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SUMMARY

Epigenetic changes are present in all human cancers and are now known to cooperate with genetic
alterations to drive the cancer phenotype. These changes involve DNA methylation, histone modifiers
and readers, chromatin remodelers, microRNAs, and other components of chromatin. Cancer genetics
and epigenetics are inextricably linked in generating the malignant phenotype; epigenetic changes can
cause mutations in genes, and, conversely, mutations are frequently observed in genes that modify the
epigenome. Epigenetic therapies, in which the goal is to reverse these changes, are now one standard of
care for a preleukemic disorder and form of lymphoma. The application of epigenetic therapies in the
treatment of solid tumors is also emerging as a viable therapeutic route.
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OVERVIEW

Cancer is caused by the somatically heritable deregulation of
genes that control the processes governing when cells divide,
die, and move from one part of the body to another. During
carcinogenesis, genes can become activated in such a way
that enhances division or prevents cell death (oncogene). Al-
ternatively, genes can become inactivated so that they are no
longer available to apply the brakes to these processes (tumor-
suppressor gene). It is the interplay between these two classes
of genes that results in the formation of cancer.

Tumor-suppressor genes (TSGs) can become inactivated
by at least three pathways: (1) through mutations, in which
their functions becomedisabled; (2) a gene canbe completely
lost and thus not be available to work appropriately (loss of
heterozygosity); and (3) a gene can be switched off in a so-
matically heritable fashion byepigenetic changes, rather than
by mutation of the DNA sequence. Epigenetic silencing can
occur by deregulation of the epigenetic machinery at several
different levels; it may involve inappropriate methylation of
cytosine (C) residues in CpG sequencemotifs that residewith-
in control regions governing gene expression.Also, changes to
histone posttranslational modifications (PTMs) or aberrations

in the way histone-modifying enzymes function may occur. A
change in a protein’s ability to read histone marks, and hence
bind to chromatin, or alterations in the way nucleosome-re-
modeling or histone exchange complexes function can result.
Finally, changes in regulatory microRNA (miRNA) expression
patterns have been noted.

This article focuses predominantly on how cancer is af-
fected by this third pathway (i.e., epigenetic mechanisms).
The basicmolecular mechanisms responsible for maintaining
the silenced state are quitewell understood, as outlined in this
collection. Consequently, we also know that epigenetic si-
lencing has profound implications for cancer prevention, de-
tection, and therapies. We now have drugs approved by the
U.S. Food and Drug Administration (FDA) that are used to
reverse epigenetic changes and restore gene activity to cancer
cells. Also, because changes in DNA methylation can be de-
tected with a high degree of sensitivity, many strategies are
able to detect cancer early by finding changes in DNA meth-
ylation. The translational opportunities for epigenetics in hu-
man cancer research, detection, prevention, and treatment
are, therefore, quite extraordinary.
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1 THE BIOLOGICAL BASIS OF CANCER

Cancer is ultimately a disease of gene expression in which
the complex networks governing homeostasis in multicel-
lular organisms become deranged, allowing cells to grow
without reference to the needs of the organism as a whole.
Great advancements have been made in delineating the
subset of cellular control pathways subject to derangement
in human cancer (Table 1). The realization that distinct
sets of cellular control pathways are affected and heritably
disabled in almost all cancers is a key concept that has
advanced the field (Hanahan and Weinberg 2011). Histor-
ically, research has focused on the genetic basis of cancer,
particularly, in terms of how mutational activation of on-
cogenes or inactivation of tumor-suppressor genes (TSGs)
underpins these above pathway changes. However, since the
1990s, a growing research endeavor has centered on the
recognition that heritable changes, regulated by epigenetic
alterations, may also be critical for the evolution of all hu-
man cancer types (Baylin and Jones 2011).

Epigenetic alterations can be observed as abnormal pat-
terns of DNA methylation, disrupted patterns of histone
posttranslational modifications (PTMs), and changes in
chromatincompositionand/ororganization.Changes in the
epigenome largely occur through disrupting the epigenetic
machinery, and Figure 1 illustrates the different elements of

theepigeneticmachinery thatarenowknowntobeperturbed
in cancer. These epigenomic changesnot onlyare associated
with altered patterns of expression for otherwise wild-type
genes,but, in somecases,mayalsobecausal to theirchanged
expression state. The recognition of an epigenetic compo-
nent in tumorigenesis, or the existence of a cancer “epige-
nome,” has led to newopportunities for the understanding,
detection, treatment, and prevention of cancer.

