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Epigenetic modifications are central to many human diseases, including cancer.
Traditionally, cancer has been viewed as a genetic disease, and it is now becoming
apparent that the onset of cancer is preceded by epigenetic abnormalities. Investi-
gators in the rapidly expanding field of epigenetics have documented extensive
genomic reprogramming in cancer cells, including methylation of DNA, chemical
modification of the histone proteins, and RNA-dependent regulation. Recognizing
that carcinogenesis involves both genetic and epigenetic alterations has led to a
better understanding of the molecular pathways that govern the development of
cancer and to improvements in diagnosing and predicting the outcome of various
types of cancer. Studies of the mechanism(s) of epigenetic regulation and its
reversibility have resulted in the identification of novel targets that may be useful
in developing new strategies for the prevention and treatment of cancer.

methylation; histone modification; microRNA
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SWI/SNF Family of ATPase-dependent chromatin re-
modeling determinants
TIMP3 Tissue inhibitor of metalloproteinases 3
TSA Trichostatin A
TSG Tumor suppressor gene
TSP1 Thrombospondin 1
uPA Urokinase-type plasminogen activator
VEGF Vascular endothelial growth factor
VHL Von Hippel-Lindau
WRN Werner gene

CANCER IS THE MANIFESTATION of both genetic and epigenetic
modifications (1, 2, 16—18). Although cancer initiation and
progression are predominantly driven by acquired genetic al-
terations, it is becoming clear that microenvironment-mediated
epigenetic perturbations play important roles in neoplastic
development (27). Epigenetics is defined as heritable changes
in gene expression activity and expression that occur without
alteration in DNA sequences but which are sufficiently pow-
erful to regulate the dynamics of gene expression (37). The key
processes that are responsible for epigenetic regulation are
DNA methylation, modifications in chromatin (covalent mod-
ification of core histones), nucleosome positioning (physical
alteration), and posttranscriptional gene regulation by noncod-
ing RNA (micro-RNAs) (16). A number of well characterized
epigenetic modifications are linked to aberrant gene functions
and altered patterns of gene expression that play critical roles
in the pathobiology of cancer.

EPIGENETIC MECHANISMS IN CANCER

DNA methylation. DNA methylation is an essential compo-
nent of the epigenetic machinery in regulating gene expression
and interacting with nucleosomes that control DNA packaging,
affecting entire domains of DNA (14). In mammalian cells,
DNA methylation occurs at the 5’ position of the cytosine ring
within CpG dinucleotides via addition of a methyl group to
form 5-methyl cytosine (31). The modification at 5-methyl
cytosine is catalyzed by enzymes known as DNA methyl
transferases (DNMTSs). There are three main DNAMTS, one of
which is DNMT1, the major maintenance enzyme that pre-
serves existing methylation patterns following DNA replica-
tion by adding methyl groups to the hemi-methylated CpG sites
(50). DNMT3a and DNMT3b are de novo methyltransferases
that preferentially target unmethylated CpGs to initiate meth-
ylation; they are highly expressed during embryogenesis and
minimally expressed in adult tissues (4). Another family mem-
ber, DNMT-3L, lacks intrinsic methyltransferase activity; it
interacts with DNMT3a and 3b to facilitate methylation of
retrotransposons (15). Although DNA methylation regulates
gene expression in normal tissues through genomic imprinting
and female X-chromosome inactivation, these processes are
significantly altered in cancer due to loss of imprinting (LOI).
For example, LOI is the earliest genomic lesion observed in
Wilms’ tumors and in stem cell populations in other organs and
tissues, ultimately leading to additional downstream genetic
and epigenetic perturbations (50).

In humans, 50-70% of all CpG sites are methylated, pri-
marily in the heterochromatin regions, and these methylated
CpG islands are believed to be critical for the control of gene
silencing and chromosomal stability (22-26). In contrast, eu-
chromatin CpG islands remain locally unmethylated, allowing

access to transcription factors and chromatin-associated pro-
teins for the expression of most housekeeping genes and
several other regulatory genes (56). Specifically, in cancer
cells, global hypomethylation is accompanied by hypermeth-
ylation of localized promoter associated CpG islands, which
are usually unmethylated in normal cells (36). This unique
pattern of individual gene methylation is the characteristic
commonly observed in tumor suppressor genes in most types
of human cancers, and serves as a surrogate for point mutations
or deletions to cause transcriptional silencing of tumor sup-
pressor genes (28). Several detailed and informative reviews of
the association between DNA methylation and cancer are
available (14, 40, 50, 51, 60).

