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Abstract

The word “Epigenetics” describes inheritable changes in gene expression that
are independent of alterations in DNA sequences. Epigenetics is one of the most rap-
1dly expanding fields in biology and over the past 16 years, the epigenetic regulation
of DNA-based processes has been intensely studied. Epigenome is essential for the
regulation and in unraveling the stages of normal and abnormal cellular develop-
ment, including the phases of growth, differentiation, senescence, aging and immor-
talization during carcinogenesis. The recent characterization of DNA methylome at
single nucleotide resolution has allowed the mapping of epigenetic machinery: DNA
methylation, post-translational histone and other protein modifications, nucleosome
positioning and noncoding RNAs (specifically microRNA [miR] expression) which
act in concert to exert their cellular effects. Recent advancements in cancer epigenet-
ics has highlighted the extensive reprogramming of every component of the epige-
netic machinery in cancer. Disruption of the epigenome can contribute to cancer via
altered gene function and malignant cellular transformation. The reversible nature
of gene silencing by epigenetic modifications has facilitated the emergence of the
promising field of epigenetic therapy. In contrast to conventional chemotherapy;
several epigenetic drugs have been proven to prolong survival and to be less toxic.
DNA methylation and histone modifications may serve as a potential targets for the
development and implementation of new therapeutic approaches in the clinical set-
tings. Many clinical trials are ongoing with novel classes of agents that target vari-
ous components of the epigenetic machinery and have already made progress with
the recent FDA approval of three epigenetic drugs for cancer treatment. In this book
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chapter, we discuss the roles of epigenetic modifications in tumorigenesis; their
clinical utility in cancer management as biomarker for detection, diagnosis and
prognosis as well as highlight emerging epigenetic therapies being developed
for cancer treatment.

Abbreviations

APC: Adenomatosis polyposis coli; CDH13: Cadherin 13; ER-a: Estrogen receptor-a; MLH1: mutL ho-
molog 1; VHL: von Hippel-Lindau tumor suppressor; RAR-b2: Retinoic acid receptor b2; GSTP1:Glutathione
S-Transferase Pi 1; MBD: Methyl-binding domain; HDAC: Histone deacetylase; LOI: Loss of imprinting;
CDHI1: Cadherin-1; ES: Embryonic stem cells; MeCP: Methyl cytosine binding protein; MAGE: Melano-
ma-associated gene; DPP6: Dipeptidyl peptidase 6; VIM: Vimentin; HOXA2: Homeobox protein Hox-A2;
IAP : Inhibitor of Apoptosis (IAP); DNMT: DNA methyltransferase; Rb: Retinoblastoma; HATs: Histone
acetyltransferases; NID2: Nidogen 2; CRBP1: cellular retinol binding protein 1; TP73: Tumor Protein P73;
RUNX3: Runt-related transcription factor 3; RAR: Retinoic acid receptor; THBS1: Thrombospondin 1; ER-B:
Estrogen receptor-f§; HDACI: Histone deacetylase inhibitors; SirT1: Sirtuin (silent mating type information
regulation 2 homolog) 1; BRCAT1: Breast Cancer Type 1 Susceptibility Protein; CDKN2B: Cyclin-dependent
kinase inhibitor 2B (p15); PRMTS5: Protein Arginine Methyltransferase 5; SUV39H1: Suppressor Of Varie-
gation 3-9 Homolog 1); RASSF1A: Ras association domain family 1 A; MGMT: O6-Methylguanine-DNA-
Methyltransferase; ERP: Estrogen receptor beta; MECP2: Methyl-CpG-binding 2 protein; HP1a: Heterochro-
matin proteinla; PRC2: Polycomb repressive complex 2; ZBTB 33: Zinc finger and BTB domain containing
protein 33; MSP: Methylation specific PCR; SEPT9: Septin 9; DAPK1: Death-Associated Protein Kinase 1;
IGF2: Insulin-like growth factor 2; S100P: S100 calcium binding protein P; GATA2: GATA-Binding Protein
2; CDKNIA: Cyclin Dependent Kinase Inhibitor 1A; G9a: Histone-lysine N-methyltransferase 2 ( known
asEHMT2); SFRP1: Secreted Frizzled Related Protein 1; TMS1: Target Of Methylation-Induced Silencing 1;
MBD1: Methyl-CpG binding domain protein 1; PCDH10: Protocadherin 10; ERa: Estrogen receptor alpha;
5-FC: 5-fluoro-2-deoxycytidine; SHOX2: Short stature homeobox 2; TWIST1: Twist Family BHLH Tran-
scription Factor 1; SAHA: Suberoylanilide hydroxamic acid; CDKN2A: Cyclin dependent kinase inhibitor
2A (p16); SAT2: Spermidine/spermine N1-acetyltransferase family member 2.

1. Introduction

Carcinogenesis is driven by the accumulation and interplay of genetic and epigenetic ab-
normalities that affect the structure and function of the genome [1-3] and result in dysregulated
gene expression and function. The term “Epigenetics” coined by C.H.Waddington refers to the
study of heritable changes that are independent of alterations in the primary DNA sequence.
The epigenetic alternations implicated in the initiation and progression of cancer are DNA
methylation, post-translational histone and other protein modifications, nucleosome position-
ing and noncoding RNAs (specifically microRNA [miR] expression) which act in concert to
exert their cellular effects (Fig. 1). These modifications jointly constitute the “epigenome” to
modulate the regulation of many cellular processes, including gene and microRNA expression,
DNA -protein interactions, suppression of transposable element mobility, cellular differentia-
tion, embryogenesis, X-chromosome inactivation and genomic imprinting [4]. Epigenome is
essential for the regulation and in unraveling the stages of normal and abnormal cellular devel-
opment, including the phases of growth, differentiation, senescence, aging and immortaliza-

tion during carcinogenesis [5].
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Figure 2 Epigenetic machinery and interplay among epigenetic factors. Epigenetic marks are catalyzed by different epigenetic complexes, whaose principal
families are illustrated here. (a—c) Epigenetic regulation depends on the interplay among the different players: DNA methylation (a), histone marks (b) and
nucleosome positioning (c). The interaction among the different factors brings about the final outcome. This figure illustrates selected examples of the
possible interrelations among the various epigenetic players.

Figurel: Epigenetic machinery and interplay among epigenetic factors (Adapted from A. Portela and M.
Esteller, 2010 [97].)

The emergence of epigenetic machinery as key regulators of gene regulation and
expression has provided significant insights into oncogenesis. Driven by aberrant DNA
methylation and histone modifications, epigenetic aberrations are critically responsible for the
disruption of cellular machinery and homeostasis. Failure of the proper maintenance of the
epigenetic machinery results in altered gene function and malignant cellular transformation.
Aberrant epigenetic modifications occur at an early stage of neoplastic development and serve
as an essential player in cancer progression [6].

DNA methylation is characterized by the chemical modification of cytosine with the
transfer of a methyl moiety at the 5- carbon of the cytosine base in CG dinucleotides by
DNA methyltransferases (DNMTs). DNA methylation play vital role in the regulation of
gene transcription and chromatin status. In contrast to normal cell, cancer cell show global
hypermethylation mainly of repetitive elements and localized hypermethylation leading to
silencing of genes (e.g., tumor suppressor) with associated loss of expression [7]. Nucleosomes
the basic unit of chromatin, basically consist of 146bps of DNA wrapped around an octomer
of Histone complex (two subunits each of H2A, H2B, H3 and H4 histones). The H1 linker
histone binds to the outside of nucleosome and seals two turns of DNA. The less structured
N-terminal domains of all core histones protrude from the core histone and are subjected
to modifications [8-10]. The epigenetic cross-talk between histone modifications and DNA
methylation influences chromatin condensation, stability and nuclear architecture, primarily
regulating its accessibility and compactness.

The most common epigenetic modifications observed during malignancies are increased
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methylation of CpG islands within gene promoter regions and deacetylation and or methylation
of histone proteins which results in aberrant gene expression and altered epigenomic pattern
[7,9]. In recent years, tremendous pace of research on epigenetics provides insights into the
significant role altered epigenetic alterations plays in mediating tumor onset and progression,
their utility as candidate targets being explored for risk assessment, early detection, prognosis,
prediction of response to therapy and on the development of compounds that target enzymes
which regulate the epigenome as anticancer agents, thereby outlining the great promise this field
holds to advance our understanding of oncogenesis and help in the development of strategies
for cancer management [11-14].

In the present book chapter, we discuss the current understanding of epigenetic
modifications associated with tumorigenesis with focus on histone modification and DNA
methylation and provide an overview of the potential utility of methylation markers for cancer
detection, diagnosis and prognosis. We also highlight the prospect of epigenetic therapies in

designing effective strategies for cancer treatment and prevention.

2. DNA methylation in gene regulation

One of the best characterized epigenetic modifications is DNA methylation which
is involved in various biological processes such as the silencing of transposable elements,
regulation of gene expression, genomic imprinting, and X-chromosome inactivation [15-17].
(Table 1) Various reports implicate the significant role of DNA methylation in carcinogenesis,
right from the silencing of tumor suppressors to the activation of oncogenes and the promoting
metastasis [ 18]. DNA methylation serves as a key element in tissue differentiation during early
embryonic development.

Aberrant DNA methylation being recognized as the most common molecular
abnormalities during tumorigenesis, are frequently associated with drug resistance [19]. Most
CpG sites which are outside the CpG islands are methylated, thereby suggesting its role in
the global maintenance of the genome. However, most CpG islands in gene promoters are
generally unmethylated, allowing active gene transcription. When a given stretch of cytosine
of CG dinucleotide in the CpG island located in the promoter of a given gene is not methylated,
the gene is not silenced through methylation. Such CpG island is termed as “hypomethylated’.
Contrary, methylation of cytosine of CG dinucleotide in the CpG island located in the
promoter of a given gene results in methylation induced gene silencing and such CpG island is
termed as “hypermethylated” [20]. Furthermore, methylated cytosines preferentially bind to a
protein known as methyl cytosine binding protein, or MeCP, which inhibits the recognition of
methylated promoter by transcription factors and RNA polymerase [21].