Signaling gene (oncogene) mutations in many human
cancers are often dominant and drive the formation of
cancers. An example would be ras, which when mutated,
enhances the activity of the gene product to stimulate
growth. Genetic mutations or epigenetic silencing of
TSGs, on the other hand, are often recessive, requiring dis-
ruptive events in both allelic copies of a gene for the full
expression of the transformed phenotype. The idea that
both copies of aTSGhave to be incapacitated in amalignant
cell line was proposed by Knudson (2001) in his “two- or
multiple-hit” hypothesis and has found wide acceptance. It
is now realized that three classes of “hits” can participate in
different combinations to cause a complete loss of activity
of TSGs. Direct mutations in the coding sequence may
occur, loss of parts or entire copies of genes, or epigenetic
silencing, can cooperate with each other to result in the
disablement of key control genes. Another growing concept
discussed in this article is that there is an intense coopera-
tion between genetic and epigenetic abnormalities to drive
the initiation and progression of cancer (Fig. 1) (Baylin and
Jones 2011;Youand Jones 2012;GarrawayandLander 2013;
Shen and Laird 2013). Most recently, excitement has cen-
tered on the realization that most cancers actually harbor
frequentmutations in genes that encode for components of
the epigenetic machinery, potentially resulting in abnor-
malities in the epigenome, which may affect gene expres-
sion patterns and genomic stability (Baylin and Jones 2011;
You and Jones 2012; Garraway and Lander 2013; Shen and
Laird 2013). Some of the growing list of genes frequently
mutated in cancer, encoding proteins central to establishing
normal control of chromatin and DNA methylation pat-
terns, are illustrated in Figure 1 and more exhaustively, list-
ed in Table 2 or the Appendices of Audia and Campbell
(2014) (Baylin and Jones 2011; You and Jones 2012; Garr-
away and Lander 2013; Shen and Laird 2013). Although
most of the consequences of these mutations remain to be
elucidated, this concept is critical not only for understand-
ing the biology of cancer, but also for implications regard-
ing cancer therapy. Conversely, epigenetic silencing or
activation of genes may predispose cells to further muta-
tions (e.g., the epigenetic silencing of the key MLH1 DNA
repair protein leads to new mutations because of a lack of
efficient DNA repair). Other articles in this collection pro-
vide details concerning our understanding of how the var-

Table 1. Examples of key cellular pathways disrupted in human can-
cers by genetic and epigenetic mechanisms

Pathway
Example of genetic

alteration
Example of epigenetic

alteration

Self sufficiency in

growth signals

Mutations in Ras

gene

Methylation of

RASSFIA gene

Insensitivity to

antigrowth signals

Mutation in TGF-b

receptors

Down-regulation of

TGF-b receptors

Tissue invasion and

metastasis

Mutation in E-

cadherin gene

Methylation of E-

cadherin promoter

Limitless replicative

potential

Mutation in p16

and pRb genes

Silencing of p16 or pRb

genes by promoter

methylation

Sustained

angiogenesis

Silencing of

thrombospondin-1

Evading apoptosis Mutation in p53 Methylation of DAPK,

ASC/TMS1, and

HIC1

DNA repair capacity Mutations in

MLH1, MSH2

Methylation of GST Pi,

O6-MGMT, MLH1

Monitoring genomic

stability

Mutations in Chfr Methylation of Chfr

Protein ubiquination

functions

regulating mitotic

control genes

Mutations in Chfr Methylation of Chfr

TGF-b, transforming growth factor b; DAPK, death-associated protein

kinase.
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ious epigenetic processes contribute to regulating the ge-
nome and can become deregulated in cancer.

2 THE IMPORTANCE OF CHROMATIN
TO CANCER

Despite the major advances in understanding the key mo-
lecular lesions in cellular control pathways that contribute
to cancer, it is true thatmicroscopic examination of nuclear
structure by a pathologist remains a gold standard in cancer
diagnosis. The human eye can accurately discern changes in
nuclear architecture, which largely involve the state of chro-
matin configuration, and definitively diagnose the cancer
phenotype in a single cell. Foremost in the cues used by

