cell species [368]. However, the standard DNase-Seq method involves in 
the order of 106–107 cells, and is therefore unsuitable for single cell analysis. Assay 
of transposase-accessible chromatin sequencing (ATAC-Seq) allows the detection 
of active chromatin regions sensitively and comprehensively by next-generation 
sequencing analysis of genomic libraries constructed by introducing adaptor 
sequences into open chromatin regions using Tn5 transposase in vitro [369]. More 
recently, diversity in accessible chromatin among different cell species was reported 
by analysis of individual single cells captured by applying microfluidics and using 
single-cell ATAC-Seq with barcode sequences [370]. Matching of data obtained 
from single-cell ATAC-Seq with a database of ChIP-seq and binding motifs for 
transcription factors allows us to speculate on what transcription factors bind to 
accessible chromatin. Although promoter elements accounted for fewer than 10% 
of accessible chromatin regions by ATAC-Seq [370], the existence of cancer stem 
cells would be identified as single DTCs/CTCs by matching with ChIP-seq data of 
transcription factors defining cancer stem cells.

In single cell analysis, separation and isolation of individual cells is indispens-
able before the epigenetic analysis procedure. Although not described here, the 
advantages of microfluidics are its automation of high-throughput experiments and 
reduction in the amount of samples and reagents required for single cell analysis 
[371]. Moreover, as microfluidics integrate the processes of cell separation and iso-
lation with experiments such as enzymatic reaction and quantitative detection into 
one device, this technology will increasingly develop in the epigenetics and single 
cell analysis fields [372].
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Abstract Epigenetic mechanisms, including DNA methylation and posttransla-
tional histone modifications, play a pivotal role in DNA replication/repair and gene 
expression regulation. These epigenetic mechanisms are responsible for controlling 
cellular functions, such as cell cycle progression, immunoresponse, and signal 
transduction. Among the epigenetic mechanisms, the methylation of DNA and his-
tones is closely associated with the oncogenesis and proliferation of cancer cells, 
and alterations of DNA methylation and histone methylation have been identified in 
many cancer cells. Several enzymes that control the methylation of DNA or histones 
have been identified, including DNA methyltransferases, ten-eleven translocation 
proteins, lysine methyltransferases, lysine demethylases, protein arginine methyl-
transferases, and peptidyl arginine deiminases. As some of the enzymes are involved 
in cancer, their inhibitors are considered useful not only as chemical tools for prob-
ing the biology of DNA and histone methylation, but also as anticancer agents. In 
this chapter, hitherto reported enzyme inhibitors are presented and their potential as 
anticancer agents is discussed.

Keywords Epigenetics • Methylation • DNA • Histone • Lysine • Arginine • 
Enzyme • Inhibitor • Cancer

1  Introduction

DNA methylation and posttranslational histone modifications, including acetylation 
and methylation, regulate the expression of various genes independently of the 
changes in DNA sequence. Such epigenetic mechanisms are crucial for regulating 
cellular functions, including development and differentiation [1, 2]. They are also 
involved in various disease states, such as cancer [3]. In particular, the methylation 
of DNA and histones is closely associated with the oncogenesis and proliferation of 
cancer cells, and alterations of DNA methylation and histone methylation have been 
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identified in many cancer cells. Basically, the methylation of DNA and histones is 
controlled by enzymes (Fig. 1). DNA methyltransferases (DNMTs), lysine methyl-
transferases (KMTs), and protein arginine methyltransferases (PRMTs) add methyl 
groups to DNA, histone lysine residue, and histone arginine residue, respectively. In 
contrast, ten-eleven translocation proteins (TETs), lysine demethylases (KDMs), 
and peptidyl arginine deiminases (PADIs) are involved in erasing the methyl groups 
of DNA, the histone lysine residue, and the histone arginine residue, respectively. 
Epigenetic aberrations, such as increased levels of DNA methylation and abnormal 
methylation of histones, are associated with oncogenesis and proliferation of cancer 
cells via the repression of tumor suppressor genes, such as p53. Therefore, small- 
molecule modulators of epigenetic enzymes are of interest as potential anticancer 
agents. In this chapter, hitherto reported epigenetic enzyme inhibitors are presented 
and their potential as antitumor agents is discussed.

2  DNA Methylation in Cancer Therapy

2.1  DNA Methyltransferase (DNMT) Inhibitors

The methylation of deoxycytidines in DNA plays a key role in epigenetic regulation 
and occurs at CpG sites that are enriched in the so-called islands essentially located 
in gene promoters [4]. In general, hypermethylation of the gene promoters’ CpG 
islands induces gene silencing, whereas hypomethylation induces gene expression 
[5]. In cancer cells, hypermethylation is observed in the promoter regions of some 

Fig. 1 Drug target enzymes involved in methylation of DNA and histones
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tumor suppressor genes, such as p16 and mutL homolog 1, which are involved in 
mechanisms relevant to the tumorigenic process, including DNA repair, cell cycle 
regulation, and apoptosis [6]. DNA hypermethylation and the subsequent silencing 
of tumor suppressor genes occur frequently during oncogenesis.

DNA methylation is catalyzed by DNA methyltransferases (DNMTs) (Fig. 1) 
that transfer a methyl group from the universal methyl donor S-adenosyl-l- 
methionine (SAM) to the 5-position of cytosine [7]. Two families of catalytically 
active DNMTs have been identified so far: DNMT1 and DNMT3A/B. DNMT1 is 
responsible for DNA methylation maintenance during replication, whereas 
DNMT3A and 3B are responsible for de novo DNA methylation. The activities of 
DNMT1, 3A, and 3B in cancers are essential for perpetuating gene silencing in 
tumor suppressor genes, and elevated levels of DNMTs in cancers contribute to 
tumorigenesis by improper de novo methylation and silencing of tumor suppressor 
genes [8]. Thus, DNMT inhibitors should be useful for the treatment of cancers. 
Two DNMT inhibitors, azacytidine and decitabine, (Fig. 2) are the most successful 
epigenetic drugs for the treatment of myelodysplastic syndrome (MDS) and the 
most widely used as epigenetic modulators [9]. However, their clinical use is 
restricted by their low bioavailability, instability in physiological media, and toxic-
ity. To resolve this issue, chemically stable non-nucleoside DNMT inhibitors have 
been developed [10]. For example, the green tea major polyphenol 
(-)-epigallocatechin- 3-gallate (EGCG) (Fig. 2), which is a DNMT inhibitor that acts 
on human skin cancer cells, is being tested in phase II clinical trials [11].