In normal cells, CpG islands in active promoters are not methylated in order to maintain

euchromatin structure, thus allowing active gene expression. However, the CpG islands within
4
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coding regions are often methylated. Reverse patterns are observed in cancer cells, where
hypermethylation at CpG island containing gene promoter results in their transcriptional
inactivation by changing the open euchromatin structure to compact heterochromatic structure
[22].

3. Interrelation between DNA methylation and histone modifications

As mentioned before, all the epigenetic players act in concert to exert their cellular
effect. Apart from performing their individual roles, histone modification and DN A methylation
machinery interact with each otherto determine gene transcription status, chromatin organization
and cellular identity. The relationship between DNMT3L and H3K4 is a striking example
which reflects the interplay between histone modifications and DNA methylation. The specific
interaction of DNMT3L with histone H3 tails induces de novo DNA methylation by recruiting
DNMT?3A. Conversely, this interaction is strongly inhibited by H3K4me [23].

Several histone methyltransferases including G9a, SUV39H1 and PRMTS5 have been
reported to direct DNA methylation to specific genomic targets by directly recruiting DNA
methyltransferases (DNMTs) which in conjugation with repressive histone marks further
enhances the suppression of gene expression [24,25]. In addition to direct recruitment of
DNMTs, histone methyltransferases and demethylases influence DNA methylation level by
modulating the stability of DNMT proteins [26,27]. Early studies have shown that histone
H3K9 methyltransferase controls DNA methylation in fungi (Neurospora crassa). Mutation
of histone H3K9 methyltransferase resulted in reduced methylation thereby signifying H3K9
methylation acts as an upstream epigenetic mark which controls DNA methylation [28].

For the repression of gene expression and chromatin condensation, DNMTs can recruit
HDACs and methyl binding protein. DNA methylation can also direct histone modifications.
The strongest link between DNA methylation and histone modification is served by Methyl
binding proteins which includes methyl CpG binding protein 2 (MeCP2), Methyl-CpG
binding domain protein 1 (MBDI), and Kaiso [also known as ZBTB 33 (Zinc finger and
BTB domain containing protein 33)]. However, their confinement to methylated promoter
mediates the recruitment of histone deacetylases (HDACs) and histone methyltransferases,
which suggests that DNA methylation, induces chromatin structural changes via alternation
of histone modification. For instance, methylated DNA mediates H3K9methylation through
recruitment of effector protein MeCP2, thereby maintaining a repressive chromatin state [29].

(Fig. 2)
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Figure 2: Epigenetic cross talk between DNA methylation and histone modification (Adapted from:K.
GroNbaek et.al. 2007 [12].)

During development, both DNA methylation and histone modification are involved
to establish patterns of gene repression. Certain forms of histone methylation results in
generation of local heterochromatin, that is readily reversible. In contrast, a highly stable long
term repression is maintained by DNA methylation. Recently several studies provide insight
that DNA methylation and histone modification pathways can be dependent on each other and
this cross talk can be achieved through biochemical interactions between SET domain histone
methyltransferases and DNA methyltransferases [30].

For instance, in embryonic stem cells (ES), the pluripotency genes such as Oct3/4 and
Nanog are inactivated after lineage commitment. This silencing process involves the recruitment
of repressor complex: the SET domain containing histone methyltransferases G9a together with
histone deacetylase. Subsequently methyltransferases DNMT3A and DNMT3B, which mediate
de novo methylation, are recruited by G9a through its ankyrin (ANK) domain, at the promoter
[31,32]. In context to G9a, it seems that the different protein domains are responsible to carry
out the histone methyltransferases activity and the link with DNA methyltransferases activity.
Therefore, mutation of the SET domain disrupts H3K9 methylation without affecting DNA
methylation thereby suggesting that DN A methylation is not dependent on histone modification;
instead on the recruitment of G9a (in particular, ankyrin motif) and the interrelation between
histone modification and DNA methylation is generated through enzyme interactions [24,33].

Cooperation between histone modifications and DNA methylation in order to achieve
silencing is reflected by the Polycomb targeted genes. (Fig. 3) In normal cells, repression
involves formation of local heterochromatin — the SET domain histone methytransferase
(EZH2), as a part of Polycomb repressive complex 2 (PRC2) mediates the histone H3 lysine
27 trimethylation leading to heterochromatinization through the PRC1 complex, that consist

6
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Figure 3: Two distinct histone modifications for gene silencing in human cancers(Adapted from Y. Kondo,
2009 [40].)

activation factors [34,35]. Interestingly, polycomb induced repression are easily reversible and
in ES cells, almost all polycomb targeted genes are marked by both the repressive H3K27me3
modification as well as activating modification H3K4me3. This bivalent modification pattern
confers the potential of a gene to be driven either to its active or inactive state. Those genes
which were silenced by this mechanism might readily get activated during differentiation. On
contrary, genes in their active conformation might revert to the repressed state [36,37].

Most of the genes repressed by polycomb complexes are generally associated with
unmethylated CpG islands. However under certain circumstances (such as cancer), a number
of these genes might become targets of de novo methylation, possible through the interaction
between EZH2 and the methyltransferases DNMT3Aand DNMT3B [38,39]. Upon methylation,
some of these genes lose their polycomb repressive proteins, but still remain inactive due to
the DNA methylation, as an alternate silencing mechanism. This epigenetic switch reduces
epigenetic plasticity, locking the silencing of key regulators and contributing to carcinogenesis.
However, in some genes H3K27me3 and DNA methylation co-exist on the same promoter, in
such cases PcG-mediated H3K27me3 is the dominant silencing machinery [40]. (Fig. 4)

4. Epigenetic modifications in cancer

Recent studies indicate that tumorogenesis cannot be accounted by genetic alternations
alone but also involve epigenetic modifications. Thus, tumour cells are activated by both
genetic and epigenetic alterations. The interplay among the different players such as DNA
methylation, histone modifications and nucleosome positioning is critical for the regulation of
gene and noncoding RNA expression. During carcinogenesis, these epigenetic marks play an

7
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important role in tumor development and progression by modulating the chromatin structure,
gene and miRNA expression. (Fig. 5) Additionally, tumor cells reflect a profoundly distorted
epigenetic landscape. The epigenetic alternations, their possible mechanisms and associated
biological consequences by which they promote tumorigenesis have been discussed in Table
l.
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Figure 4: A model representing de novo methylation and de novo histone modifications in human cancer
(Adapted from Y. Kondo, 2009 [40].)
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Table 1: Summarized outline of the epigenetic changes and possible mechanisms by which they promote

tumorigenesis

Epigenetic Alteraions

Mechanism

Consequences

DNA hypermethylation

DNA hypomethylation

Loss of imprinting (LOI)

Relaxation of X
—chromosome
inactivation

Histone acetylation

Histone deacetylation

Histone methylation

De novo hypermethylation at promoter
CpG islands leads to silencing of
tumor suppressor genes and cancer
—associated genes

Activation of cellular oncogenes
Activation of transposable element

Reactivation of silent alleles, biallelic
expression of imprinted genes

Mechanisms is still unknown, but
appears to be age related

Gain -of - function
Loss-of - function

Silencing of tumor suppressor genes

Loss of heritable patterns of gene
expression (cellular memory)

Genomic and chromosomal instability,
growth advantage , increased proliferation

Increased proliferation, growth advantage,
Genomic instability, transcriptional noise

Expansion of precursor cell population

Altered gene dosage, growth advantage

Activation of tumor promoting genes
Defects in DNA repair and checkpoints

Genomic instability, increased proliferation

Genomic instability, growth advantage



Advances in Biotechnology

4.1 DNA methylation in cancer

Cytosine methylation is the most extensively studied epigenetic modification in
humans, which primarily occurs by the covalent modification of cytosine bases in the CpG
dinucleotide. These CpG dinucleotides are not evenly distributed across the human genome,
but tend to cluster in short stretches called “CpG islands™ [7] which is defined as regions of
more than 200 bases with a G+ C content of at least 50% and a ratio of observed to statistically
expected CpG frequencies of at least 0.6 as well as regions of large repetitive sequences (e.g.
centromeric repeats, retrotransposon elements, tDNA etc.) [41,42].In mammalian genomes,
CpG dinucleotides are usually quite rare (~1%). CpG islands occupy about (~60%) at the
promoter of human genes, which are normally unmethylated, thereby allowing transcription.
However, during early development or in differentiated tissues some of them (~6%) become
methylated in a tissue-specific manner [43].

CpG-island methylation is associated with gene silencing and transcription regulation.
Aberrant hypermethylation leads to transcriptional inactivation [44]. DNA methylation plays
a key role in X chromosome inactivation, imprinting, embryonic development, silencing
of repetitive elements and germ cell-specific genes, differentiation, and maintenance of
pluripotency [45-47]. DNA methylation is vital for the regulation of non-CpG islands, CpG
island promoters, and repetitive sequences to maintain genome stability [44,45]. Repetitive
sequences appear to be hypermethylated which prevents chromosomal instability, translocations
and gene disruption by the reactivation of endoparasitic sequences [48]. The DNA methylation
at CpG island shores, which are located up to 2 kb upstream of the CpG island, is closely
associated with transcriptional inactivation. Most of the tissue-specific DNA methylation
seems to occur at CpG island shores and are conserved between human and mouse [49,50].

DNA methylation regulates gene silencing by different mechanisms. Methylated
DNA can promote the recruitment of methyl-CpG-binding domain (MBD) proteins, such as
MeCP2, MBD1, MBD2, and MBD4, which in turn recruit histone modifying and chromatin-
remodeling complexes to the methylated sites, leading to transcriptional repression [48,51,52]
or by precluding the recruitment of DNA binding proteins from their target site (e.g.,c-myc
and MLTF) ,which directly inhibits transcription [53]. Long-term repression of active genes
through DNA methylation is performed by DNA methyltransferases (DNMTs). However an
active gene with unmethylated CpG islands generates an open chromatin structure favorable for
gene expression by the recruitment of Cfp1 and its association with histone methyltransferases
Setd1, thereby creating domains enriched with histone marks such as acetylation and H3K4
trimethylation [54].