In addition to DNA methylation, it has been shown that
methylated DNA binding proteins (MBDs) can bind to meth-
ylated cytosine, forming a complex with histone deacetylase
(HDAC) that leads to chromatin compaction and gene silenc-
ing. To date, six methyl-CpG-binding proteins, including
MECP2, MBD1, MBD2, MBD3, MBD4, and Kaiso, have been
identified in mammals (13). MECP2 binds methylated DNA in
vitro and in vivo (40). It contains a methyl-CpG-binding
domain (MBD) at its amino terminus and a transcription
repression domain (TRD) in the middle. MBDsl-4 were
cloned on the basis of their sequence homology to MECP2 in
the MBD, and all except MBD3 bind preferentially to the
methylated CpG islands. In addition, MECP2, MBDI1, and
MBD?2 function as transcription repressors. MBD4 is a DNA
glycosylase and is involved in DNA mismatch repair. Kaiso,
which lacks an MBD domain, binds methylated CGCG
through its zinc-finger domain (13). Different methyl-CpG
binding proteins may recruit different chromatin-remodeling
proteins and transcription-regulatory complexes to methylated
DNA targets in the genome. Furthermore, it has been demon-
strated that nucleosome remodeling complex (NuRD) can
methylate DNA by interacting with DNA methylation binding
protein MBD2, which directs the NuRD complex to methylate
DNA (51). These and other more recent findings have estab-
lished that DNA cytosine methylation, covalent modification
of histones, and nucleosome remodeling are linked together
and are critical components of epigenetic gene regulation. A
list of DNA methylation genes that are altered in various
human cancers is shown in Table 1.

Histone modification. In addition to direct methylation of
DNA, chromatin structure is influenced by various histone
modifications, which also play important roles in gene regula-
tion and carcinogenesis (17, 18). Chromatin proteins serve as
building blocks to package eukaryotic DNA into higher order
chromatin fibers. Each nucleosome encompasses ~146 bp of
DNA wrapped around an octamer of histone proteins. These
octamers consist of double subunits of H2A, H2B, H3, and H4
core histone proteins (61). The histone proteins coordinate the
changes between tightly packed DNA (heterochromatin) that is
inaccessible to transcription and exposed DNA (euchromatin)
that is available for binding to and regulation of transcription
factors (38). These changes occur due to structural character-
istics of the nucleosome that are known as ‘“histone tails,”
which extend from the core octamer. These tails consist of
N-termini of the histone proteins and are the major sites for
posttranslational modifications. The list of potential modifica-
tions includes acetylation, methylation, phosphorylation, ADP-
ribosylation, ubiquitination, sumoylation, and biotinylation.
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Table 1. DNA methylation genes altered in various human cancers

Gene Cancer Type

Alteration

DNA methyltransferase

DNMT 1 colorectal, and ovarian cancer
DNMT3b

Methyl-CpG-binding proteins
MeCP2 prostate cancer, Rett syndrome
MBDI1 prostate, colon, and lung cancers
MBD2 prostate, colon, lung cancers
MBD3 colon, and lung cancer
MBD4 colon, stomach, endometrium cancers
Kaiso colon, Intestinal, lung cancers

colorectal, colon, breast, ovarian, oesophageal cancers, squamous cell carcinoma or multiple

upregulation and mutation
upregulation

upregulation, mutation
upregulation, mutation
upregulation, mutation
upregulation, mutation
mutation

upregulation

DNMT, DNA methyltransferase; MBD, methyl-binding domain protein.

The majority of these modifications takes place at lysine,
arginine, and serine residues, and within the histone tails of H3
and H4 core proteins. These modifications are reversible and
are controlled by groups of enzymes (17, 30). Histone deacety-
lases (HDACSs) and histone acetyl transferases (HATSs) are the
key enzymes responsible for these reversible modifications.
HDACs and HATSs comprise a large group of enzymes that are
classified into several families and control various physiolog-
ical functions of the cells (26, 58). Extensive literature is
available on this topic, and it is impossible to sufficiently cover
all classifications and modifications in depth in this review. A
list of the histone-modification genes that are altered during
carcinogenesis is presented in Table 2.

Noncoding RNAs. Noncoding RNAs were initially noted to
perform catalytic functions in facilitating RNA splicing, but it
was later recognized that they participate in the epigenetic
phenomenon of posttranscriptional gene modification (11, 53).
They are also known as nonprotein coding RNA or microRNA,
and they are 21-23 nucleotides in length. Approximately 1,000
miRNA genes have been computationally predicted in the
human genome, with each miRNA targeting multiple protein
coding transcripts. Although miRNA are vital to normal cell
physiology their misexpression has been linked to carcinogen-
esis, and miRNA profiles are now being used to classify human

cancers (8, 44, 48). A list of some of the miRNAs whose
expression is altered during carcinogenesis is presented in
Table 3. The influence of miRNA on the epigenetic machinery
and the reciprocal epigenetic regulation of miRNA expression
suggest that its deregulation during carcinogenesis has impor-
tant implications for global regulation of epigenetics and can-
cer. Several detailed and informative reviews of the association
between miRNA and cancer are available (44, 47, 53).