2.2  Ten-Eleven Translocation (TET) Inhibitors

Members of the ten-eleven translocation (TET 1–3) family of Fe(II)/α-ketoglutarate- 
dependent dioxygenases are involved in DNA demethylation (Fig. 1) by catalyzing 
the conversion of 5-methylcytosine into 5-hydroxymethylcytosine [12]. TET pro-
teins also catalyze the conversion of 5-hydroxy methylcytosine into 5- formylcytosine 
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and 5-carboxycytosine, which are then repaired to restore cytosine. Although the 
TET enzymes have been implicated in the pathology of malignant tumors [13, 14], 
few TET enzyme inhibitors have been reported. Navarro et  al. showed that 
5-hydroxymethylcytosine promoted the proliferation of human uterine leiomyoma 
cells and 2-hydroxyglutarate (Fig. 3), a competitive TET enzyme inhibitor, signifi-
cantly decreased both 5-hydroxymethylcytosine content and leiomyoma cell prolif-
eration [15].

3  Histone Lysine Methylation in Cancer Therapy

3.1  Lysine Methyltransferase (KMT) Inhibitors

The methylation of histone (H) lysine (K) residues occurs at H1K26, H3K4, H3K9, 
H3K27, H3K36, H3K79, and H4K20, and is responsible for transcriptional activation 
as well as silencing [16, 17]. In addition, the ε-amino group of lysine residues can 
undergo mono-, di- or trimethylation, and this differential methylation gives func-
tional diversity to each lysine methylation site. For example, the dimethylation of 
H3K4 occurs in both inactive and active genes, whereas the trimethylation is exclu-
sive to active genes [18]. Similarly, the monomethylation of H3K9 is seen in active 
genes, whereas the trimethylation of H3K9 is associated with gene repression [19].

To date, a number of histone lysine methyltransferases (KMTs) have been identi-
fied, and many of them display substrate specificity [16]. KMTs catalyze the meth-
ylation of histones (Fig. 1) using SAM as the methyl donor. In cancer cells, the 
mutation and/or overexpression of KMTs, including disruptor of telomeric silenc-
ing 1-like (DOT1L), G9a, and enhancer of zeste homolog 2 (EZH2), yields abnor-
mal methylation patterns that lead to oncogenesis. Therefore, KMTs are interesting 
as targets of cancer therapy [20].

DOT1L is unique in that it does not have the evolutionally conserved SET 
domain that is necessary for KMT activities [21]. In addition, the DOT1L substrate 
H3K79 is located in the ordered core structure of histone H3, whereas the substrates 
of the other KMTs are situated in the unordered histone tails. Several studies have 
demonstrated the critical role of DOT1L in mixed lineage leukemia (MLL) fusion- 
driven leukemias [22–24]. It was shown that the genetic inactivation of DOT1L 
leads to a decrease in MLL fusion target gene expression, including a rapid decrease 
in HOX cluster gene expression, which is related to an anti-proliferative response. 
In addition, small-molecule inhibitors targeting DOT1L exhibited potent activity 
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against MLL-rearranged leukemias in preclinical studies. Thus, DOT1L inhibitors 
could be used as a therapeutic agent for MLL. EPZ004777, which binds to the SAM 
binding site, is a potent and selective inhibitor of DOT1L [25–27]. EPZ004777 
(Fig. 4) showed a minimum selectivity of >1000-fold for DOT1L relative to the 
other KMTs tested. Treatment of MLL cells with EPZ004777 selectively inhibited 
H3K79 methylation and repressed the expression of leukemogenic genes. In addi-
tion, EPZ004777 improved survival in a mouse MLL xenograft model. Currently, 
EPZ-5676 (Fig. 4), a derivative of EPZ004777, is being evaluated in clinical trials 
as an antileukemic agent [28].

G9a, a member of the SUV39H subgroup of SET domain-containing molecules, 
is a KMT that catalyzes the mono- and dimethylation of H3K9. The G9a-catalyzed 
H3K9 methylation induces transcriptional silencing, heterochromatin formation, 
and DNA methylation under physiological conditions [29, 30]. G9a expression is 
high in many cancers compared with normal tissues. Cancer transcriptome analysis 
has revealed high G9a expression in many cancers, including bladder cancer, hepa-
tocellular cancer, colon cancer, prostate cancer, lung cancer, invasive transitional 
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cell carcinoma, and B-cell chronic lymphocytic leukemia [31]. G9a also catalyzes 
the methylation of p53, inactivating its function [32]. The knockdown of G9a in 
lung, leukemia, and prostate cancer cell lines caused growth suppression and apop-
tosis [33]. G9a is also overexpressed in pancreatic adenocarcinoma and the inhibi-
tion of G9a induces cellular senescence in this type of cancer [34]. Therefore, G9a 
has been viewed as a target molecule for cancer therapy. To date, a number of G9a 
inhibitors have been reported (Fig. 4), although none has been subjected to clinical 
trials. BIX-01294 is the first G9a-selective inhibitor that binds to the groove in 
which the lysine substrate lies [35]. As BIX-01294 displays cytotoxicity despite its 
moderate inhibitory activity, its use in cell-based assays is limited. UNC0638 
(Fig. 4), which has improved potency and lower toxicity than BIX-01294, was dis-
covered in 2011 by Jin and co-workers [36]. Although UNC0638 still has problems 
regarding metabolism and pharmacokinetics, its high stability under cellular assay 
conditions, coupled with high potency (G9a; IC50 = 15 nM) and selectivity (other 
epigenetic targets; IC50 > 4500 nM), makes it an excellent chemical tool for cell- 
based studies.

EZH2 is a KMT that catalyzes the methylation of H3K27 [37]. Along with cofac-
tors SUZ12, EED, and RbAp46/48, EZH2 forms the Polycomb Repressive Complex 
2 (PRC2), which functions to silence target genes by trimethylating H3K27. Unlike 
most other genetic markers that are mediated by multiple enzymes, the trimethyl-
ation of H3K27 appears to be mediated primarily by EZH2 [38]. The increased 
levels of trimethylated H3K27 due to an increased expression of EZH2 contribute 
to cancer aggressiveness, metastasis, short patient survival, and high death rate in a 
variety of cancers, including melanoma, prostate cancer, breast cancer, and ovarian 
cancer [39–42]. Furthermore, the maintenance of cancer stem cells depends on 
EZH2 expression, and the knockdown of EZH2 in cancer cells blocks cancer cell 
growth [43–45]. In addition, somatic mutations and deletions in EZH2 were identi-
fied in hematological malignancies [46]. Approximately 30% of diffuse large B-cell 
lymphomas and 10% of follicular lymphomas contain a mutation at tyrosine 641 
(Y641) within the SET domain, which results in a change in substrate preference 
from the non-methylated H3K27 to the mono- and dimethylated ones [47]. 
Accordingly, diffuse large B-cell lymphoma cells with EZH2Y641X display 
increased levels of trimethylated H3K27, which stimulate the malignant transfor-
mation of diffuse large B-cell lymphomas. Thus, there is strong evidence that the 
selective inhibition of EZH2 is useful for the treatment of cancer, and it is desirable 
to identify small-molecule EZH2-selective inhibitors. GlaxoSmithKline and 
Epizyme Inc. have reported potent EZH2-selective inhibitors GSK126 and 
EPZ005687 (Fig. 4), respectively [48, 49]. These inhibitors show high EZH2 selec-
tivity against the other protein methyltransferases, including the closely related 
enzyme EZH1. In addition, they reduced H3K27 methylation in various lymphoma 
cells and killed lymphoma cells bearing genetic mutations in EZH2, but had mini-
mal effects on the proliferation of wild-type cells. Epizyme Inc. developed EPZ- 
6438 (E7438) (Fig. 4), which shows potent antitumor activity against EZH2-mutant 
non-Hodgkin lymphoma and is currently being evaluated in phase I/II trials for the 
treatment thereof [50].
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3.2  Lysine Demethylase (KDM) Inhibitors