10
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DNA methylation is mediated by enzymes DNA methyltransferases (DNMTs) that
catalyze the transfer ofamethyl group from S-adenosyl methionine to DNA. (Fig. 6) Though, five
members of the DNMT family have been reported in mammals: DNMT1, DNMT2, DNMT3a,
DNMT3b and DNMT3L, only DNMT1, DNMT3a and DNMT3b possess methyltransferase
activity. The maintenance DNMT, DNMT 1 has a 30- to 40-fold preference for hemimethylated
DNA and is the most abundant DNMT in the cell, transcribed mostly during the S phase of the
cell cycle. DNMT1 also has de novo DNMT activity and is responsible for post- replicative
methylation i.e., to methylate hemimethylated sites generated during semi-conservative DNA
replication. The de novo DNMTs (DNMT3A and DNMT3B), highly expressed in embryonic
stem (ES) cells and downregulated in differentiated cells are responsible for establishing the

pattern of methylation during embryonic development [55-57](Fig. 7)
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Figure 7: Establishment and propagation of methylation patterns. Cellular DNA methylation patterns seem to
be established by a complex interplay of at least three independent DN A methyltransferases: de novo (by DNA
methyltransferases DNMT3A and DNMT3B) and maintained (by DNMT1).

Epigenetic dysregulation in malignant cells is characterized by global hypomethylation
and focal hypermethylation. During tumor initiation and progression , the epigenome undergoes
11
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massive global loss of DNA methylation (20-60% less overall 5-methyl-cytosine) and
acquisition of specific patterns of hypermethylation at the CpG islands of certain promoters
resulting in their transcriptional inactivation [5,58]. In normal cell, CpG island-containing
gene promoters are usually unmethylated, thereby maintaining euchromatic structure, which
is the transcriptional active conformation allowing gene expression. However, during cancer
development, DNA hypermethylation of several tumor suppressor genes at their CpG island-
containing promoters has been shown to result in their abnormal silencing by changing open
euchromatic structure to compact heterochromatic structure. DNA methylation mediated
epigenetic silencing results in gene inactivation and promotes carcinogenesis, thus signifying
that DNA methylation impinges on carcinogenesis [59].

Thus, DNA methylation plays a vital role in promoting tumorogenesis by local
hypermethylation associated with the promoter of tumor suppressor genes resulting in their
silencing and in parallel by global hypomethylation triggering the reactivation of several
cellular protooncogenes. (Table 1).

4.2 Hypermethylation in cancer

DNA methylation is the first epigenetic alterations which were identified in cancer.
Aberrant DNA methylation is deeply associated with cancer initiation and progression. The
cancer epigenome typically reflects genome-wide hypomethylation and site-specific CpG
island promoter hypermethylation [60,61] The underlying mechanism for these global changes
initiation is still under investigation. However, recent studies have shown that some changes

occur very early in cancer development.

Hypermethylation, typically observed at specific CpG islands, is a significant mechanism
of tumor suppressor genes silencing that contributes to tumor initiation and progression [21],
[62]. The transcriptional inactivation which is caused by promoter hypermethylation, typically
affect various genes that are involved in the main cellular pathways such as DNA repair
(hMLH1 , MGMT, WRN, BRCA1), Ras signaling (RASSFIA, NOREIA), cell cycle control
(p16INK4a, p15INK4b, RB), apoptosis (TMS1, DAPK1, WIF-1, SFRP1) vitamin response
(RARB2, CRBP1) p53 network (p14ARF, p73 (also known as TP73), HIC-1) metastasis
(CDH1, CDH13, PCDHI10) detoxification (GSTP1) [63,64] (Table 2). Several other tumor
suppressor genes have also been reported to undergo tumor silencing by hypermethylation
[48,65].

Furthermore, promoter DNA hypermethylation can indirectly inactivate additional
classes of genes by silencing transcription factors and DN A repair genes. For instance, promoter
hypermethylation-induced silencing of transcription factors, such as RUNX3 in esophageal
cancer [66] and GATA-4 and GATA-5 in colorectal and gastric cancers [67] which further

contributes to the inactivation of their downstream targets has been reported. Silencing of
12
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DNA repair genes such as MLH1, BRCAT1 facilitates cells to accumulate further genetic lesions
resulting in the rapid progression of cancer. Thus promoter hypermethylation provides tumor
cell with growth advantage, increase in their genetic instability and aggressiveness. It has
been proposed that the hypermethylated promoters are associated with molecular, clinical and
pathological features of cancer and can serve as potential biomarkers, holding great diagnostic
and prognostic promise for clinicians [60].

Table 2: Epigenetically regulated genes in cancer

Cancer- associated Pathway Gene

Cell cycle RB, pl16™K4a n] 5Nk - cyelin D2, cyclin E

Signal transduction RASSF1, APC, ErbB2

Apoptosis DAPK, Caspase-8 gene

DNA repair MGMT, MLHI1, BRAC1

Carcinogen metabolism GSTP1

Hormonal response Oestrogen receptor gene, retinoic acid receptor b2 (RAR-b2)
Senescence TERT, TERC

Invasion/ metastasis E-cadherin gene, VHL, TIMP-3

Transcription Runx3, Twist, ER o, ER B, RAR, vitamin D receptor
Drug responsiveness Gluthionefy S-transferase, thymidylate synthase
Angiogenesis THBSI

Characterization of human cancer has been reported to be associated with an overall
miRNAdownregulation[68]asaresultofhypermethylationatmiRNA promoter[69]. Repression
of miR-124a by hypermethylation mediates CDK6 activation and Rb phosphorylation [70].
Hypermethylation induced inactivation of miRNA expression is not only associated with
cancer but also to metastasis development. For example, promoter hypermethylation induced

silencing of miR-148, miR-34b/c and miR-9 facilitates tumor metastasis [71].
4.3 Hypomethylation in cancer

Global DNA hypomethylation which can occur at various genomic sequences including
repetitive elements, retrotransposons, CpG poor promoters, introns and gene deserts, plays a
significant role in tumorigenesis [72]. Furthermore, the DNA hypomethylation at repetitive
sequences promotes chromosomal instability, translocations, gene disruption and reactivation
of endoparasitic sequences [73,74]. Genomic instability established as an outcome of DNA
hypomethylation in cancer cells are primarily caused by the loss of methylation from repetitive
regions and are characterized as a hallmark of tumor cells. For example, the LINE family
member L1, has been reported to be hypomethylated in a wide range of cancers, including
breast, lung, bladder and liver tumors.

13
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The association of hypomethylation with oncogenes has been reported in cancers.
A striking example is served by c-Myc, a transcription factor that acts as an oncogene. In
cancers, it has been widely reported as hypomethylated genes [65]. Hypomethylation at specific
promoters activates the aberrant expression of oncogenes and induces loss of imprinting (LOI)
in some loci. MASPIN (also known as SERPINBSY), a tumor suppressor gene hypermethylated
in breast and prostate epithelial cells [75], has been reported to be hypomethylated in other
tumor types. On account of hypomethylation, the expression of MASPIN increases with the
degree of dedifferentiation of certain cancer cell types [76,77].

Other well-studied examples of hypomethylated genes in cancer include S100P
(pancreatic cancer), S-100 (colon cancer) SNCG (breast and ovarian cancers) and melanoma-
associated gene (MAGE) and dipeptidyl peptidase 6 (DPP6) (melanomas) [50,78]. (Table 3)
The most common LOI event induced by hypomethylation is IGF2 (insulin-like growth factor
2) and has been widely reported in various tumor types such as breast, liver, lung and colon
cancer [79]. LOI of IGF2 has been also linked with an increase risk of colorectal cancer [80].
Thus, DNA hypomethylation induced aberrant activation of genes and non coding regions

contributes to cancer development and progression.

4.4 Histone modification in cancer

Nucleosome is the fundamental repeating unit of chromatin, which consists of 147-bp
segment of DNA wrapped in 1.65 turns around the histone octomer of following core histone
proteins: : H2A, H2B, H3, and H4 and neighboring nucleosomes are separated by, on average,
~50 bp of free DNA. The core histones are predominately globular except for their amino-
terminal tails that protrude from the nucleosome, which are less structured [81]. All histones
are subject to post- transcriptional modifications. Several posttranscriptional modifications
that histone tail domain is subjected to includes: acetylation, methylation, phosphorylation,
ubiquitination, SUMOQylation and ADPribosylation [40,82].(Fig. 8)
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Figure 8: Schematic representation of Histone modifications and modifiers

The complexity of post translation modifications is attributed to histone modifying
enzymes which can either activate or repress transcription, on the basis of the type of chemical
modification and its location in the histone protein [83]. Recruitment of activating or repressive
complexes to DNA can reshape chromatin into relaxed or a tightly packed structure on the basis
of the modification pattern of histone and is associated with gene function during development
as well as tumorigenesis.(Table1) With respect to its transcriptional state, the human genome can
be roughly divided into euchromatin and heterochromatin. Actively transcribed euchromatin
is characterized by high levels of acetylation and trimethylated H3K4, H3K36 and H3K79
whereas transcriptionally inactive heterochromatin is characterized by low levels of acetylation
and high levels of H3K9, H3K27 and H4K20 methylation.(Fig. 9) Recent studies have revealed

that histone modification levels are predictive for gene expression [84].
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Figure 9: Chromatin structure of active and inactive promoters. (Adapted from: K. GreNbaek et.al. 2007
[12].)

Post translational modifications patterns dynamically regulated by enzymes which either
catalyze or remove the covalent modifications to histone proteins, have been described [85,86].
Histone modifying enzymes such as Methyltransferases, histone demethylases and kinases
have been reported to be the most specific to individual histone subunits and residues [8].0n
contrary, most of the histone acetyltransferases (HATs) and histone deacetylases (HDACsS)
modify more than one residue, so are not highly specific.
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Many transcriptional co-activators (e.g., GCNS5, PCAF, CBP, p300, Tip60 and MOF)
with intrinsic HAT activity as well as several transcriptional co-repressor complexes (e.g.,
mSin3a, NCoR/SMRT and Mi-2/NuRD) with HDAC activity have been reported to play
important part in chromatin remodeling and gene transcription [87]. It has been reported that
phosphorylated RNA polymerase II targets both HDACs and HATs to transcribed regions of
active genes, where most HDACs function to reset chromatin by removing acetylation at active
genes inhibiting transcription. On other hand HATs are mainly associated with transcriptional
activation [27]. It is now evident that the interaction between these histone-modifying enzymes
as well as other DNA regulatory mechanisms is essential to tightly link chromatin state and

gene transcription.