EPIGENETIC SWITCHING IN CANCER

It is evident that discrete genetic alterations in neoplastic
cells alone cannot explain multistep carcinogenesis whereby
tumor cells are able to express diverse phenotypes during the
complex phases of tumor development and progression. In fact,
cancer cells have an altered epigenotype compared with the
tissues from which they arise. The epigenetic switch is char-
acterized by changes in the level and placement of DNA
methylation and histone modification, and these changes influ-
ence the phenotype of the neoplastic cells (12, 16). Many
cancer cells acquire altered levels of expression of epigenetic
enzymes, but the products of their reaction do not match the
phenotype, suggesting that there are other factors affecting
their activity (18, 19). For several decades it has been known

Table 2. Histone modification genes altered in various human cancers

Histone Deacetylases

Cancer type

Alteration

HDACI1 colorectal cancer, cervical dysplasias, endometrial stromal sarcomas,
gastric, prostate and colon cancer

HDAC2 multiple gastric carcinomas, colon cancer

HDAC3 colon and prostate cancer

HDAC4 prostate, breast and colon cancers

HDACS colon cancer, AML

HDAC6 breast cancer, AML

HDAC7 colon cancer

HDACS colon cancer

SIRT1 colon cancer

SIRT2 glioma

SIRT3 breast cancer

SIRT4 AML

SIRT7 breast cancer, thyroid carcinoma

Histone acetyl transferases

upregulation/downregulation

upregulation/mutation
upregulation
upregulation/downregulation/mutation
repression

upregulation

upregulation

upregulation
upregulation/downregulation
downregulation, deletion
upregulation

downregulation

upregulation

p300 colorectal, breast, ovarian, hepatocellular cancers and oral carcinomas mutation, translocation, deletions
CBP colon, breast, and ovarian cancers, AML mutation, Translocation, deletions
pCAF colon mutation

MOZ hematological cancers translocation

MORF

Tip60 Colorectal and prostate cancer

hematological and uterine cancers, leiomyomata

translocation
downregulation, translocation

AML, acute myeloid leukemia; HDAC, histone deacetylases; SIRT, sirtuins; MOZ, monocytic leukemia zinc finger protein; MORF, MOZ related factor.

J Appl Physiol « VOL 109 « AUGUST 2010 « WWW.jap.org

0102 ‘0T Joquwaidas uo 6o ABojoisAyd-del wouiy papeojumoq



http://jap.physiology.org

Review

CANCER EPIGENETICS 601

Table 3. MicroRNA alteration in various human cancers

MicroRNAs Target Gene(s) Cancer Type Alterations
miR-127 Bcl-6 bladder cancer upregulation
miR-124 CDK6 colon cancer upregulation
miR-223 NFI-A, MEF2C acute myeloid leukemia upregulation
miR-34b/34c p53 network, CDK6, E2F3 colon cancer upregulation
miR-17, miR-92 c-MYC lung cancer upregulation
miR-372,miR-373 RAS, p53 ,CD44 testicular germ cell tumor and breast cancer upregulation
miR-21 PDCD4,PTEN,TPM1,RECK, TIMP3, BCL2 glioblastoma, breast, lung, prostate, colon and upregulation

cervical cancer
miR-155 RHOA Burkitt’s lymphoma, breast ,colon, and lung upregulation

cancers
miR-146 NF-kB breast, pancreas and prostate cancers upregulation
miR-92b PRMTS brain primary tumors upregulation
miR-520 CD44 breast cancer upregulation
miR-10b HOXD10 metastatic breast cancer upregulation
miR-9 CDH1 breast cancer upregulation
miR-127, miR-199a BCL6, E2F1 cervical cancer upregulation
miR-421 CBX7, RBMXLI gastric cancer upregulation
miR-1228,miR-195, miR30b, CDKN2A,NF2,andJUN Malignant mesothelioma (MM) upregulation

miR-32, miR345
miR-190, miR-196 HGF pancreatic cancer upregulation
miR-125 AKT, ERBB2-4, FGF, FGFR, IGF, MAPKs, MMP11, breast upregulation
SP1, TNF, VEGF