pathologists are the size of the nucleus, nuclear outline, a
condensed nuclear membrane, prominent nucleoli, dense
“hyperchromatic” chromatin, and a high nuclear/cyto-
plasmic ratio. These structural features, visible under a mi-
croscope (Fig. 2), likely correlate with profound alterations
in chromatin structure and function, with resultant chang-
es in gene expression states and/or chromosome stability.
Linking changes observable at a microscopic level with
the molecular marks discussed throughout this collection
remains one of the great challenges in cancer research.
In this article, we review epigenetic marks that are abnor-
mally distributed in cancer cells, typified by changes in
DNA cytosine methylation at CpG dinucleotides, changes
in histone modifications, nucleosomal composition (i.e.,
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Figure 1. Genetic mutations of epigenetic modifiers in cancer. The drawing shows the input of epigenetic processes
in specifying gene expression patterns. Recent whole-exome sequencing studies show that mutations in various
classes of epigenetic modifiers are frequently observed in many types of cancers, further highlighting the cross talk
between genetics and epigenetics. Examples of some, but not all, of these mutations are illustrated here and listed in
Table 2. The mutations of epigenetic modifiers potentially cause genome-wide epigenetic alterations in cancer, but,
save for isocitrate dehydrogenase (IDH)mutations as discussed in the text, these have yet to be shown on a genome-
wide scale. Understanding the relationship of genetic and epigenetic changes in cancer will offer novel insights for
cancer therapies. MBDs, methylcytosine-binding proteins; PTM, posttranslational modification. (Adapted from
You and Jones 2012.)
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Table 2. Mutations in selected epigenetic modifiers in human cancers

Process Gene Function Tumor type Alteration

DNA

methylation

DNMT1 DNA methyltransferase Colorectal,

Non–small cell lung, pancreatic,

gastric, breast cancer

Mutation (Kanai et al. 2003)

Overexpression (Wu et al. 2007)

DNMT3A DNA methyltransferase MDS; AML Mutation (Ley et al. 2010;

Yamashita et al. 2010; Yan et al.

2011)

DNMT3B DNA methyltransferase ICF syndrome,

SNPs in breast and lung adenoma

Mutation (Wijmenga et al. 2000)

Mutation (Shen et al. 2002)

MBD1/2 Methyl-binding protein Lung and breast cancer Mutation (Sansom et al. 2007)

TET1 5′-Methylcytosine

hydroxylase

AML Chromosome translocation (De

Carvalho et al. 2010; Wu and

Zhang 2010)

TET2 5′-Methylcytosine

hydroxylase

MDS, myeloid malignancies, gliomas Mutation/silencing (Araki et al.
2009)

IDH1/2 Isocitrate dehydrogenase Glioma, AML Mutation (Figueroa et al. 2010;

Lu et al. 2012; Turcan et al.

2012)

AID 5′-Cytidine deaminase CML Aberrant expression (De

Carvalho et al. 2010)

MLL1/2/3 Histone

methyltransferase H3K4

Bladder TCC, hematopoietic, non-

Hodgkin lymphoma, B-cell

lymphoma, prostate (primary)

Translocation, mutation,

aberrant expression (Gui et al.

2011; Morin et al. 2011)

Histone

modification

enzymes

EZH2 Histone methyltransferase

H3K27

Breast, prostate, bladder, colon,

pancreas, liver, gastric, uterine

tumors, melanoma, lymphoma,

myeloma, and Ewing’s sarcoma

Mutation, aberrant expression

(Chase and Cross 2011; Tsang

and Cheng 2011)

BMI-1 PRC1 subunit Ovarian, mantle cell lymphomas,

and Merkel cell carcinomas

Overexpression (Jiang and Song

2009; Lukacs et al. 2010)

G9a Histone methyltransferase

H3K9

HCC, cervical, uterine, ovarian,

and breast cancer

Aberrant expression (Varier and

Timmers 2011)

PRMT1/5 Protein arginine

methyltransferase

Breast/gastric Aberrant expression (Miremadi

et al. 2007)

LSD1 Histone

demethyltransferase

H3K4/H3K9

Prostate Mutation (Rotili and Mai 2011)

UTX (KDM6A) Histone

demethyltransferase

H3K27

Bladder, breast, kidney, lung, pancreas,

esophagus, colon, uterus, brain,

hematological malignancies

Mutation (Rotili and Mai 2011)

JARID1B/C
(KDM5C)

Histone

demethyltransferase

H3K4/H3K9

Testicular and breast, RCCC Overexpression (Rotili and Mai

2011)

EP300 (P300/
KAT3B)

Histone acetyltransferase Breast, colorectal, pancreatic cancer Mutation (Miremadi et al. 2007)

CREBBP (CBP/
KAT3A)