3.2.1  LSD1 Inhibitors

In contrast to other histone modifications, such as acetylation and phosphorylation, 
histone lysine methylation had been regarded as an irreversible process because of 
the high thermodynamic stability of the N-C bond. Indeed, whereas a number of 
KMTs had been identified by 2003 [16], no KDMs had been identified. However, 
two classes of KDMs (Fig.  1) have been identified since 2004 [51]. One class 
includes lysine-specific demethylase 1 (LSD1, also known as KDM1A) and LSD2 
(also known as KDM1B), which are flavin-dependent amine oxidase domain- 
containing enzymes [52, 53]. The other class comprises the recently discovered 
Jumonji domain-containing protein (JMJD) histone demethylases (JHDMs) [54, 
55], which are Fe(II)/α-ketoglutarate-dependent enzymes.

LSD1 is the first histone demethylase to have been discovered [52]. As this 
enzyme induces the oxidative imination of methyl amino groups, the substrates of 
LSD1 are limited to mono- and dimethyllysines [56]. LSD1 removes methyl groups 
from mono- and dimethylated Lys4 of histone H3 (H3K4me1/2), which is a well- 
characterized gene activation mark, through flavin adenine dinucleotide (FAD)-
dependent enzymatic oxidation [52]. In prostate cell lines, LSD1 also demethylates 
H3K9me1/2 and regulates androgen receptor-mediated transcription [57].

LSD1 represents an interesting target for epigenetic drugs as supported by data 
related to its overexpression in many types of cancers, including neuroblastoma, 
glioma, and breast cancer cells [58–61]. In addition, the overexpression of LSD1 is 
correlated to tumor recurrence in prostate cancer [62]. Moreover, LSD1 inhibition 
reactivates silenced tumor suppressor genes to target selectively cancer cells with 
pluripotent stem cell properties [63, 64]. Indeed, LSD1 maintains an undifferenti-
ated tumor initiating or cancer stem cell phenotype in a spectrum of cancers [65, 
66]. Acute myeloid leukemias (AMLs) are an example of neoplastic cells that retain 
some of their less differentiated stem cell like phenotype or leukemia stem cell 
potential. Analysis of AML cells by gene expression arrays and chromatin immuno-
precipitation with next-generation sequencing (ChIP-Seq) revealed that LSD1 regu-
lates a subset of genes involved in multiple oncogenic programs to maintain 
leukemia stem cells [67, 68]. These results suggest the potential therapeutic benefit 
of LSD1 inhibitors targeting cancers.

As mentioned above, LSD1 is an amine oxidase that catalyzes the demethylation 
of mono- or dimethylated histone lysine residues and shows homology with mono-
amine oxidases (MAOs) A and B [69]. Indeed, trans-2-phenylcyclopropylamine 
(PCPA) (Fig. 5), a MAO inhibitor used as an antidepressant, was found to be also 
able to inhibit LSD1. It was shown that PCPA is a mechanism-based irreversible 
inhibitor of LSD1. Kinetics, MS, and X-ray analysis data suggested that PCPA inhib-
its LSD1 through the formation of a covalent adduct with the flavin ring following 
one-electron oxidation and cyclopropyl ring opening [69, 70]. PCPA at high concen-
trations induced an increase of global H3K4 methylation and growth inhibition of 

DNA and Histone Modifications in Cancer Therapy



592

neuroblastoma cells and bladder cancer cells [58, 71]. In addition, the combination of 
PCPA and all-trans retinoic acid (ATRA) is an effective therapy for AML [68].

Many of the identified LSD1 inhibitors are PCPA analogs. NCL1 (Fig.  5), a 
lysine-PCPA hybrid compound designed on the basis of crystallographic data, was 
the first cell-active LSD1-selective inhibitor to be reported [72, 73]. NCL1 inhibited 
the growth of cancer cells at μM concentrations, consistent with its effect on H3K4 
methylation. In addition, combination therapy with anti-estrogen and NCL1 showed 
potential therapeutic effects by inhibiting the growth of drug-resistant breast cancer 
cells [74]. NCL1 also reduced tumor volume in mice injected subcutaneously with 
hormone-resistant prostate cancer PCai1 cells without adverse effects, suggesting 
the potential of LSD1 inhibitors as therapeutic agents for hormone-resistant prostate 
cancer [75]. NCD38 (Fig. 5) was discovered on the basis of the concept that LSD1 
could be potently and selectively inactivated by delivering PCPA directly to the 
enzyme’s active site [76]. Biological and mechanistic studies revealed that NCD38 
inhibits LSD1 potently and selectively by delivering PCPA directly to the enzyme’s 
active site. Interestingly, NCD38 was also able to inhibit both cancer stem cell for-
mation and the maintenance of human metastatic breast cancer cells by inducing 
their reversion to the epithelial form [77].
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GlaxoSmithKline and Oryzon Genomics discovered potent LSD1-selective 
inhibitors GSK2879552 and ORY-1001, respectively (Fig. 5) [78, 79]. GSK2879552 
and ORY-1001 exhibit anti-leukemia activity and are currently undergoing clinical 
trials for AML treatment. In addition, a screen of cancer cell lines showed that small 
cell lung carcinoma (SCLC) is sensitive to LSD1 inhibition by PCPA analogs, 
including GSK2879552 [78]. GSK2879552 exhibited DNA hypomethylation in 
SCLC lines, suggesting that DNA hypomethylation can be used as a predictive bio-
marker of LSD1 inhibitory activity.