miR-126 CRK1,PIK3R2,SPRED1, VCAM1 breast and lung cancer downregulation
miR-146a, miR-146b ROCKI, IRAKI1,TRAF6 prostate cancer and papillary thyroid downregulation

carcinomas
miR-340, miR-421, miR-658 MYC, RB, PTEN lymph node metastasis and gastric cancer downregulation
let-7a-3 RAS, IGF-1I lung and ovarian cancer downregulation
miR-221, miR-222 CDKNI1C/P57 and CDKNI1B/P27 hepatocellular carcinoma downregulation
miR-9 NF-kB ovarian and lung cancer downregulation
miR-218, miR-145 PXN breast, lung and prostate cancer downregulation
miR-25, miR-32, miR-142 ITGAxl lung cancer and solid tumor downregulation
miR- 124, miR-183 ITGBB1 lung cancer downregulation
miR-143 ERKS cervical cancer downregulation
miR-372, miR-373 LATS2 testicular germ cell cancer downregulation
miR-181 VGFR lung cancer downregulation
miR-370 MAP3KS MzChA-1, KMCH-1, cholangiocarcinoma downregulation
miR-342 ER, PR and HER2 breast and colon cancer downregulation
miR-145 ER colon and breast cancer downregulation
miR- 124, miR-183 ITGBI lung cancer downregulation

CDKG®6, cyclin D kinase 6; MEF2C, myocyte enhancer factor 2C; NFIA, Nuclear factor 1 A-type; p53, tumor protein 53; RAS, Rat Sarcoma; CD44, cluster
differentiation 44; PDcD4, programmed cell death 4; TPMI, tropomyosin 1; PTEN, phosphatase and tensin homologue; BCL2, B-cell lymphoma 2 protein;
RECK, reversion Inducing cysteine rich protein kazal motif; ROHA, ras homolog gene family member A; NF-kB, nuclear factor-kappaB; PRNTS, protein
arginine N-methyltransferase 5; HOXD10, homeobox D10; CDHI, Cadherin-1; CBX7, chromobox 7; RBMX L1, RNA binding motif protein X-linked;
CDNK?2A, cyclin-dependent kinase inhibitor 2A; NF2, neurofibromatosis, type 2; HGF, hepatocyte growth factor; ERBB2-4’ or (HER4), human epidermal
growth factor Receptor 4; JUN, janus N-terminal kinases; FGFR, fibroblast growth factor receptor; MAPKs, mitogen-activated protein kinase; MMP11, matrix
metalloproteinasel 1; VEGF, vascular endothelial growth factor; TNFa, tumor necrosis factor-alpha; CRK1, Cdc2-related kinasel; PIK3R2, phosphatidylinositol
3-kinase regulatory subunit beta; SPREDI,sprouty-related, EVH] domain containing 1; VCAM, vascular cell adhesion molecule; ROCKI, rho-associated,
coiled-coil containing protein kinase 1; IRAK1, interleukin-1 receptor associated kinase-1; TRAF6, TNF receptor associated factor 6; Rb, retinoblastoma; IGF-II,
insulin-like growth factor 2; PXN, paxilin; ITGB1, integrin beta-1; ERKS, extracellular signal-regulated kinase 5; LATS2, large tumor suppressor homolog 2;

ER, estrogen receptor; PR, progesterone receptor.

that tumor cells possess a global hypomethylated genome,
while at the same time focal cytosine methylation has increased
in specific places of the genome (2, 52). In normal cells, CpGs
within repetitive DNA elements and coding regions of the
genes are methylated, whereas in tumor cells LINE-1 repeats,
satellite DNA, and moderately repeated DNA sequences be-
come unmethylated, whereas genes containing CpG clusters
become hypermethylated, rendering them transcriptionally si-
lent (2, 52). Proportional changes in histone modifications are
also observed in cancer (17). It has been demonstrated that
H3K4me3, H3K4me2, and H3ac are heavily enriched around
the transcriptional start sites of genes with slightly lower
enrichment of H3K4mel and H4ac. Furthermore, enrichment
of H3K4me3, H3K4me2, and H3ac at the transcriptional start
site has been shown to positively correlate with the extent of