Histone modifications play important roles in various cellular processes such as
transcriptional regulation, DNA repair [88], DNA replication, alternative splicing [89] and
chromosome condensation[81]; howevertheir deregulation is implicated inhuman malignancies
[90,91].

In various cancers, the global reduction of monoacetylated H4K 16 has been reported
as the most prominent alternations in histone modification [92]. HDACs are found to be
overexpressed or mutated in different cancer, mediate the loss of acetylation [93]. The Sirtuin
family of proteins is the main class of HDACs which are involved in this process. Upregulation
in gene expression and deacetylase activity of SirT1 is observed in various cancers. Interaction
of SirT1 with DNMTI1 affects DNA methylation patterns [94]. The expression of HDAC is
also regulated by miRNAs, such as miR-449a, induces growth arrest in prostate cancer cells
by repressing in the expression of HDAC-1 [95]. Additionally, mutations or deletions as well
as translocations in HATs and HAT-related genes has been observed in several cancer such
as colon, uterus, lung and leukemia, which contributes to the global imbalance of histone
acetylation [96].

Additionally, a global loss of active mark H3K4me3 and repressive mark H4K20me3
as well as a gain in the repressive marks H3K9me and H3K27me3 has been described during
carcinogenesis [97]. Aberrantexpression ofhistonemethyltransferases and histone demethylases
results in altered distribution of histone methyl marks in cancer cells. (Table 3) Inactivation of
histone modifying genes - histone methyltransferase SETD2 and histone demethylases UTX
and JARIDI1C has been revealed in renal carcinomas [98]. The histone methyltransferase
EZH2, overexpressed in various cancers, is a subunit of PRC2/3 complexes which enhances
proliferation and malignant transformation [39]. In breast cancer, overexpression of the
lincRNA HOTAIR reprograms chromatin state to promote cancer metastasis [99]. Histone
methyltransferases such as NSD1 undergoes promoter DNA methylation dependent silencing
in neuroblastomas [100], while DOT1L, essential for the establishment of euchromatic state

allows the expression of tumor suppressor genes [101]. Upregulation of several histone
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demethylases such as GASCI1, LSDI, JmjC and UTRX have been reported in prostate cancer
and squamous cell carcinomas [102]. Histone phosphorylations are key players in DNA
damage — repair response, chromosomal stability and apoptosis. JAK2, a nonreceptor tyrosine
kinase phosphorylate H3Y41, which in turn prevents the binding of heterochromatin proteinla
(HP1a) to this region of H3 resulting in an increase in the expression of the genes located there.
In hematological malignancies, chromosomal translocations or point mutations are responsible
for JAK2 activation [103].

Table 3: Consequences of DNA methylation and histone modifications in cancer

. . . . ffi Iti
Aberrant epigenetic modification Consequences Genes affected and resulting

disease
Cancer
MLHI1 (colon, endometrium)
DNA BRACI (breast, ovary, MGMT

CpG island hypermethylation Transcription repression (several tumor types) p16™Ks

methylation (colon) [55]

MASPIN (pancreas), S100P
(pancreas), MAGE (melanomas)

CpG island hypomethylation Transcription activation [104]
HOXA2 (colon), GATA2 (colon)
CpG island shore hypermethylation Transcription repression [49]

Transposition,  recombination

Repetitive sequence hypomethylation genomic instability L1 [55], IAP[55], SAT2[92]
Histone
modification Loss of H3 and H4 acetylation Transcription repression CDKNI1A[55]
Loss of H3K4me3 Transcription repression Hox genes
Loss of heterochromatic
Loss of H4K20me3 structure Sat2, D474[92]

Gain of H3K9me and H3K27me3 Transcription repression CDKN2A, RASSF1[39], [103]

5. DNA methylation as a marker for tumor diagnosis and prognosis

The most well defined epigenetic change in tumors is the aberrant DNA hypermethylation
in the promoter regions of genes which is associated with inappropriate gene silencing. This
feature can be utilized to explore tumor- specific DNA methylation biomarkers as well as in
examining potential candidate DNA biomarker for clinical use as diagnostic, prognostic, or
predictive marker [1,106]. DNA methylation biomarkers are molecular target that undergo
DNA methylation changes during carcinogenesis. Such a biomarker is essential for early
diagnosis of cancer, detection of recurrence as well as for predicting and monitoring therapeutic

responses.
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DNA methylation biomarkers offer several advantages over genetic and serum markers
[107] such as higher incidences of aberrant DNA methylation of specific CGls, their selective
detection in cancer cells, even when it is embedded in substantial amount of contaminating
normal DNA, technically simple detection (for instance., can be detected using MSP) and
their occurrence at early stage of tumor development, causing gain or loss of function of key
processes implicate its potential as early indicator of existing cancer and for evaluation of risk
assessment for future development of cancer [108]. Though DNA methylation biomarker has
several advantages over genetic markers, it has been reported that combination of the two might
serve better outcome. For instance, combination of both markers in stool DNA facilitated the

detection of curable stage colorectal cancer and large adenomas with higher accuracy [109].

Moreover, DNA methylation has been recognized as a potential ideal biomarker
(diagnostic/ prognostic) due to its methylation stability, amplification ability, high sensitivity,
the possibility of localization to a specific gene region, relatively low cost and potential of
development as a high-throughput screening method specific for cancer detection [107,110,
111]. Furthermore, the diagnostic and prognostic use of DNA methylation has been reported

in various types of cancer, particularly in glioma [7].

Alargenumberofpotential DNA methylation marker genes and theirrole in carcinogenesis
have rapidly increased due to the development of recent genome wide techniques for their
identification and functional analyses [7,112]. The detection of methylation signatures in
virtually any body fluid such as serum/plasma, smears, nipple fluid aspirate and vaginal fluid,
among others has been highlighted in numerous reports [113,114]. As blood samples which can
be obtained through minimal invasive procedure, serves as ideal substrate for DNA methylation
analysis. On other hand, analysing DNA methylation in body fluids remains challenging because
of relatively low mount of cell free DNA (cfDNA) compared with cell- derived DNA and for
the fact that cfDNA is highly fragmented. DNA methylation markers which are detected in
urine or sputum are site directed; however those markers which are detected in serum, plasma
or saliva can originate from anywhere in the body. So the methylation markers identified in
these substrate should hold specificity for a particular disease or small group of disease thereby
enhancing their diagnostic utility [115].

Regardingthe clinical implementation of DN A methylation biomarkers, we briefly discuss
the established markers as well as the current methylation marker validation studies. Currently,
several ongoing studies have focused on testing the utility and clinical implementations of DNA
methylation biomarkers as early diagnostic biomarker and disease progression and predictive

biomarkers in various malignancies [116,117].

For the early detection of lung, colon and prostate cancer, DNA methylation marker
based kits are already available in market. Methylation of septin 9 (SEPT9) and vimentin
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(VIM) is used for early detection of colon cancer by analyzing blood (SEPT9) or stool (VIM)
samples of patients [118,119]. Improved sensitivity and specificity was exhibited by both
markers upon comparison with the fecal occult blood test. Similarly, methylation of SHOX2
is used as a biomarker for distinguishing malignant and benign lung diseases.A sensitivity of
78% and a specificity of 96% have been reported when SHOX?2 methylation was analyzed in
bronchial aspirates [120]. The methylation of TWIST-1 and NID-2 along with other biomarkers
is used to detect bladder cancer [121]. Methylation of Vimentin and NID-2 is associated with
assessment of recurrence of bladder cancer [122]. MGMT gene encodes a DNA repair protein,
0O6-methylguanine DNA methyltransferases. Its methylation has been reported to be associated
with survival benefit of glioblastoma patients after treatment with the temozolomide, which
is an alkylating drug thus highlighting its predictive potential in clinical settings [123,124].
(Table 4)

Table 4: Commercially available tests based on DNA methylation biomarkers

Sensitivity/
Biomarker Application Disease Material Specificity Commercial test References
(%)
EpiproColon® 2.0
(Epigenomics),
+
SEPTY Early . Colorectal Blood 80-82/ 89-99 ColoVant age™ (Quest deVos et al.
VIM detection Cancer . . . (2009)
Diagnostics), Real-Time
mS9 (Abbott)
Early Lung EpiproLung® BL 1.0 Kneip et al.
SHOX2 detection Cancer Sputum 81793 (Epigenomics) (2011)
- Brain PredictMDx™ Brain Hegi et al.
MGMT Predictive Cancer Tumor ) Cancer (MDxHealth) (2005)
CertNDx™ Bladder
TWIST2 + . Bladder . Cancer Assay Hematuria ~ Renard et al.
NID2 Predictive Cancer Urine 87.9/99.9 Assessment (Predictive (2010)
Biosciences)
CertNDxTM Bladder
VIM +NID2 VIM+NID2 Bladder Urine 90.5/95.5 Cancer Assay Hematuria ~ Reinert et
cancer Assessment (Predictive al. (2012)
Biosciences

6. Prospective on Epigenetic therapy

The reversible nature of gene silencing by epigenetic modifications has facilitated the
emergence of the promising field of epigenetic therapy as a treatment option. The aim of
epigenetic therapy is to restore gene function which is silenced by epigenetic changes during
tumorigenesis. The three critical components of epigenetic regulation which have been targeted
for development of epigenetic therapies for cancer prevention and treatment include: DNA
methylation, post-translational histone and protein modification (e.g., acetylation, methylation)

19



Advances in Biotechnology

and more recently, post-transcriptional gene regulation by miR [125,126].

Many epigenetics drugs which can effectively reverse DNA methylation and histone
modification alternations have been discovered in the recent past. Currently, several agents
that target DNA methylation (DNMT inhibitors) and protein acetylation (histone deacetylase
inhibitors [HDACISs]) are in clinical development (ClinicalTrials.gov; www.clinicaltrials.gov.)
So far, three epigenetic drugs have been approved by The US FDA which includes: decitabine
and Vidaza® for myelodysplastic syndromes [127] and vorinostat for cutaneous T-cell
lymphoma [128,129](Table 5).As such no compound that specifically targets miR activity is
in clinical development, however chromatin modifying agents hold the potential to re- activate

miR expression thereby resulting in target protein modulation [130].