3.2.2  Jumonji Domain-Containing Protein (JMJD) Histone Demethylase 
(JHDM) Inhibitors

JHDMs catalyze the demethylation of methylated histone lysine residues through 
Fe(II)/α-ketoglutarate-dependent enzymatic oxidation [54, 55, 80]. Unlike LSD1, 
JHDMs can demethylate all the three methylated lysine states, namely, mono-, di- 
and trimethylated lysines, because the demethylation by JHDMs does not require 
the lone-pair electrons on the nitrogen atom of lysines to initiate catalysis. To date, 
a number of JHDM family members have been identified, including KDM2–8, 
NO66, Mina53, and PHF2 [51]. The demethylation of methylated histone lysine 
residues by JHDMs regulates the expression of a number of genes and controls vari-
ous cellular functions [51]. For example, H3K9 demethylation by KDM3A is 
responsible for the gene expression of HOXA1, which is upregulated in a variety of 
human cancer lesions [81–85]. KDM4A, KDM4C, and KDM4D, the demethylases 
of methylated H3K9 and H3K36, are associated with both transcriptional activation 
and inactivation [86–89]. KDM7B contributes to gene activation in prostate cancer 
cells through the demethylation of H3K9me1/2, H3K27me2, and H4K20me1 [90–
93]. Furthermore, several JHDMs are involved in the growth of cancers, including 
leukemia, breast cancer, and prostate cancer [94–96]. Therefore, JHDM inhibitors 
are expected as candidates for anticancer agents.

It has been reported that KDM4C, a demethylase of H3K9me2/3, is associated 
with cancer. The demethylase activity of KDM4C increases the expression of Mdm2 
oncogene, which leads to a decrease of p53 tumor suppressor gene product in  cancer 
cells [97]. Moreover, KDM4C is associated with cell growth of many cancers, 
including esophageal squamous cancer, prostate cancer, breast cancer, and AML 
[87, 91, 95, 96, 98]. NCDM-32 (Fig. 5) was identified as a KDM4C inhibitor [99]. 
NCDM-32 inhibited KDM4C with an IC50 value of 1.0 μM without inhibiting prolyl 
hydroxylases 1 and 2, other Fe(II)/α-ketoglutarate-dependent enzymes. Furthermore, 
the ester prodrug of NCDM-32 showed synergistic inhibition of cancer cells when 
used in combination with an inhibitor of LSD1. The ester prodrug of NCDM-32 
impaired several critical pathways that drive cellular proliferation and transforma-
tion in aggressive breast cancer, suggesting the possibility of using KDM4 inhibi-
tors as novel therapeutic agents for aggressive breast cancer [100].

KDM5A is an H3K4me2/3 demethylase [101, 102]. It is overexpressed in many 
cancer cells, including lung cancer and gastric cancer, and its gene is amplified in 
cervix carcinoma [103–107]. KDM5A has been implicated in the development of 
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drug tolerance in cancers, including lung cancer, breast cancer, and glioblastoma 
[108–110]. Therefore, there is a need to develop KDM5A inhibitors for cancer ther-
apy. Recently, NCDM-82 (Fig. 5) has been identified as a KDM5A inhibitor [111]. 
NCDM-82 selectively inhibits KDM5A over KDM4A, KDM4C, and KDM7B.The 
methyl ester prodrug of NCDM-82 induced a selective increase in the expression of 
H3K4me3, the substrate of KDM5A. The methyl ester prodrug of NCDM-82 also 
synergistically enhanced A549 human lung cancer cell growth inhibition induced 
by vorinostat, a histone deacetylase (HDAC) inhibitor.

KDM6B functions as an H3K27me2/3-specific demethylase [112]. It facilitates 
gene transcription by demethylating H3K27me2/3, which are repressive histone 
marks. KDM6B regulates the differentiation state of the epidermis and activates the 
tumor suppressor INK4-Arf in response to stress-induced signals [113, 114]. 
Furthermore, KDM6B is overexpressed in many cancers, such as renal cell carci-
noma, MDS, colorectal cancer, and melanoma, and is involved in the growth of 
cancer cells [115–118]. These reports suggest the possibility of using KDM6B 
inhibitors as anticancer agents. Kruidenier et al. reported the first small-molecule 
catalytic site inhibitor GSK-J1 (Fig.  5) that showed selectivity for H3K27me3- 
specific KDM6A and KDM6B [119]. The ethyl ester prodrug of GSK-J1 modulated 
proinflammatory macrophage response that was dependent on the accumulation of 
H3K27me3. In addition to the anti-inflammatory activity, the ethyl ester prodrug of 
GSK-J1 exhibited anticancer activity in acute lymphoblastic leukemia, ovarian can-
cer, and pediatric brainstem glioma [120–122].

KDM7B is known to catalyze the demethylation of H3K27me2 [123]. It has 
been reported to activate the transcription of the E2F1 transcription factor in HeLa 
cells, which promotes cell cycle progression [124]. It has also been reported that 
KDM7B is associated with the proliferation of prostate cancer cells, osteosarcoma 
cells, and esophageal squamous cell carcinoma cells [93, 125, 126]. Therefore, 
KDM7B inhibitors are of interest as candidates for anticancer agents. NCDM-64 
(Fig. 5) was found as a KDM7B inhibitor [127]. NCDM-64 enhanced the methyla-
tion level of H3K27, increased the expression of E2F1 gene, and caused growth 
inhibition by G0/G1 cell cycle arrest in HeLa cells and esophagus KYSE150 cells.

4  Histone Arginine Methylation in Cancer Therapy

4.1  Protein Arginine N-Methyltransferase (PRMT) Inhibitors

The methylation of histone (H) arginine (R) residues occurs at H3R2, H3R8, H3R17, 
H3R26, and H4R3. The methylation at H3R17, H3R26, and H4R3 is associated with 
gene activation [128–130], whereas that at H3R8 is correlated with gene repression 
[131]. Protein arginine N-methyltransferase (PRMT) 1, PRMT4, PRMT5, and 
PRMT7 have been identified as histone arginine methyltransferases (Fig. 1) [132, 
133]. Whereas PRMT4 catalyzes the methylation of H3R2, H3R17, and H3R26, 
PRMT1 and PRMT5 specifically methylate H4R3 and H3R8, respectively. It has 
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been found that PRMT1 and PRMT4 catalyze the asymmetric dimethylation of argi-
nines, whereas PRMT5 and PRMT7 catalyze symmetric demethylation (Fig. 1).