gene activity (55). Aberrant distributions of histone modifica-
tions H3K4mel, 2, 3, and H3K36me3 correlate with gene
activation with high levels of enrichment around the transcrip-
tion start site, whereas H3K9me1l, H3K20mel, and H3K27mel
correlate with gene expression due to elevated levels of these
markers localized downstream from the transcription start site
and throughout the entire transcribable region (35). In contrast,
high levels of H3K27me2, 3, and H3K79me3 and modest
levels of H3K9me2 and 3 are linked to gene repression or
silencing. Fraga et al. (20) first demonstrated that loss of
H4K16ac and H4K20me3 is a common hallmark of human
cancer cells associated with DNA hypermethylation at repeti-
tive sequences. In addition, deamination of methylated cyto-
sine forms thymine, creating a lesion that is difficult to correct
because the DNA repair mechanisms cannot easily discrimi-
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nate which base is correct in the resulting G:T mismatch. At
the translational level, the first direct link between miRNAs
and cancer was demonstrated by Carlo Croce’s group in 2002
(7, 8, 56), describing the loss of miR-15 and miR-16 in
13ql4-deleted chronic lymphocytic B-cell leukemia. Epige-
netic modifications in cancer could also affect the stability of
the genome, providing a link between the organization of the
genome and its replication and repair. Much of the descriptive
work has demonstrated the nature of such alterations; however,
the precise cause of the epigenetic switch in cancer is still
elusive.

EPIGENETIC ALTERATIONS IN CANCER

In human cancers, aberrant epigenomics are known to con-
tribute to various phases of neoplastic development including
initiation, promotion, invasion, metastasis, and chemotherapy
resistance (10, 16, 23, 25). It was recently proposed that more
than 300 genes and gene products are epigenetically altered in
various human cancers, and these alterations have been linked
to proliferative changes, cellular atypia, dysplasia, carcinoma
in situ, invasive malignancy, metastatic malignancy, and ther-
apy-resistant malignancy (23, 25). Epigenetic silencing of
genes can affect cancer at various stages (19). The epigenetic
changes in gene expression and their pathologic correlation is
a result of overlapping changes in genes expression, but some
of them may be associated with particular stages of cancer
development. For example, the gene that encodes the cell cycle
inhibitor pl6™X4A and the DNA repair genes MLH1 and
BRCAI1 are some susceptible genes that undergo early meth-
ylation-associated silencing that correlates with neoplastic
transformation (3, 23, 28). Several other genes such as MLHI,
VHL, WRN, and BRCA1 that are inactivated by CpG island
hypermethylation in transformed cells have anti-proliferative
roles and in many instances there are familial cancer cases with
associated germ-line-like mutations in these genes. In breast
and prostate cancer, the RASSFIA promoter is frequently
methylated, and likewise GSTP1 is methylated in the neoplas-
tic cells of more than 90% of cases of prostate cancer (18, 32).
These observations support the concept that epigenetic changes
can promote malignant transformation.

The aggressive cancer phenotype has also been shown to be
regulated, in part, by epigenetic mechanisms (10). Metastatic
and therapy-resistant behaviors of cells involve associations
between genetic and epigenetic events and alterations in mul-
tiple pathways that contribute to distant metastasis (10, 25, 43).
The regulatory networks that function at various level cause
changes in gene expression in both tumor and host cells,
influencing transcription, translation, methylation, and a mul-
titude of other processes (43, 49). The initiation of these events
is the result of impairment of a large number of tumor sup-
pressor genes that have the ability to trigger pro-angiogeneic
and metastatic properties in affected malignant cells (10). For
example, downregulation of the angiogenesis inhibitor TSP1
and NM23, which is encoded by nonmetastatic cells, NMEI,
NME2, and MKK4, is repressed during this process (10).
Additional genes that are deregulated in cancer are the tissue
inhibitor of metalloproteinases such as TIMP3 (promoter hy-
permethylation during cancer), which binds to the VEGF-2 and
inhibits angiogenesis. Some other genes that participate in
metastasis are uPA, calcium binding proteins, and S100P,

which facilitates tissue invasion and is associated with a poor
prognosis in breast and prostate cancers (10). Upregulation of
these genes occurs due to hypomethylation and unmasking of
the promoter, which correlates with poor clinical outcome
(43, 60).

During metastasis the epigenetic model proposed is that the
host microenvironment exerts an initial inhibitory constraint on
tumor growth, which is followed by acceleration of tumor
progression through complex “cell-matrix” interactions (25).
For example, Hu et al. (29) demonstrated distinct epigenetic
changes in cultured epithelial and myoepithelial cells and in
stromal fibroblasts from normal breast tissue and breast carci-
nomas, suggesting that aberrant epigenomics in the stroma are
unique and discrete from their associated carcinoma cells. Of
the five genes they examined, three (PRDM14, HOXD4, and
CDC42EPS5) were found to be methylated in carcinoma cells,
whereas estrogen receptor PGR and 173-estradiol metaboliz-
ing enzyme HSD17B4 are concomitantly methylated in the
stromal tissue. Furthermore, the signaling pathway leading to
hypermethylation of the CST6 gene is induced by the activated
serine/threonine kinase Aktl pathway. Activation of Aktl
signaling causes DNA methylation and also recruits DNA
methyltransferase and represses histone modifications to the
promoter of CST6, an event that contributes to epigenetic
silencing. These events illustrate how epigenetic events influ-
ence cancer development and progression. A list of genes that
are epigenetically silenced during various stages of human
cancer are shown in Table 4.