Table 5: Examples of approved agents in epigenetic therapy for cancer management

. FDA . Number
Disease Main study .
Agent Class o approval . of Basis of approval
indications institution .
data patients
Phase III trial; 23% response
Memorial rate; significantly improved
e DNMT Myelodysplastic Sloan- median survival compared to
5-azacitidine . 2004 . 191 .
inhibitor syndrome Kettering; supportive care (18 months
Mount Sinai vs 11 months)
Phase I1I trial; 17% response
rate; trend toward improved
DNMT Myelodysplasti di ival d t
Decitabine . yeloCyspraste 2006 MD Anderson 170 fedian s.urvwa comparecio
inhibitor syndrome supportive care (12 months
vs 8 months)
Phase IIB trial; 30%
. HDAC Cutaneous T-cell response rate; median time
Vorinostat o 2006 Duke 74 .
inhibitor lymphoma to progression was 5 months
National .
. Phase 11 trial; 34% - 38%
Institute .
response rate; median
. . HDAC Cutaneous T-cell of Health; 167 (96+ .
Romidepsin . 2009 . response duration was 11
inhibitor lymphoma King’s 71)
-15 months
College
London

DNA demethylating compounds are the first epigenetic drugs approved for use as cancer
therapeutics, can be categorized into two distinct mechanistic groups: “nucleoside analogs”
that are incorporated into the DNA of rapidly growing tumor cells during replication, covalently
bind and trap the DNA methyltransferases (DNMTs) blocking their activity, followed by
their proteosomal degradation(e.g. Vidaza (5-azacytidine)) [131]and the “non-nucleoside
inhibitors” which effectively inhibit DNA methylation without being incorporated into the

DNA (e.g. quinolone-based small molecule, SGI-1027) [132].
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These DNMT inhibitors tend to induce the de-repression of hypermethylation-induced
gene silencing thereby reactivating tumor suppressors and other cancer related genes[133].
They have been also demonstrated to reverse resistance to chemotherapy in vivo [134].

The most clinically advanced nucleoside DNMT inhibitors are the azanucleoside
prodrugs, decitabine (5-aza-2-deoxycytidine) and Vidaza (5-azacytidine). Originally
being developed as cytotoxic agents, these compounds were subsequently reported to have
demethylating properties at lower concentration [135]. Their mode of action is yet not well
defined. In addition, they are chemically unstable [136]. Cytidine deaminase metabolizes
Vidaza and decitabine to inactive forms [135]. SGI-110, a novel DNMT inhibitor is protected
from enzymatic degradation by Cytidine deaminase is progressing through preclinical trials
[137]. 5-fluoro-2-deoxycytidine (5-FC) is the most recent agent of this class to enter clinical trial
[138]. However, there are drawbacks such as the chemical instability and S-phase specificity
has resulted in poor efficiency against cancer stem cells and tumors with low proliferation
index, thereby limiting the clinical application of nucleoside DNMT inhibitors. The formation
of bulky DNA adducts results in cytotoxicity, which is dose limiting and 1s manifested as bone

marrow suppression and neutropenia [135], [139].

In contrast non-nucleoside DNMT inhibitors are less toxic and potentially more
chemically stable [140]. MG98 is an antisense oligonucleotide to DNMTI, with antitumor
activity and has completed phase I trials [141]. Quinolone based small molecules such as
SGI-1027 and RG108, are inhibitor of DNMT1 which do not bind to DNA or RNA. Being
comparatively less Cytotoxic, they might serve as promising clinical candidate [142].

Treatment with HDAC inhibitors, in order to re-establish normal histone acetylation
patterns, has been reported to exhibit antitumorigenic effects which are mediated by their ability
to reactivate silenced tumor suppressor genes [143]. HDAC inhibitor, such as Suberoylanilide
hydroxamic acid (SAHA) has been clinically approved for T cell cutaneous lymphoma
treatment. Furthermore, other HDAC inhibitors for instance, depsipeptide and phenylbutyrate
are under clinical trials [144].

Recently various combinatorial cancer treatment strategies that involves both DNA
methylation and HDAC inhibitors together has been explored and have proved out to be more
effective than the individual treatment approaches. Combined treatment with 5-Aza-CdR and
trichostatin A exhibited the de-repression of certain putative tumors suppressor genes [145].
Enhanced antitumorigenic effects of depsipeptide were observed upon simultaneous treatment
of leukemic cells with 5-Aza-CdR [146]. Combined treatment with phenylbutyrate and 5-Aza-
CdR demonstrated greater reduction of lung tumor formation in mice, thus implicating the
synergistic activities of DNA methylation and HDAC inhibitors [147].

Recently, the role of HMT inhibitors has also been explored. DZNep, a HMT inhibitor
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has been reported to induce apoptosis in cancer cells, preferentially targeting PRC2 proteins,
generally overexpressed during carcinogenesis [148]. However, its specificity still remains
contradictory [149]. Further development of specific HMT inhibitors is critically needed.

For epigenetic therapy, miRNAs may also serve as promising targets. It was demonstrated
that the treatment with 5-Aza-CdR and 4-phenylbutyric acid downregulates the oncogene
BCL6 via the reactivation of miR-127, which strongly highlightsthe potential of a miRNA-
based treatment strategy [69]. Synthetic miRNAs that mimic tumor suppressor miRNAs can
also be used to selectively repress oncogenes [150]. For the targeted delivery of synthetic
miRNAs to tumor cells, development of efficient vehicle molecules is highly essential.

The development of several drugs which can potentially modulate the epigenome to restart
transcription of epigenetically silenced genes, thereby augmenting the action of conventional
cancer treatment methods, offers an entirely new approach to cancer therapy. On the same
note, better understanding of the pharmacokinetics of epigenetic drugs is critically required
to identify clinically beneficial properties as well as to develop newer and more efficacious
treatments.

7. Key Highlights

* Epigenetic machineries are essential for normal mammalian development and regulation
of gene expression.

* Hypermethylation of CpG islands is known to be common event during
carcinogenesis.

* Aberrant promoter methylation leads to epigenetic gene silencing leading to loss of

gene function in cancer.

* Hypermethylation of tumor suppressor genes is associated with their transcriptional
silencing thereby contributing to oncogenesis.

* Methylation analysis of CF-DNA in preferentially any body fluid serves anovel approach
for non invasive cancer detection

* Epigenetic drugs targeting the epigenome to induce functional re- expression of aberrantly

silenced genes, offers new approach to cancer therapy.

8. Conclusion

An unanticipated progress in unrevealing the molecular mechanisms associated with
the epigenetic regulation of normal development and its far implication in treatment of human

diseases has been explored over the past 20 years. The deregulation of epigenetic mechanisms
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which is responsible for tumorogenesis also augments the effect of oncogenic mutations.
Targeting early tumor development and its progression serves as a logical therapeutic approach
for the management of aberrant epigenetic alternations. Therefore, epigenetic alternations
which are associated with the onset and progression of cancer, serves as potential clinically
useful targets. Extensive research testing the utility and clinical implementation of DNA
methylation based markers for early detection, diagnosis, prognosis or prediction of cancer
cases is in progress. However, DNA methylation marker kits for the early detection of various
cancers (such as lung, colon and prostate cancer) are already commercialized. Exploration
of the molecular events that initiates and maintains epigenetic gene silencing has facilitated
the discovery of epigenetic drugs targeting the epigenome, including DNA methylation and
histone modifications. Several epigenetic agents have mapped their way in clinical utility upon
approval by US Food and Drug Administration (FDA). The future will see the utility and
success of combination of epigenetic drugs along with other therapy for the management of
cancer significantly and with efficacy.

9. References

1. S. B. Baylin and P. A. Jones, “A decade of exploring the cancer epigenome - biological and translational implications,”
Nat. Rev. Cancer, vol. 11, no. 10, pp. 726734, Sep. 2011.

2. D. Hanahan and R. A. Weinberg, “The Hallmarks of Cancer,” Cell, vol. 100, no. 1, pp. 57-70, Jan. 2000.

3. J. Sandoval and M. Esteller, “Cancer epigenomics: beyond genomics,” Curr. Opin. Genet. Dev., vol. 22, no. 1, pp.
50-55, Feb. 2012.

4. S. Sharma, T. K. Kelly, and P. A. Jones, “Epigenetics in cancer,” Carcinogenesis, vol. 31, no. 1, pp. 27-36, Jan.
2010.

5. A. P. Feinberg and B. Tycko, “The history of cancer epigenetics,” Nat. Rev. Cancer, vol. 4, no. 2, pp. 143—153, Feb.
2004.

6. A. Miremadi, M. Z. Oestergaard, P. D. P. Pharoah, and C. Caldas, “Cancer genetics of epigenetic genes,” Hum. Mol.
Genet., vol. 16, no. R1, pp. R28—R49, Apr. 2007.

7. M. Esteller, “Epigenetics in Cancer,” N. Engl. J. Med., vol. 358, no. 11, pp. 11481159, Mar. 2008.

8. P. Chi, C. D. Allis, and G. G. Wang, “Covalent histone modifications--miswritten, misinterpreted and mis-erased in
human cancers,” Nat. Rev. Cancer, vol. 10, no. 7, pp. 457469, Jul. 2010.

9. T. Jenuwein, “Translating the Histone Code,” Science, vol. 293, no. 5532, pp. 1074—1080, Aug. 2001.

10. B. D. Strahl and C. D. Allis, “The language of covalent histone modifications,” Nature, vol. 403, no. 6765, pp.
41-45, Jan. 2000.

11. C. D. Allis and T. Jenuwein, “The molecular hallmarks of epigenetic control,” Nat. Rev. Genet., vol. 17, no. 8, pp.
487-500, Jun. 2016.

12. K. GreNbaek, C. Hother, and P. A. Jones, “Epigenetic changes in cancer,” APMIS, vol. 115, no. 10, pp. 1039-1059,
Oct. 2007.

13. Z. Herceg and P. Hainaut, “Genetic and epigenetic alterations as biomarkers for cancer detection, diagnosis and

23



Advances in Biotechnology

prognosis,” Mol. Oncol., vol. 1, no. 1, pp. 2641, Jun. 2007.

14. C. B. Yoo and P. A. Jones, “Epigenetic therapy of cancer: past, present and future,” Nat. Rev. Drug Discov., vol. 5,
no. 1, pp. 37-50, Jan. 2006.