Among the PRMTs, PRMT1 is involved in several disease states, including cancer. 
PRMT1 is an essential element in oncogenic MLL fusion complexes, and is involved 
in the transcription and transformation of the oncogenic MLL fusion complexes in 
leukemia cells [98, 134]. Therefore, PRMT1 inhibitors are potential anticancer agents. 
DB75 (Fig. 6) has been reported as a PRMT1 inhibitor [135]. DB75 inhibited PRMT1 
activity in cells and showed antiproliferative activity in leukemia cell lines with differ-
ent genetic lesions. A9 (Fig. 6) was also identified as a PRMT1 inhibitor [136]. A9 
efficiently inhibited the growth of castration-resistant prostate cancer cells.

4.2  Peptidyl Arginine Deiminase (PADI) Inhibitors

Although it is unclear whether histone arginine methylation is reversible or irrevers-
ible, the deimination of methylated arginines has been reported. Peptidyl arginine 
deiminase 4 (PADI4) deiminates non-methylated or monomethylated arginine resi-
dues of R2, R8, R17, and R26 in the H3 tail (Fig. 1) [137]. The deimination by PADI4 
prevents arginine methylation by PRMT4, and PADI4 represses hormone receptor-
mediated gene induction. In addition, the deimination of H4R3 in HL-60 granulo-
cytes has also been reported [138]. It is unclear whether the deimination by PADIs is 
related to cancer or not, but it was reported that PADI inhibitors, including YW3–56 
(Fig. 7), inhibited the growth of cancer cells by regulating autophagy flux [139].

O NH

NH2

HN

H2N

DB75
OH

NH

O

N

N
O
SO
O

A9

Fig. 6 Structures of PRMT inhibitors

N
H

NH

HN

Cl

O

H
N

O

N

YW3-56

Fig. 7 Structure of 
YW3-56

DNA and Histone Modifications in Cancer Therapy



596

5  Summary

At present, there are only six approved epigenetic drugs (two DNMT inhibitors and 
four HDAC inhibitors), and they are utilized only for MDS, cutaneous T-cell lym-
phoma, peripheral T-cell lymphoma, or multiple myeloma treatment. Additional 
indications of the current epigenetic drugs are limited. In this regard, researchers 
need to develop an integrated understanding of cancer epigenetics in order to dis-
cover useful next-generation drugs for cancer therapy.

In this chapter, small-molecule inhibitors of DNMTs, TETs, KMTs, KDMs, 
PRMTs, and PADIs have been discussed from the point of view of potential use in 
cancer therapy. It is hoped that the epigenetic inhibitors presented here will provide 
the basis for the development of novel anticancer agents.
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potentially for prevention. For cancer diagnosis, epigenetic alterations in cancer 
cells can be utilized for cancer detection and diagnosis of cancer pathophysiology, 
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tions in normal cells can provide cancer risk diagnosis taking account of individu-
als’ life history. To bring these epigenetic diagnoses into clinical practice, 
improvement of detection technologies, strict selection of marker genes, and analy-
sis of clinically relevant samples are important. For cancer therapy, various epigen-
etic inhibitors are actively being developed, and a number of clinical trials are now 
being conducted for solid tumors. To bring these epigenetic therapies into clinical 
practice, we need to pay attention to cancer cell specificity, gene specificity, the 
small range of the biologically effective dose, and slow response to epigenetic ther-
apy. For cancer prevention, removal of accumulated methylation in normal tissues 
and repression of induction of aberrant DNA methylation can be utilized, and effec-
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nosis, therapy, and prevention to clinical practice.
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1  Introduction

Epigenetic alterations are frequently present in various types of cancers, and some 
of them are causally involved in cancer development and progression [1, 2]. Not 
only in cancer cells but also in normal cells, epigenetic alterations can be present. 
As described in the other chapters, these epigenetic alterations are very useful for 
cancer diagnosis and therapy. In addition, potential usefulness in cancer prevention 
has also been shown. In this final chapter, we will discuss future perspectives of how 
epigenetic alterations can be utilized for cancer diagnosis, therapy, and prevention.

2  Future Perspective for Cancer Diagnosis

Epigenetic alterations are present not only in cancer cells but also in normal cells 
due to aging or exposure to environmental factors, and the alterations both in cancer 
and normal cells can be utilized for cancer diagnosis. Among various epigenetic 
modifications, DNA methylation is considered to be especially useful as a cancer 
diagnostic marker for its chemical and biological stability. Cancer diagnosis can be 
classified into detection of cancer (cancer detection diagnosis), characterization of 
the cancer and cancer patients (cancer pathophysiology diagnosis), and cancer risk 
diagnosis.

2.1  Cancer Detection Diagnosis

Cancer cell-specific DNA methylation, such as SEPT9 methylation in colorectal 
cancers [3], can be utilized for the detection of cancers. Such methylation can be 
detected in either (i) specimens obtained with minimal invasion but containing no or 
few cancer cells, such as tumor-derived cell-free DNA (cfDNA), or (ii) specimens 
that potentially contain cancer cells, such as urine for renal and bladder cancers, 
sputum for lung cancers, and stool for colorectal cancers. Tumor-derived cfDNA 
can be utilized for the detection of a variety of cancers, but suffers from its limited 
availability. The merit of detecting a variety of cancers can become a shortcoming 
of the lack of specificity. In contrast, specimens containing cancer cells appear to 
contain more tumor-derived DNA [4]. In either specimen, at this moment, the sen-
sitivity and specificity of such methylation markers have not exceeded those of the 
markers currently used in clinical practice [5], and several issues should be 
overcome.

First, the issue of extremely small amounts of DNA in a specimen needs to be 
overcome. PCR is often employed to analyze such a small amount of DNA. However, 
the more amplification we conduct, the higher the risk of stochastic results, includ-
ing contamination, we have. Potential solutions for now include digital PCR and 
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next-generation sequencing without PCR.  Also, bisulfite treatment is known to 
reduce the amount of DNA suitable for PCR down to approximately 10% of the 
initial amount. Development of technology that can detect epigenetic information 
on DNA without bisulfite treatment will bring a significant advancement. In addi-
tion, the use of genomic loci with high copy numbers, such as multi-copy genes and 
repetitive sequences, is an alternative way to overcome this issue.

Second, as described below, aberrant DNA methylation can be present even in 
normal cells reflecting aging or exposure to environmental factors. Therefore, to 
achieve sufficient specificity for detection of cancer, selection of a marker locus 
specifically methylated in cancer cells, not in surrounding normal cells, is neces-
sary. Since robust techniques for genome-wide screening are readily available, strict 
selection of loci with specific methylation can be readily achieved.

Third, although this is applicable to any marker development, the use of clini-
cally relevant samples is essential. It is easy by conventional blood biochemistry to 
distinguish liver cancer patients from entirely healthy individuals, but clinically an 
important issue is to distinguish liver cancer patients from patients with hepatitis or 
liver cirrhosis. To bring a cancer cell-specific methylation marker to clinical prac-
tice, better sensitivity and specificity in clinically relevant samples are required.