EPIGENETIC BIOMARKERS

Epigenetic markers have shown promise in establishing the
diagnosis and prognosis of various human cancers (21). The
methylated DNA sequences represent potential biomarkers for
diagnosis, staging, prognosis, and monitoring of response to
therapy. DNA methylation markers hold a number of advan-
tages over other biomarkers, specifically their stability, their
ability to be amplified at relatively low costs, and their restric-
tion to limited regions of DNA methylation (37). Epigenetic
markers can be detected in resected tumors and in body fluids.
For example, the occurrence of hypermethylated CDHI3,
MYODI1, MGMT, pl6INK4b, and RASSF1A genes varies
significantly among cancer types; their presence can be de-
tected in body fluids as well as in plasma DNA (47). Hyper-
methylated cancer genes can also be detected in urine sedi-
ments and may prove useful in detecting bladder cancer. A
more sensitive and specific screening test for prostate cancer is
being evaluated for use in testing urine and plasma DNA. This
diagnostic test targets a single methylated gene GSTP1 (14). In
addition, combined hypermethylation assays for small number
of genes such as RASSF1A, RARB2, APC, and GSTP1 have
been used to help discriminate between benign and cancerous
changes in the prostate. The field of DNA methylation-based
markers for prognosis and diagnosis is still emerging and its
widespread use in clinical practice has yet to be implemented
(23, 30).

Repetitive DNA elements such as short and long inter-
spersed nuclear elements (SINEs and LINEs) and other repet-
itive sequences are often hypomethylated in human cancers
(60). However, the utility of global hypomethylation as a
prognostic marker in clinical practice remains undetermined.
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Table 4. Epigenetically silenced genes and their pathways in various human cancers

Cancer Type

Pathway Gene(s)
Cell cycle p15INK4B, p16INK4A, pl4ARF, RB, RASSFI1,
p27KIP1, p21WAF1/CIP1, and RB
DNA repair MLHI1, MGMT, BRCA1, RASSF1,WRN

Transcriptional regulation VHL, RIZ1, HIC1, BEX2

Cell adhesion CDHI1,CDH13
Cell adhesion, invasion, metastasis, SERPINB5 (MASPIN)
SFRP1
Cell growth and proliferation MDG1
Transcription factor CEBPA, GATA4, GATAS, ID4, RUNX3
Signal transduction RARB2

DNA Damage 14-3-30, GADD45G
Carcinogen detoxification GSTPI

Apoptosis DAPK, TMS1
Nuclear export APC

Hormone receptor ER, PR, AR, PRLR and TSHR

hepatic, lung, colorectal, gliomas, head and neck, squamous cell,
breast, gastrointestinal, hepatocellular, salivary gland,
retinoblastoma, bladder, pancreatic, melanoma, prostate cancers
and hematological cancers

colorectal, endometrial, gastric, squamous cell, melanoma, testicular,
esophageal, liver cancers

gall bladder, gastric, thyroid, esophageal, renal, oral cancers

breast, lung, and stomach cancers, leukemia

breast, thyroid, prostate, melanoma

breast, gastric

endometrial, lung, hepatoma, colon, nasopharyngeal, bladder cancers

esophageal and breast cancer

breast, gastric, liver, lung, skin, ovarian, neuroblastoma, lymphoma,
cervical, nasopharyngeal cancers

prostate, breast, and renal cancers

cervical, lung, glioma, esophageal, mesothelioma cervical, prostate
cancers and hematologic cancer

colorectal, endometrial, breast, lung, stomach, melanoma

breast, prostate, thyroid cancers

MLHI1, mismatch repair gene 1; MGMT, O°-methylguanine-DNA methyltransferase; MDG1, mammary-derived growth inhibitor 1; BRCAI1, breast cancer 1;
RASSF1, ras association (RalGDS/AF-6) domain family member 1; WRN, Werner syndrome RecQ helikase like; VHL, Von Hippel-Lindau 1; RIZI, retinoblastoma

protein-interacting zing-finger gene; HIC1, hypermethylated in cancer-1; BEX2,

brain expressed X-linked2; RB, retinoblastoma; CDHI, cadherin-1; MDGI,

microvascular endothelial differentiation genel; CEBPA, CCAAT enhancer binding protein alpha; GATA4, GATA binding protein 4; ID4, DNA-binding protein
inhibitor; RUNX, runt-related transcription factor 3; RARB2, retinoic acid receptor B2; GADD45G, growth arrest and DNA-damage-inducible protein GADD45
gamma; GSTP1,glutathione S-transferase pi 1; DAPKI, death-associated protein kinase; TMS1,target of methylation-induced silencingl; APC, adenomatosis
polyposis coli; ER, estrogen receptor; PR, progesterone receptor; AR, androgen receptor; PRLR, prolactin receptor; TSHR, thyroid stimulating hormone receptor.