15. G. Csankovszki, A. Nagy, and R. Jaenisch, “Synergism of Xist Rna, DNA Methylation, and Histone Hypoacetylation
in Maintaining X Chromosome Inactivation,” J. Cell Biol., vol. 153, no. 4, pp. 773-784, May 2001.

16. P. A. Jones and D. Takai, “The role of DNA methylation in mammalian epigenetics,” Science, vol. 293, no. 5532,
pp. 1068-1070, Aug. 2001.

17. M. Kaneda et al., “Essential role for de novo DNA methyltransferase Dnmt3a in paternal and maternal imprinting,”
Nature, vol. 429, no. 6994, pp. 900-903, Jun. 2004.

18. P. A. Jones and S. B. Baylin, “The fundamental role of epigenetic events in cancer,” Nat. Rev. Genet., vol. 3, no. 6,
pp- 415-428, Jun. 2002.

19. R. H. Wilting and J.-H. Dannenberg, “Epigenetic mechanisms in tumorigenesis, tumor cell heterogeneity and drug
resistance,” Drug Resist. Updat., vol. 15, no. 1-2, pp. 21-38, Feb. 2012.

20. A. P. Bird and A. P. Wolffe, “Methylation-induced repression--belts, braces, and chromatin,” Cell, vol. 99, no. 5, pp.
451-454, Nov. 1999.

21.J. F. Costello and C. Plass, “Methylation matters,” J. Med. Genet., vol. 38, no. 5, pp. 285-303, May 2001.
22. Z. Meng, “Epigenetic regulation and cancer (Review),” Oncol. Rep., Dec. 2013.

23. S. K. T. Ooi et al., “DNMT3L connects unmethylated lysine 4 of histone H3 to de novo methylation of DNA,”
Nature, vol. 448, no. 7154, pp. 714-717, Aug. 2007.

24. M. Tachibana, Y. Matsumura, M. Fukuda, H. Kimura, and Y. Shinkai, “G9a/GLP complexes independently mediate
H3K9 and DNA methylation to silence transcription,” EMBO J., vol. 27, no. 20, pp. 2681-2690, Oct. 2008.

25. Q. Zhao et al., “PRMT5-mediated methylation of histone H4R3 recruits DNMT3A, coupling histone and DNA
methylation in gene silencing,” Nat. Struct. Mol. Biol., vol. 16, no. 3, pp. 304-311, Mar. 2009.

26. P.-O. Esteve et al., “Regulation of DNMTTI stability through SET7-mediated lysine methylation in mammalian
cells,” Proc. Natl. Acad. Sci., vol. 106, no. 13, pp. 5076-5081, Mar. 2009.

27. Z. Wang et al., “Genome-wide Mapping of HATs and HDACs Reveals Distinct Functions in Active and Inactive
Genes,” Cell, vol. 138, no. 5, pp. 1019-1031, Sep. 2009.

28. H. Tamaru and E. U. Selker, “A histone H3 methyltransferase controls DNA methylation in Neurospora crassa,”
Nature, vol. 414, no. 6861, pp. 277-283, Nov. 2001.

29. F. Fuks, “The Methyl-CpG-binding Protein MeCP2 Links DNA Methylation to Histone Methylation,” J. Biol.
Chem., vol. 278, no. 6, pp. 4035-4040, Jan. 2003.

30. H. Cedar and Y. Bergman, “Linking DNA methylation and histone modification: patterns and paradigms,” Nat. Rev.
Genet., vol. 10, no. 5, pp. 295-304, May 2009.

31. S. Epsztejn-Litman et al., “De novo DNA methylation promoted by G9a prevents reprogramming of embryonically
silenced genes,” Nat. Struct. Mol. Biol., vol. 15, no. 11, pp. 11761183, Nov. 2008.

32. N. Feldman et al., “G9a-mediated irreversible epigenetic inactivation of Oct-3/4 during early embryogenesis,” Nat.
Cell Biol., vol. 8, no. 2, pp. 188—194, Feb. 2006.

33. K. B. Dong et al., “DNA methylation in ES cells requires the lysine methyltransferase G9a but not its catalytic
24



Advances in Biotechnology

activity,” EMBO J., vol. 27, no. 20, pp. 2691-2701, Oct. 2008.

34. A. M. Pietersen and M. van Lohuizen, “Stem cell regulation by polycomb repressors: postponing commitment,”
Curr. Opin. Cell Biol., vol. 20, no. 2, pp. 201-207, Apr. 2008.

35.Y. B. Schwartz and V. Pirrotta, “Polycomb complexes and epigenetic states,” Curr. Opin. Cell Biol., vol. 20, no. 3,
pp. 266-273, Jun. 2008.

36. B. E. Bernstein et al., “A bivalent chromatin structure marks key developmental genes in embryonic stem cells,” CII,
vol. 125, no. 2, pp. 315-326, Apr. 2006.

37.T. S. Mikkelsen et al., “Genome-wide maps of chromatin state in pluripotent and lineage-committed cells,” Nature,
vol. 448, no. 7153, pp. 553-560, Aug. 2007.

38. Y. Kondo et al., “Gene silencing in cancer by histone H3 lysine 27 trimethylation independent of promoter DNA
methylation,” Nat. Genet., vol. 40, no. 6, pp. 741-750, Jun. 2008.

39. E. Vir¢ et al., “The Polycomb group protein EZH2 directly controls DNA methylation,” Nature, vol. 439, no. 7078,
pp. 871-874, Dec. 2005.

40.Y. Kondo, “Epigenetic Cross-Talk between DNA Methylation and Histone Modifications in Human Cancers,” Yonsei
Med. J., vol. 50, no. 4, p. 455, 2009.

41. A. Bird, “DNA methylation patterns and epigenetic memory,” Genes Dev., vol. 16, no. 1, pp. 621, Jan. 2002.

42. D. Takai and P. A. Jones, “Comprehensive analysis of CpG islands in human chromosomes 21 and 22,” Proc. Natl.
Acad. Sci., vol. 99, no. 6, pp. 3740-3745, Mar. 2002.

43. R. Straussman et al., “Developmental programming of CpG island methylation profiles in the human genome,” Nat.
Struct. Mol. Biol., vol. 16, no. 5, pp. 564—571, May 2009.

44. P. A. Jones and G. Liang, “Rethinking how DNA methylation patterns are maintained,” Nat. Rev. Genet., vol. 10,
no. 11, pp. 805-811, Nov. 2009.

45. D. D. De Carvalho, J. S. You, and P. A. Jones, “DNA methylation and cellular reprogramming,” Trends Cell Biol.,
vol. 20, no. 10, pp. 609-617, Oct. 2010.

46. A. Meissner, “Epigenetic modifications in pluripotent and differentiated cells,” Nat. Biotechnol., vol. 28, no. 10, pp.
1079-1088, Oct. 2010.

47. K. D. Robertson, “DNA methylation and human disease,” Nat. Rev. Genet., vol. 6, no. 8, pp. 597-610, Aug. 2005.

48. M. Esteller, “Epigenetic gene silencing in cancer: the DNA hypermethylome,” Hum. Mol. Genet., vol. 16, no. R1,
pp- R50-R59, Apr. 2007.

49. A. Doi et al., “Differential methylation of tissue- and cancer-specific CpG island shores distinguishes human induced
pluripotent stem cells, embryonic stem cells and fibroblasts,” Nat. Genet., vol. 41, no. 12, pp. 1350-1353, Dec. 20009.

50. R. A. Irizarry et al., “The human colon cancer methylome shows similar hypo- and hypermethylation at conserved
tissue-specific CpG island shores,” Nat. Genet., vol. 41, no. 2, pp. 178-186, Feb. 2009.

51. O. Bogdanovi¢ and G. J. C. Veenstra, “DNA methylation and methyl-CpG binding proteins: developmental
requirements and function,” Chromosoma, vol. 118, no. 5, pp. 549-565, Oct. 2009.

52. L. Lopez-Serra and M. Esteller, “Proteins that bind methylated DNA and human cancer: reading the wrong words,”
Br. J. Cancer, vol. 98, no. 12, pp. 1881-1885, Jun. 2008.

53. A. Kuroda et al., “Insulin Gene Expression Is Regulated by DNA Methylation,” PLoS ONE, vol. 4, no. 9, p. €6953,
25



Advances in Biotechnology

Sep. 2009.

54.J. P. Thomson et al., “CpG islands influence chromatin structure via the CpG-binding protein Cfpl,” Nature, vol.
464, no. 7291, pp. 1082—-1086, Apr. 2010.

55. M. Esteller, “Cancer epigenomics: DNA methylomes and histone-modification maps,” Nat. Rev. Genet., vol. 8, no.
4, pp. 286298, Apr. 2007.

56. G.-D. Kim, J. Ni, N. Kelesoglu, R. J. Roberts, and S. Pradhan, “Co-operation and communication between the
human maintenance and de novo DNA (cytosine-5) methyltransferases,” EMBO J., vol. 21, no. 15, pp. 41834195,
Aug. 2002.

57. M. Okano, D. W. Bell, D. A. Haber, and E. Li, “DNA methyltransferases Dnmt3a and Dnmt3b are essential for de
novo methylation and mammalian development,” Cell, vol. 99, no. 3, pp. 247-257, Oct. 1999.

58. S. B. Baylin and J. E. Ohm, “Epigenetic gene silencing in cancer — a mechanism for early oncogenic pathway
addiction?,” Nat. Rev. Cancer, vol. 6, no. 2, pp. 107-116, Feb. 2006.

59. P. A. Jones and S. B. Baylin, “The Epigenomics of Cancer,” Cell, vol. 128, no. 4, pp. 683—-692, Feb. 2007.

60. M. Li et al., “Sensitive digital quantification of DNA methylation in clinical samples,” Nat. Biotechnol., vol. 27, no.
9, pp. 858-863, Sep. 2009.

61. N. Sin¢i¢ and Z. Herceg, “DNA methylation and cancer: ghosts and angels above the genes,” Curr. Opin. Oncol.,
vol. 23, no. 1, pp. 6976, Jan. 2011.

62.J. G. Herman and S. B. Baylin, “Gene silencing in cancer in association with promoter hypermethylation,” N. Engl.
J. Med., vol. 349, no. 21, pp. 2042-2054, Nov. 2003.

63. S. B. Baylin, “DNA methylation and gene silencing in cancer,” Nat. Clin. Pract. Oncol., vol. 2, pp. S4-S11, Dec.
2005.