2.2  Diagnosis of Cancer Pathophysiology

Epigenetic alterations in cancer cells provide information useful for the diagnosis of 
cancer pathophysiology, such as drug sensitivity and patient prognosis (Fig.  1). 
Gliomas with aberrant DNA methylation of MGMT show sensitivity to an alkylat-
ing agent, temozolomide [9]. Colon cancers with the CpG island methylator pheno-
type (CIMP) show resistance to 5-fluorouracil (5-FU) [10]. Neuroblastoma patients 
with CIMP show poorer prognosis than those without, and the prognostic power of 
CIMP is much more informative than conventional prognostic markers and MYCN 
amplification [11].

To increase the accuracy of a methylation marker, a mechanistic basis of how 
methylation of a locus is associated with a phenotype is important. When the predic-
tion power of a methylation marker is dependent upon resultant gene silencing, 
simultaneous analysis of mutations, which can also inactivate the gene, may be use-
ful. It used to be cumbersome to analyze mutations of the entire coding region of a 
relevant gene, but recent next-generation sequencing technologies have made the 
analysis easy. An integration of both epigenetic and genetic information is expected 
to be more useful for diagnosis of cancer pathophysiology. On the other hand, as 
typically observed for CIMP markers, methylation of specific marker genes repre-
sents that of many additional loci in the genome. In this case, selection of a marker 
gene (or genes) whose methylation is closely associated with methylation of the 
other target genes is important.

Multiple advantages of diagnosis using aberrant DNA methylation over that 
using mRNA or protein expression are known. First, aberrant DNA methylation can 
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predict that a gene will not be expressed even in the future timing of drug treatment 
(Fig. 2). For example, MGMT expression can be induced by temozolomide treat-
ment, even if it is not expressed at the time of tumor biopsy. However, if MGMT is 
methylated in a biopsy specimen, it can never be induced, even at the time of drug 
treatment. Second, an overall methylation level of a marker gene in a heterogeneous 
sample is not disturbed by a small fraction of contaminating cells. In a single cell, 
methylation status of an individual gene can be classified into 0 (two unmethylated 
alleles), 1 (one methylated and one unmethylated alleles), and 2 (two methylated 
alleles). In contrast, mRNA and proteins can be expressed at extremely high levels 
even in a single cell, and contamination of a small number of cells with extremely 
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Sensitive to 
paclitaxel

Resistant to 
5-FU

Poor 
prognosis

A

B

Fig. 1 Diagnosis of cancer pathophysiology, such as drug sensitivity and patient prognosis, using 
aberrant DNA methylation. (a) Diagnosis using aberrant DNA methylation of a single gene. 
Gliomas with aberrant DNA methylation of MGMT show susceptibility to an alkylating agent, 
temozolomide (TMZ). Esophageal squamous cell carcinomas (ESCCs) with aberrant methylation 
of ZNF695 show susceptibility to definitive chemoradiotherapy (dCRT) [6]. Gastric cancers with 
aberrant methylation of CHFR show susceptibility to paclitaxel [7, 8]. Information of loss of func-
tion mutations of the same genes might improve diagnostic accuracy when loss of gene function is 
responsible for a pathophysiology. (b) Diagnosis using aberrant DNA methylation of multiple 
genes, exemplified by CIMP. Colon cancers with CIMP show resistance to 5-fluorouracil (5-FU). 
Neuroblastoma patients with CIMP show poor prognosis. Selection of a marker gene (or genes) 
whose methylation is closely associated with methylation of the other target genes is important
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high expression in a sample can disturb the overall expression levels in the sample. 
Third, DNA is chemically stable, and DNA methylation can be analyzed in a sample 
with partial degradation.

These confirm the potential of DNA methylation in cancer pathophysiology 
diagnosis and the importance of mechanistic analysis of how methylation of a 
marker gene is associated with cancer pathophysiology.

2.3  Cancer Risk Diagnosis by Measurement of Methylation 
Burden in Normal Tissues

Not only in cancer cells but also in normal cells, epigenetic alterations are accumu-
lated [12]. Aberrant DNA methylation in normal tissues is known to be induced by 
aging or exposure to some environmental factors (methylation inducers), such as 
infectious agents [13], tobacco smoking [14], and hormones [15]. Especially, 
chronic inflammation, such as Helicobacter pylori (H. pylori)-induced gastritis, 
hepatitis virus-induced hepatitis, and ulcerative colitis, has been shown to play a 
critical role in aberrant DNA methylation induction [16]. Aberrant DNA methyla-
tion in normal tissues, namely methylation burden, can persist for a long time, 
potentially for life, even after the removal of methylation inducers, and is deeply 

Temozolomide

At the time of 
tumor biopsy

At the time of 
drug treatment 

Sensitive

Resistant

Methylated

Unmethylated

MGMT

MGMT

MGMT

MGMT

DNA damage

Patient A

Patient B

Response

Fig. 2 Diagnosis of inability to express a gene using aberrant DNA methylation. An unexpressed 
gene can be induced upon transcriptional stimulation if it is not methylated in its promoter CpG 
island. In the case of MGMT, its expression can be induced by DNA damage due to temozolomide 
treatment even if it is not expressed at the time of tumor biopsy. However, if MGMT is methylated, 
it can never be induced. Since induction of MGMT leads to repair of DNA damage by temozolo-
mide, gliomas with unmethylated MGMT show poorer response to temozolomide
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involved in the formation of an epigenetic field for cancerization (an epigenetic field 
defect), a normal tissue predisposed to carcinogenesis [12].

Methylation burden reflects epigenomic damage in normal tissues, and its mea-
surement has the potential to provide cancer risk diagnosis (Fig. 3). Such risk diag-
nosis using methylation burden is most advanced in gastric tissues. Cross-sectional 
studies showed that the levels of methylation burden (methylation levels after the 
removal of H. pylori infection) increased in the order of: normal gastric tissues of 
healthy people, those of patients with a single gastric cancer, and those of patients 
with multiple gastric cancers [17, 18]. Further, a multicenter prospective cohort 
study demonstrated that the measurement of DNA methylation levels after endo-
scopic submucosal dissection of a primary gastric cancer can predict the risk of 
developing a metachronous gastric cancer [19].
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Fig. 3 Cancer risk diagnosis by measurement of methylation burden. Methylation levels after 
removal of methylation inducers are considered to reflect epigenomic damage of stem cells (meth-
ylation burden) in normal tissues, and their measurement has the potential to provide cancer risk 
diagnosis. People with low (a) and high (b) methylation levels are considered to have low and high 
cancer risk, respectively
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Cancer risk diagnosis using methylation burden in normal tissues is in sharp 
contrast with that using a single nucleotide polymorphism (SNP). SNPs define the 
innate cancer risk of an individual, and cannot evaluate actual exposure to environ-
mental factors of the individual. In contrast, methylation burden reflects both the 
exposure and response to the exposure, which can be defined by SNPs, and thus 
takes account of individuals’ life history. Cancer risk diagnosis using methylation 
burden in normal tissues potentially has a broad application since accumulation of 
aberrant DNA methylation is known for various organs, such as the esophagus, 
colon, liver, and mammary glands [20–23].