Histone modification patterns also provide prognostic and
diagnostic information in cancer (55). Repressive chromatin
structures characterized by particular histone modifications
such as H3K9, H3K27, and H4K20 methylation may precipi-
tate DNA methylation (34). Generalized changes in chromatin
structure and histone modification also occur; for example,
increased H3K4 dimethylation and H3K18 acetylation activa-
tion are reported to be associated with poor prognosis (34). The
major limitation is that it is unknown to what extent these
changes correlate with alterations in gene activity in cancer
cells. For instance, in addition to the H3K27 methylase EZH2,
the corresponding demethylase JMJD3 has been reported to be
overexpressed in metastatic prostate cancers (3). Likewise,
overexpression of the histone deacetylase HDACI is regularly
observed in prostate cancers harboring the major TMPRSS2-
ERG fusion. These observations need to be assessed in larger
patient cohorts for further validation before implementation in
clinical practice (3, 54).

More recently, miRNAs have also been proposed as poten-
tial epigenetic biomarkers in the diagnosis of cancer (11, 45).
Some miRNAs, such as miR-199a, miR-200a, miR-146, miR-
214, miR-221, and miR-222 have been found to be upregu-
lated, whereas miR-100 is downregulated in human cancers
(47). The miRNA let-71 was recently designated as a tumor
suppressor and miR-429, miR-200a, and miR-200b were found
to be clustered on a single primary transcript regulated by the
epithelial-to-mesenchymal transition (48). Studies have shown
that two other miRNAs, miR-21 and miR-181a, can be used to
identify the presence or absence of malignant phenotypes. A
group of 27 miRNAs have been shown to be significantly
associated with chemotherapy response and have been pro-
posed as possible prognostic and diagnostic biomarkers, sim-
ilar to DNA methylation biomarkers (41, 45). Excellent re-

views of this topic are available and have addressed the
diagnostic and prognostic promise of epigenetic markers.

EPIGENETIC THERAPY AND PREVENTION

The epigenome of a cancer cell is characterized by a global
pattern of DNA hypomethylation and alterations in miRNA
profile and histone modification at various lysine and serine
residues (12). Conceptually, epigenetic changes are reversible
and consequently are rational targets for therapeutical ap-
proaches. Two main classes of epigenetic drugs , namely DNA
methyltransferase (DNMT) inhibitors and histone deacetylase
(HDAC) inhibitors, are currently used in clinical trials for the
treatment of cancers (40). DNMT inhibitors 5-azacytidine and
5-aza-2'-deoxycitidine, which are both analogs of cytosine,
have demonstrated clinical activity at low doses against hema-
tological neoplasms. However, these nucleoside analogs show
poor activity against solid tumors and are associated with
severe toxic side effects. These drugs target the epigenome in
a non cell-specific way and therefore modify the methylation
patterns in tumor cells as well as in normal cells. Several new
DNMT anti-sense (MG98) and small molecule RG108 inhib-
itors are currently under development, which are more specific
and less toxic (33, 39).

The second class of agents is the HDAC inhibitors, which
offer more promising targets for epigenetic anticancer therapy
(5, 9). Interest in histone modifications has grown over the last
few years with the discovery and characterization of a large
number of histone-modifying molecules and protein com-
plexes (9). Clinical trials show that HDAC inhibitors are well
tolerated; can inhibit HDAC activity in peripheral mononuclear
cells and tumors, and more importantly, have clinical activity
with objective tumor regression. It is postulated that histone
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acetylation is associated with activation of gene transcription
(6). The HDAC inhibitors butyrate, trichostatin A (TSA),
depsipeptide, oxamflatin, MS-275, and SAHA induce expres-
sion of several cell cycle regulatory molecules that inhibit
cell-cycle progression, acting to block cyclin-dependent kinase
activity and, as a consequence, causing cell-cycle arrest (5, 6).
Furthermore, inactivation of tumor suppressor genes by aber-
rant DNA methylation of the promoter region is complemented
by another epigenetic event that alters the structure of chro-
matin—the hypoacetylation of lysines in histones, brought
about by histone deacetylases. Because cross-talk can occur
between DNA methylation and histone deacetylation, a com-
bination of these two epigenetic modifications represents an
interesting approach for therapeutic intervention. Inhibitors of
these two pathways in combination have been shown to pro-
duce a synergistic reactivation of tumor suppressor genes and
an enhanced antineoplastic effect against tumor cells (34).