64. M. W. Luczak and P. P. Jagodzinski, “The role of DNA methylation in cancer development,” Folia Histochem.
Cytobiol., vol. 44, no. 3, pp. 143—154, 2006.

65. R. Kanwal and S. Gupta, “Epigenetic modifications in cancer,” Clin. Genet., vol. 81, no. 4, pp. 303-311, Apr.
2012.

66. C. Long et al., “Promoter hypermethylation of the RUNX3 gene in esophageal squamous cell carcinoma,” Cancer
Invest., vol. 25, no. 8, pp. 685-690, Dec. 2007.

67. Y. Akiyama et al., “GATA-4 and GATA-5 transcription factor genes and potential downstream antitumor target
genes are epigenetically silenced in colorectal and gastric cancer,” Mol. Cell. Biol., vol. 23, no. 23, pp. 8429-8439, Dec.
2003.

68.S. A. Melo et al., “A TARBP2 mutation in human cancer impairs microRNA processing and DICER1 function,” Nat.
Genet., vol. 41, no. 3, pp. 365-370, Mar. 2009.

69.Y. Saito et al., “Specific activation of microRNA-127 with downregulation of the proto-oncogene BCL6 by chromatin-
modifying drugs in human cancer cells,” Cancer Cell, vol. 9, no. 6, pp. 435443, Jun. 2006.

70. A. Lujambio et al., “Genetic unmasking of an epigenetically silenced microRNA in human cancer cells,” Cancer
Res., vol. 67, no. 4, pp. 1424-1429, Feb. 2007.

71. A. Lujambio et al., “A microRNA DNA methylation signature for human cancer metastasis,” Proc. Natl. Acad. Sci.,
vol. 105, no. 36, pp. 13556-13561, 2008.

72. J. Rodriguez et al., “Chromosomal instability correlates with genome-wide DNA demethylation in human primary

26



Advances in Biotechnology

colorectal cancers,” Cancer Res., vol. 66, no. 17, pp. 8462-9468, Sep. 2006.

73. F. Gaudet et al., “Induction of tumors in mice by genomic hypomethylation,” Science, vol. 300, no. 5618, pp.
489492, Apr. 2003.

74.S. E. Goelz, B. Vogelstein, S. R. Hamilton, and A. P. Feinberg, “Hypomethylation of DNA from benign and malignant
human colon neoplasms,” Science, vol. 228, no. 4696, pp. 187—-190, Apr. 1985.

75. B. W. Futscher et al., “Aberrant Methylation of the Maspin Promoter Is an Early Event in Human Breast Cancer,”
Neoplasia, vol. 6, no. 4, pp. 380-389, Jul. 2004.

76. M. Bettstetter et al., “Elevated nuclear maspin expression is associated with microsatellite instability and high
tumour grade in colorectal cancer,” J. Pathol., vol. 205, no. 5, pp. 606—614, Apr. 2005.

77.B. W. Futscher et al., “Role for DNA methylation in the control of cell type specific maspin expression,” Nat. Genet.,
vol. 31, no. 2, pp. 175-179, Jun. 2002.

78. A. S. Wilson, B. E. Power, and P. L. Molloy, “DNA hypomethylation and human diseases,” Biochim. Biophys. Acta,
vol. 1775, no. 1, pp. 138-162, Jan. 2007.

79.Y. Ito et al., “Somatically acquired hypomethylation of IGF2 in breast and colorectal cancer,” Hum. Mol. Genet., vol.
17, no. 17, pp. 2633-2643, May 2008.

80. H. Cui et al., “Loss of IGF2 imprinting: a potential marker of colorectal cancer risk,” Science, vol. 299, no. 5613,
pp. 1753-1755, Mar. 2003.

81. T. Kouzarides, “Chromatin Modifications and Their Function,” Cell, vol. 128, no. 4, pp. 693-705, Feb. 2007.

82. 0.J. Rando and H. Y. Chang, “Genome-Wide Views of Chromatin Structure,” Annu. Rev. Biochem., vol. 78, no. 1,
pp- 245-271, Jun. 2009.

83. R. Bonasio, S. Tu, and D. Reinberg, “Molecular Signals of Epigenetic States,” Science, vol. 330, no. 6004, pp.
612-616, Oct. 2010.

84. B. Li, M. Carey, and J. L. Workman, “The Role of Chromatin during Transcription,” Cell, vol. 128, no. 4, pp.
707-719, Feb. 2007.

85. S. R. Bhaumik, E. Smith, and A. Shilatifard, “Covalent modifications of histones during development and disease
pathogenesis,” Nat. Struct. Mol. Biol., vol. 14, no. 11, pp. 1008-1016, Nov. 2007.

86. B. Chang, Y. Chen, Y. Zhao, and R. K. Bruick, “JMJD6 Is a Histone Arginine Demethylase,” Science, vol. 318, no.
5849, pp. 444-447, Oct. 2007.

87.Z. Wang et al., “Combinatorial patterns of histone acetylations and methylations in the human genome,” Nat. Genet.,
vol. 40, no. 7, pp. 897-903, Jul. 2008.

88. D. Huertas, R. Sendra, and P. Muiioz, “Chromatin dynamics coupled to DNA repair,” Epigenetics, vol. 4, no. 1, pp.
31-42, Jan. 2009.

89. R. F. Luco, Q. Pan, K. Tominaga, B. J. Blencowe, O. M. Pereira-Smith, and T. Misteli, “Regulation of Alternative
Splicing by Histone Modifications,” Science, vol. 327, no. 5968, pp. 996—1000, Feb. 2010.

90. A. P. Feinberg, R. Ohlsson, and S. Henikoft, “The epigenetic progenitor origin of human cancer,” Nat. Rev. Genet.,
vol. 7, no. 1, pp. 21-33, Jan. 2006.

91. X.-J. Yang, “The diverse superfamily of lysine acetyltransferases and their roles in leukemia and other diseases,”
Nucleic Acids Res., vol. 32, no. 3, pp. 959-976, Feb. 2004.

27



Advances in Biotechnology

92. M. F. Fraga et al., “Loss of acetylation at Lys16 and trimethylation at Lys20 of histone H4 is a common hallmark of
human cancer,” Nat. Genet., vol. 37, no. 4, pp. 391-400, Apr. 2005.

93. P. Zhu, E. Martin, J. Mengwasser, P. Schlag, K.-P. Janssen, and M. Goéttlicher, “Induction of HDAC2 expression
upon loss of APC in colorectal tumorigenesis,” Cancer Cell, vol. 5, no. 5, pp. 455463, May 2004.

94.]. Espada et al., “Epigenetic disruption of ribosomal RNA genes and nucleolar architecture in DNA methyltransferase
1 (Dnmtl) deficient cells,” Nucleic Acids Res., vol. 35, no. 7, pp. 2191-2198, Mar. 2007.

95. E. J. Noonan et al., “miR-449a targets HDAC-1 and induces growth arrest in prostate cancer,” Oncogene, vol. 28,
no. 14, pp. 1714-1724, Apr. 2009.

96. E. J. Bryan et al., “Mutation analysis ofEP300 in colon, breast and ovarian carcinomas,” Int. J. Cancer, vol. 102, no.
2, pp. 137-141, Nov. 2002.

97. A. Portela and M. Esteller, “Epigenetic modifications and human disease,” Nat. Biotechnol., vol. 28, no. 10, pp.
1057-1068, Oct. 2010.

98. G. L. Dalgliesh et al., “Systematic sequencing of renal carcinoma reveals inactivation of histone modifying genes,”
Nature, vol. 463, no. 7279, pp. 360-363, Jan. 2010.

99. R. A. Gupta et al., “Long non-coding RNA HOTAIR reprograms chromatin state to promote cancer metastasis,”
Nature, vol. 464, no. 7291, pp. 1071-1076, Apr. 2010.

100. M. Berdasco et al., “Epigenetic inactivation of the Sotos overgrowth syndrome gene histone methyltransferase
NSDI in human neuroblastoma and glioma,” Proc. Natl. Acad. Sci., vol. 106, no. 51, pp. 21830-21835, Dec. 2009.

101. B. Jones et al., “The Histone H3K79 Methyltransferase Dot1L Is Essential for Mammalian Development and
Heterochromatin Structure,” PLoS Genet., vol. 4, no. 9, p. e1000190, Sep. 2008.

102. Y. Shi, “Histone lysine demethylases: emerging roles in development, physiology and disease,” Nat. Rev. Genet.,
vol. 8, no. 11, pp. 829-833, Nov. 2007.

103. M. A. Dawson et al., “JAK2 phosphorylates histone H3Y41 and excludes HP1a from chromatin,” Nature, vol. 461,
no. 7265, pp. 819-822, Oct. 2009.

104. A. S. Wilson, B. E. Power, and P. L. Molloy, “DNA hypomethylation and human diseases,” Biochim. Biophys.
Acta, vol. 1775, no. 1, pp. 138-162, Jan. 2007.

105. Y. Kondo et al., “Alterations of DNA methylation and histone modifications contribute to gene silencing in
hepatocellular carcinomas,” Hepatol. Res. Off. J. Jpn. Soc. Hepatol., vol. 37, no. 11, pp. 974-983, Nov. 2007.

106. H. Heyn and M. Esteller, “DNA methylation profiling in the clinic: applications and challenges,” Nat. Rev. Genet.,
vol. 13, no. 10, pp. 679-692, Sep. 2012.

107. P. W. Laird, “Early detection: The power and the promise of DNA methylation markers,” Nat. Rev. Cancer, vol. 3,
no. 4, pp. 253-266, Apr. 2003.

108. S. Fukushige and A. Horii, “DNA methylation in cancer: a gene silencing mechanism and the clinical potential of
its biomarkers,” Tohoku J. Exp. Med., vol. 229, no. 3, pp. 173185, 2013.

109. D. A. Ahlquist et al., “Next-Generation Stool DNA Test Accurately Detects Colorectal Cancer and Large Adenomas,”
Gastroenterology, vol. 142, no. 2, pp. 248-256, Feb. 2012.

110. A. Ahluwalia, J. A. Hurteau, R. M. Bigsby, and K. P. Nephew, “DNA methylation in ovarian cancer. II. Expression
of DNA methyltransferases in ovarian cancer cell lines and normal ovarian epithelial cells,” Gynecol. Oncol., vol. 82,
no. 2, pp. 299-304, Aug. 2001.