3  Future Perspective for Cancer Therapy

Various epigenetic inhibitors, which can target epigenetic writers, erasers, and read-
ers, are actively being developed. Among such inhibitors, DNA demethylating 
drugs (azacytidine and decitabine) are now clinically utilized for myelodysplastic 
syndrome (MDS) and a part of acute myeloid leukemia (AML) [24, 25]. Histone 
deacetylase inhibitors (vorinostat, romidepsin, and panobinostat) are clinically uti-
lized for cutaneous T-cell lymphoma (CTCL) and multiple myeloma [26].

3.1  Epigenetic Therapy for Solid Tumors

A large number of clinical trials are now being conducted for solid tumors, and 
good clinical responses have been obtained for some cancers, especially by a com-
bination of an epigenetic drug and conventional chemotherapy [27]. A combination 
of azacytidine and a histone deacetylase (HDAC) inhibitor, entinostat, was effective 
for recurrent metastatic non-small cell lung cancers [28]. Also, a combination of 
decitabine and carboplatin was effective for carboplatin-resistant ovarian cancers 
[29], and that of decitabine and panitumumab, an anti-EGFR antibody, was effec-
tive for metastatic colorectal cancers without KRAS mutation [30].

To bring these promises of epigenetic therapy to clinical practice, several impor-
tant issues should be addressed, including (i) cancer cell and gene specificity, (ii) 
the small range of the biologically effective dose, and (iii) a relatively slow response 
to the therapy (Fig. 4). Especially, for most epigenetic drugs, a biologically effec-
tive dose is distinct from the maximum tolerated dose (MTD). DNA demethylating 
agents are known to induce cell cycle arrest and thus a small degree of DNA 
demethylation at MTDs, while they efficiently induce DNA demethylation at doses 
far below the MTD, namely a biologically effective dose [31]. Usually, the maxi-
mum biological dose has a small range as expected from its definition. Also, most 
epigenetic drugs typically need weeks of time for their clinical responses to become 
visible [32].
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3.2  Monitoring of Therapeutic Efficacy

To overcome the above issues of the small range of the biologically effective dose 
and the slow response, we need markers that can evaluate molecular responses 
before clinical responses are obtained. Molecular responses can be evaluated by 
measuring the changes of epigenetic modifications, such as DNA demethylation, in 
cancer cells. Since this is for monitoring purposes, the diagnosis must be achieved 
using specimens obtained by minimally invasive methods, such as tumor-derived 
cfDNA or DNA from peripheral lymphocytes.

Regarding cfDNA, its amount is limited unless tumor necrosis (or apoptosis) is 
induced, tumor mass is large, or metastasis occurs. Therefore, as in the case of can-
cer detection, multiple pieces of invention need to be incorporated, such as (i) the 
use of novel technologies, such as digital-PCR and next-generation sequencing, (ii) 
development of a technology that can detect epigenetic information on DNA with-
out bisulfite treatment, and iii) the use of a genomic locus with a high copy 
number.

Epigenetic drugs

Cell killing
&

Cell normalization

• Tumor-derived cfDNA
• Peripheral lymphocytes 

Therapeutic 
effects

Adverse effects

Cell killing
&

Change of 
cell function

i) Cancer cell specificity 

• Use of cancer-specific 
combination?

• Additional target cells?

Monitoring of molecular response 
using…

ii) The small range of the biologically 
effective dose

iii) Slow response to the therapy

Normal cells Cancer cells

• Epigenome editing

i) Gene specificity 

Stromal cells

Fig. 4 Important issues to bring epigenetic therapy to solid tumors, including (i) cancer cell and 
gene specificity, (ii) the small range of the biologically effective dose, and (iii) slow response to the 
therapy. Cancer cell specificity might be achieved by targeting a cancer cell-specific combination 
of epigenetic modifications. At the same time, diversity of target cells for epigenetic therapy, such 
as stromal cells, needs attention. Gene specificity may be achieved by epigenome editing. The 
small range of the biologically effective dose and the slow response may be overcome by develop-
ing markers that can evaluate molecular responses before clinical responses are obtained
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In contrast, DNA from peripheral lymphocytes is available in sufficient amount, 
and solves the issue of small amounts of DNA. However, it has been difficult so far 
to develop a good monitoring marker for DNA demethylation in MDS. Recently, 
the potential of the long interspersed nuclear element (LINE-1) as a monitoring 
marker was shown [33]. In addition to the fundamental issue that therapeutic 
response of MDS is really due to DNA demethylation, potential reasons for the dif-
ficulty include (i) uncertainty whether DNA demethylation in peripheral leukocytes 
parallels that of tumor cells, and (ii) the lack of appropriate marker genes whose 
demethylation is in parallel with that of the genes responsible for therapeutic effects. 
These issues need to be solved early on for the success of epigenetic therapy in solid 
tumors.

3.3  Cancer Cell and Gene Specificity of Epigenetic Therapy

Not only cancer cells but also normal cells are affected by epigenetic drugs because 
any aberrant epigenetic modifications in a cancer cell can be physiological in other 
genomic regions of normal cells. To overcome this limitation, multiple attempts are 
being undertaken. If a combination of epigenetic modifications specifically present 
in cancer cells is identified, this will become a superb therapeutic target (Fig. 4). 
Indeed, the efficacy of a combined inhibition of DNA methylation and trimethyl-
ation of histone H3 lysine 27 (H3K27me3) has been shown in a preclinical study 
[34, 35]. This finding suggests that an aberrant combination of DNA methylation 
and H3K27me3 is specifically present in cancer cells and effectively targeted by the 
combination treatment. Not limited to this combination, a large-scale screening for 
aberrant combination of epigenetic modifications specifically present in cancer cells 
might lead to overcome the issue of cancer cell specificity.