The use of miRNAs as potential therapeutic targets has been
examined in several studies that have shown that specific
miRNA deregulations (both overexpression and downregula-
tion) in cancer cells is associated with pathogenic effect (11,
44, 45). Studies have demonstrated that reducing the expres-
sion levels of miR-10b, miR-21, the miR-146 family, miR-155,
miR-373, and miR-520c in solid tumors by locked nucleic acid
anti-miRNAs or antagomirs, or reexpressing miR-126, miR-
148a, miR-206, miR-335 and miR-200 family by mimic miRNAs
could be initially tested and validated in preclinical settings and
then, if successful, could be considered for Phase I clinical
trials alone or in combinations with existing regimens (44, 45).
Additionally, manipulation of miRNA levels may also be a
means of altering DNA methylation and therefore miRNA
therapy in combination with DNMT inhibitors may be a better
combination. However, there is a need to refine and optimize
these approaches. There are a number of reports and review
articles pertaining to the utility of various DNMT, HDAC inhib-
itors, and miRNAs in the management of various hematological
and solid tumors that are beyond the scope of this review.

It has been established that environment, diet, and lifestyle
factors contribute to cancer development by inducing both
epigenetic and genetic changes that, in combination with ge-
netic makeup, result in the disruption of key cellular processes
leading to neoplasia (58). The best studied example is the
relationship between dietary methionine and DNA methylation
(59). As an essential amino acid, methionine plays a central
role in epigenetic regulation by serving as a methyl donor for
methylation reactions. In the process of cytosine methylation,
DNMT enzyme converts SAM to S-adenosylhomocysteine
(SAH); therefore, an optimal supply of SAM or removal of
SAH is essential for normal establishment of genome-wide
DNA methylation patterns. CpG methylation patterns are
largely erased in the early embryos and then re-established in
a tissue-specific manner (52). Therefore, early embryonic de-
velopment may represent a sensitive stage, and dietary and
environmental factors that affect DNA methylation reaction
and the activity of DNMTs may result in permanent fixation of
aberrant methylation patterns (27). Another potential mecha-
nism by which environmental and dietary exposures affect the
epigenome may involve transposable elements (16, 19). Trans-
posons are groups of mobile genetic elements that, when
activated, may cause genetic mutations and transcriptional
noise (52). They are shown to be heavily methylated and

transcriptionally silent in somatic cells. Although it is well
documented that the activation of transposable element-derived
promoters may be a consequence of perturbed DNA methyl-
ation, transposable elements have been shown to be activated
by different kinds of cellular stress (27). Therefore, stress
induced by environmental and dietary agents may activate
transposable elements, leading to altered establishment and
maintenance of epigenetic states. Different classes of HDACs
may also be altered by environmental and dietary agents.
Interestingly, certain dietary chemopreventive agents such as
butyrate, diallyl disulfide, and sulforaphane have demonstrated
HDAC inhibitory activity (42). This is highlighted by a recent
study demonstrating that resveratrol, a molecule produced by a
variety of plants and the most potent inhibitor of SIRTI, a
member of the sirtuin family of NAD-dependent deacetylases,
improves health and extends life span (23). Certain dietary
agents such as green tea polyphenols and phenethyl isothio-
cyanate have shown dual actions as DNMT as well as HDAC
inhibitors in cancer cells (46, 57). The dual action of these
agents on both DNA and chromatin was more effective than
5'-aza-2'-deoxycytidine, or TSA, suggesting that they may be
better epigenetic modifiers for cancer prevention, achieved
through dietary intervention.

CONCLUSIONS AND FUTURE DIRECTION

The importance of epigenetics in cancer has been recognized
and interest in the field has grown dramatically over the last
few years. Recent advances in epigenomic approaches allow
mapping of the methylation/acetylation state and miRNA lev-
els in the genome with high accuracy, which will help in the
identification of biomarkers for various diseases. An under-
standing of the link between epigenetic deregulation and can-
cer will help in designing better treatment strategies. Addition-
ally, the intrinsic reversibility of epigenetic alterations repre-
sents an exciting opportunity for the development of novel
strategies for cancer prevention.
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