28



Advances in Biotechnology

I11. P. P. Anglim, T. A. Alonzo, and I. A. Laird-Offringa, “DNA methylation-based biomarkers for early detection of
non-small cell lung cancer: an update,” Mol. Cancer, vol. 7, no. 1, p. 81, 2008.

112. F. J. Carmona and M. Esteller, “DNA methylation in early neoplasia,” Cancer Biomark., vol. 9, no. 1-6, pp. 101—
111, Oct. 2011.

113. L. O’Driscoll, “Extracellular nucleic acids and their potential as diagnostic, prognostic and predictive biomarkers,”
Anticancer Res., vol. 27, no. 3A, pp. 1257-1265, Jun. 2007.

114. V. Swarup and M. R. Rajeswari, “Circulating (cell-free) nucleic acids--a promising, non-invasive tool for early
detection of several human diseases,” FEBS Lett., vol. 581, no. 5, pp. 795-799, Mar. 2007.

115. C. Nochammer et al., “Strategies for validation and testing of DNA methylation biomarkers,” Epigenomics, vol.
6, no. 6, pp. 603—622, Dec. 2014.

116. A. How Kit, H. M. Nielsen, and J. Tost, “DNA methylation based biomarkers: Practical considerations and
applications,” Biochimie, vol. 94, no. 11, pp. 2314-2337, Nov. 2012.

117. T. Mikeska, C. Bock, H. Do, and A. Dobrovic, “DNA methylation biomarkers in cancer: progress towards clinical
implementation,” Expert Rev. Mol. Diagn., vol. 12, no. 5, pp. 473-487, Jun. 2012.

118. T. deVos et al., “Circulating Methylated SEPT9 DNA in Plasma Is a Biomarker for Colorectal Cancer,” Clin.
Chem., vol. 55, no. 7, pp. 1337-1346, Jul. 2009.

119. S. Itzkowitz et al., “A Simplified, Noninvasive Stool DNA Test for Colorectal Cancer Detection,” Am. J.
Gastroenterol., vol. 103, no. 11, pp. 2862—2870, Nov. 2008.

120. C. Kneip et al., “SHOX2 DNA Methylation Is a Biomarker for the Diagnosis of Lung Cancer in Plasma,” J. Thorac.
Oncol., vol. 6, no. 10, pp. 1632—-1638, Oct. 2011.

121. I. Renard et al., “Identification and Validation of the Methylated TWIST1 and NID2 Genes through Real-Time
Methylation-Specific Polymerase Chain Reaction Assays for the Noninvasive Detection of Primary Bladder Cancer in
Urine Samples,” Eur. Urol., vol. 58, no. 1, pp. 96—104, Jul. 2010.

122. T. Reinert, M. Borre, A. Christiansen, G. G. Hermann, T. F. Orntoft, and L. Dyrskjet, “Diagnosis of Bladder Cancer
Recurrence Based on Urinary Levels of EOMES, HOXA9, POU4F2, TWIST1, VIM, and ZNF154 Hypermethylation,”
PLoS ONE, vol. 7, no. 10, p. €46297, Oct. 2012.

123. M. Esteller et al., “Inactivation of the DNA-repair gene MGMT and the clinical response of gliomas to alkylating
agents,” N. Engl. J. Med., vol. 343, no. 19, pp. 1350-1354, Nov. 2000.

124. M. E. Hegi et al., “MGMT gene silencing and benefit from temozolomide in glioblastoma,” N. Engl. J. Med., vol.
352, no. 10, pp. 997-1003, Mar. 2005.

125. B. E. Bernstein, A. Meissner, and E. S. Lander, “The mammalian epigenome,” Cell, vol. 128, no. 4, pp. 669-681,
Feb. 2007.

126. R. Schickel, B. Boyerinas, S.-M. Park, and M. E. Peter, “MicroRNAs: key players in the immune system,
differentiation, tumorigenesis and cell death,” Oncogene, vol. 27, no. 45, pp. 5959-5974, Oct. 2008.

127. A. Kuendgen and M. Liibbert, “Current status of epigenetic treatment in myelodysplastic syndromes,” Ann.
Hematol., vol. 87, no. §, pp. 601-611, Aug. 2008.

128. P. A. Jones, J.-P. J. Issa, and S. Baylin, “Targeting the cancer epigenome for therapy,” Nat. Rev. Genet., vol. 17, no.
10, pp. 630-641, Sep. 2016.

129. E. A. Olsen et al., “Phase IIb multicenter trial of vorinostat in patients with persistent, progressive, or treatment
refractory cutaneous T-cell lymphoma,” J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol., vol. 25, no. 21, pp. 3109-3115,

29



Advances in Biotechnology

Jul. 2007.

130. Y. Saito et al., “Chromatin remodeling at Alu repeats by epigenetic treatment activates silenced microRNA-512-5p
with downregulation of Mcl-1 in human gastric cancer cells,” Oncogene, vol. 28, no. 30, pp. 2738-2744, Jul. 2009.

131. G. Egger, G. Liang, A. Aparicio, and P. A. Jones, “Epigenetics in human disease and prospects for epigenetic
therapy,” Nature, vol. 429, no. 6990, pp. 457463, May 2004.

132. J. Datta et al., “A New Class of Quinoline-Based DNA Hypomethylating Agents Reactivates Tumor Suppressor
Genes by Blocking DNA Methyltransferase 1 Activity and Inducing Its Degradation,” Cancer Res., vol. 69, no. 10, pp.
4277-4285, May 2009.

133. C. Mund, B. Brueckner, and F. Lyko, “Reactivation of epigenetically silenced genes by DNA methyltransferase
inhibitors: basic concepts and clinical applications,” Epigenetics, vol. 1, no. 1, pp. 7-13, Mar. 2006.

134. N. L. Steele et al., “A Phase 1 Pharmacokinetic and Pharmacodynamic Study of the Histone Deacetylase Inhibitor
Belinostat in Patients with Advanced Solid Tumors,” Clin. Cancer Res., vol. 14, no. 3, pp. 804—810, Feb. 2008.

135. J.-P. J. Issa and H. M. Kantarjian, “Targeting DNA Methylation,” Clin. Cancer Res., vol. 15, no. 12, pp. 3938-3946,
Jun. 20009.

136. C. Stresemann and F. Lyko, “Modes of action of the DNA methyltransferase inhibitors azacytidine and decitabine,”
Int. J. Cancer, vol. 123, no. 1, pp. 8-13, Jul. 2008.

137. C. B. Yoo et al., “Delivery of 5-aza-2’-deoxycytidine to cells using oligodeoxynucleotides,” Cancer Res., vol. 67,
no. 13, pp. 64006408, Jul. 2007.

138. J. H. Beumer et al., “Pharmacokinetics, Metabolism, and Oral Bioavailability of the DNA Methyltransferase
Inhibitor 5-Fluoro-2’-Deoxycytidine in Mice,” Clin. Cancer Res., vol. 12, no. 24, pp. 7483-7491, Dec. 2006.

139. N. Hamajima et al., “Alcohol, tobacco and breast cancer--collaborative reanalysis of individual data from 53
epidemiological studies, including 58,515 women with breast cancer and 95,067 women without the disease,” Br. J.
Cancer, vol. 87, no. 11, pp. 1234-1245, Nov. 2002.

140. C. Stresemann, B. Brueckner, T. Musch, H. Stopper, and F. Lyko, “Functional diversity of DNA methyltransferase
inhibitors in human cancer cell lines,” Cancer Res., vol. 66, no. 5, pp. 2794-2800, Mar. 2006.

141.R. Plummeretal., “Phase I Study of MG98, an Oligonucleotide Antisense Inhibitor of Human DNA Methyltransferase
1, Given as a 7-Day Infusion in Patients with Advanced Solid Tumors,” Clin. Cancer Res., vol. 15, no. 9, pp. 3177-3183,
May 2009.

142. E. Schirrmacher et al., “Synthesis and in vitro evaluation of biotinylated RG108: a high affinity compound for
studying binding interactions with human DNA methyltransferases,” Bioconjug. Chem., vol. 17, no. 2, pp. 261-266,
Apr. 2006.

143.J. S. Carew, F. J. Giles, and S. T. Nawrocki, “Histone deacetylase inhibitors: Mechanisms of cell death and promise
in combination cancer therapy,” Cancer Lett., vol. 269, no. 1, pp. 7-17, Sep. 2008.

144. C. C. Cortez and P. A. Jones, “Chromatin, cancer and drug therapies,” Mutat. Res., vol. 647, no. 1-2, pp. 44-51,
Dec. 2008.

145. E. E. Cameron, K. E. Bachman, S. Myo6hénen, J. G. Herman, and S. B. Baylin, “Synergy of demethylation and
histone deacetylase inhibition in the re-expression of genes silenced in cancer,” Nat. Genet., vol. 21, no. 1, pp. 103-107,
Jan. 1999.

146. M. 1. Klisovic et al., “Depsipeptide (FR 901228) promotes histone acetylation, gene transcription, apoptosis and
its activity is enhanced by DNA methyltransferase inhibitors in AML1/ETO-positive leukemic cells,” Leukemia, vol.

30



Advances in Biotechnology

17, no. 2, pp. 350-358, Feb. 2003.

147. S. A. Belinsky et al., “Inhibition of DNA methylation and histone deacetylation prevents murine lung cancer,”
Cancer Res., vol. 63, no. 21, pp. 7089-7093, Nov. 2003.

148. J. Tan et al., “Pharmacologic disruption of Polycomb-repressive complex 2-mediated gene repression selectively
induces apoptosis in cancer cells,” Genes Dev., vol. 21, no. 9, pp. 1050-1063, May 2007.

149. T. B. Miranda et al., “DZNep is a global histone methylation inhibitor that reactivates developmental genes not
silenced by DNA methylation,” Mol. Cancer Ther., vol. 8, no. 6, pp. 1579-1588, Jun. 2009.

150.J. M. Friedman et al., “The putative tumor suppressor microRNA-101 modulates the cancer epigenome by repressing
the polycomb group protein EZH2,” Cancer Res., vol. 69, no. 6, pp. 2623-2629, Mar. 2009.

31