Another attempt to overcome the issue of cancer cell specificity is targeting spe-
cific genes for change of an aberrant epigenetic modification in cancer cells. Such 
gene-specific intervention is considered to be achieved using epigenome editing 
technologies, and multiple reports are already available [36–38]. Third, it is note-
worthy that promoter CpG islands of transcribed genes are resistant to DNA meth-
ylation induction [39–42]. This suggests that, once an aberrantly methylated 
promoter CpG island is partially demethylated by DNA demethylating drugs, it will 
become completely demethylated if it is actively transcribed. In contrast, genes 
without active transcription will be remethylated even after they are partially 
demethylated. This use of “transcription memory” may lead to a strategy of epigen-
etic and transcriptional restoration.

The fundamental question here is whether or not cancer cell specificity is really 
essential. Recent reports have shown that one of the major mechanisms of epigen-
etic therapy is activation of endogenous retroviruses and enhancement of antigenic-
ity of cancer cells [43, 44]. Also, epigenetic abnormalities that are reversed by 
epigenetic therapy can be present not only in cancer cells but also in cells in a cancer 
microenvironment [45, 46]. Combining effects upon multiple genes in multiple tar-
get cells with reasonable specificity may become an effective approach.
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3.4  Non-epigenetic Targets of Epigenetic Drugs

Some epigenetic drugs target not only histone proteins but also non-histone pro-
teins. The mode of action of HDAC inhibitors is generally considered to be the 
reactivation of tumor-suppressor and differentiation-related genes repressed by his-
tone deacetylation. However, a large number of proteins, such as HSP90, p53, 
c-Myc, and β-catenin, are also targets of HDACs, and the mode of action seems to 
be more complicated [47].

The mode of action of mutant IDH1/2 inhibitors is also complicated. IDH1/2 
mutations confer a novel enzymatic activity, which can catalyze the conversion of 
α-ketoglutarate to R(-)-2-hydroxyglutarate (2-HG) [48], and 2-HG inhibits activi-
ties of both TET enzymes [49] and histone demethylases [50], which lead to epigen-
etic alterations. At the same time, citric acid cycle metabolism is also affected by 
IDH1 mutations [51]. Therefore, further understanding of the modes of action of 
individual epigenetic drugs is important, and this will lead to development of more 
efficient epigenetic therapy.

3.5  Novel Therapeutic Targets: Chromatin Remodelers

Recent cancer genome analysis elucidated that components of a chromatin remodel-
ing complex, SWI/SNF, are frequently mutated in various types of cancers [52–57]. 
Some of these mutations are utilized to produce novel therapeutic targets. Rhabdoid 
tumors with SMARCB1 mutations show up-regulation of a histone methyltransfer-
ase, EZH2 [58], and are susceptible to inhibition of EZH2 [59]. On the other hand, 
it is also reported that inhibition of EZH2 enzymatic activity itself is not sufficient 
for the growth inhibition of SWI/SNF-mutated cancer cells [60].

Synthetic lethality, due to which only cells with a specific mutation are killed by 
an additional mutation or lack of function of a gene, is reported for ARID1A and 
ARID1B [61] and also for SMARCA4 (BRG1) and SMARCA2 (BRM), ATPases of 
the SWI/SNF complex [62, 63]. Since ATPase is essential for survival of a cell, 
including a cancer cell, inhibition of the remaining ATPase subunit in cancer cells 
that lack one of the two ATPase subunits can induce specific cancer cell killing. 
Further development of therapeutic strategies against SWI/SNF-mutated cancers 
will be beneficial for a broad range of cancer types.

4  Future Perspective for Cancer Prevention

Methylation burden in normal tissues can persist even after the elimination of meth-
ylation inducers [64]. Therefore, in addition to suppression of methylation induc-
tion, removal of methylation burden itself is considered to be useful for cancer 
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prevention. As a proof-of-principle, administration of DNA demethylating drugs or 
utilization of Dnmt1 hypomorphic alleles reduced cancer incidences in multiple 
animal models (Table 1). However, it is unclear whether the preventive effect was 
due to the repression of aberrant DNA methylation induction or due to removal of 
methylation burden accumulated in tissues. To address this issue, the preventive 
effect should be evaluated by administering a DNA demethylating agent after accu-
mulation of methylation burden and removal of methylation inducers. Once this 
strategy is shown to be effective, removal of accumulated methylation burden will 
have immense application to cancer prevention.

To bring epigenetic cancer prevention to clinical practice, novel strategies for the 
removal of methylation burden need to be considered. DNA demethylating drugs 

Table 1 Reports about epigenetic cancer prevention using animal models

Tumor types
Inducers of 
cancers Animals

Preventive 
treatment

Reduction of 
cancer 
incidence (or 
number) Reference

Gastric cancers H. pylori 
infection 
and MNU 
treatment

Mongolian 
gerbils

Decitabine From 55% to 
23%

[65]

SCCs 
(esophagus/
tongue)

4NQO 
treatment

Mouse Hypomorphic 
Dnmt1

From 78% to 
43% 
(esophagus) 
from 100% to 
91% (tongue)

[66]

Intestinal polyps Apc 
mutation 
(ApcMin/+)

Mouse Zebularine From 100% to 
27%

[67]

Intestinal polyps Apc 
mutation 
(ApcMin/+)

Mouse Decitabine From 113 
polyps (n = 7) 
to 20 polyps 
(n = 12)

[68]

Intestinal tumors Mlh1 
mutation

Mouse Hypomorphic 
Dnmt1

From 83% to 
0–61% 
(depending on 
Dnmt1 
mutation 
types)

[69]

Prostate cancers Expression 
of the 
SV40 early 
region, 
including 
TAg

Mouse Decitabine From 54% to 
0%

[70]

SCC squamous cell carcinoma, MNU N-methyl-N-nitrosourea, 4NQO 4-nitroquinoline 1-oxide 
and TAg large T antigen
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currently available are not suitable for use in healthy people because of their adverse 
effects. A preventive intervention with currently available demethylating drugs will 
be potentially allowed only for a population at extremely high risk of intractable 
cancers, such as pancreatic cancers. At this moment, it is unclear whether DNA 
demethylating drugs with few adverse effects can be developed. In contrast, repres-
sion of induction of aberrant methylation can be more readily achieved, and supple-
mentation with effective compounds for repression into food may become 
possible.

5  Epilogue

Epigenetic diagnosis is now coming into clinical practice. Also, a door to epigenetic 
therapy has now opened. At the same time, we are facing multiple challenges to 
bring new modes of epigenetic drugs into clinical practice. As ever, strong basic 
science and mechanism-based clinical trials will be required to overcome these 
issues. In addition to cancer, epigenetic alterations are likely to be involved in 
chronic disorders, such as diabetes mellitus and Alzheimer’s disease. Our knowl-
edge and technologies obtained in cancer research are valuable for research on epi-
genetic alterations in such disorders.
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