Histone acetyltransferase Gastric and colorectal, epithelial,

ovarian, lung, esophageal cancer

Mutation, overexpression

(Miremadi et al. 2007)

PCAF Histone acetyltransferase Epithelial Mutation (Miremadi et al. 2007)

HDAC2 Histone

deacetyltransferase

Colonic, gastric, endometrial cancer Mutation (Ropero et al. 2006)

SIRT1, HDAC5/7A Histone

deacetyltransferase

Breast, colorectal, prostate cancer Mutation, aberrant expression

(Miremadi et al. 2007)

Chromatin-

remodeling

enzymes

SNF5 (SMARCB1,

INI1)

BAF subunit Kidney malignant rhabdoid tumors,

atypical rhabdoid/teratoid tumors

(extrarenal), epithelioid sarcomas,

small cell hepatoblastomas,

extraskeletal myxoid

chondrosarcomas, and

undifferentiated sarcomas

Mutation, silencing, loss of

expression (Wilson and

Roberts 2011)

Continued
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the incorporation of histone variants), and nucleosome
positioning.

Understanding what the pathologist’s visible cellular
phenotype means will require researchers to link it to the
relationship between nuclear organization, chromatin
structure, molecular marks, and genome function. This is
an exciting new domain of research only touched on in this
article, but it is likely toyield importantcontributionstoour
understanding of cancer initiation and progression, thanks
to the continued advances in technologies, such as chromo-

some conformation capture (see Dekker andMisteli 2014),
epigenome-wide mapping studies, massive parallel se-
quencing, genome tethering techniques, and advanced
fluorescence microscopy modeling (Bernstein et al. 2010;
Cancer Genome Atlas Research Network 2013b; Garraway
and Lander 2013; Reddy and Feinberg 2013).

One of the most recent exciting developments in the
understanding of normal and cancer epigenomes comes
from the results of whole-exon sequencing, whole-genome
sequencing, genome-wide DNA methylation and chroma-
tin analyses, and RNA expression approaches, which all
supersede previous genome-wide analyses (Bernstein et
al. 2010; Jones 2012; Cancer Genome Atlas Research Net-
work 2013b; Garraway and Lander 2013; Reddy and Fein-
berg 2013). We, therefore, now recognize that epigenetic
control involves not only canonical coding genes, but also
noncoding RNA (ncRNA), microRNAs (miRNAs), and
other regions that provide important genome regulatory
function (Bernstein et al. 2010; Jones 2012;CancerGenome
Atlas Research Network 2013b; Garraway and Lander 2013;
Reddy and Feinberg 2013). Thousands of solid and liquid
tumors have been analyzed, showing, as introduced above,
that there is an unexpected plethora of mutations in genes
that control the function of the epigenome (Fig. 1; Table 2)
(Baylin and Jones 2011; Dawson et al. 2011; You and Jones
2012; Garraway and Lander 2013; Shen and Laird 2013;
Timp and Feinberg 2013; Audia and Campbell 2014). Im-

Figure 2. Chromatin structural changes in cancer cells. These two
photomicrographs were taken from a patient with a squamous cell
carcinoma of the skin. The left panel shows normal epidermal cells
within one millimeter of the contiguous tumor shown at the same
magnification on the right. The chromatin, which stains purple as a
result of its affinity to hematoxylin, appears much more coarse and
granular in the cancer cells than in normal epidermis. Such changes
in the staining characteristics of chromatin are used by pathologists
as diagnostic criteria for cancer.

Table 2. Continued

Process Gene Function Tumor type Alteration

BRG1 (SMARCA4) ATPase of BAF Lung, rhabdoid, medulloblastoma Mutation, low expression

(Wilson and Roberts 2011)

BRM (SMARCA2) ATPase of BAF Prostate, basal cell carcinoma Mutation, low expression (Sun

et al. 2007; de Zwaan and

Haass 2010)

ARID1A

(BAF250A)

BAF subunit Ovarian clear cell carcinomas, 30%

of endometrioid carcinomas,

endometrial carcinomas

Mutation, genomic

rearrangement, low

expression (Jones et al. 2010;

Guan et al. 2011)

ARID2 (BAF200) PBAF subunit Primary pancreatic adenocarcinomas Mutation (Li et al. 2011)

BRD7 PBAF subunit Bladder TCC Mutation (Drost et al. 2010)

PBRM1 (BAF180) PBAF subunit Breast tumors Mutation (Varela et al. 2011)

SRCAP ATPase of SWR1 Prostate Aberrant expression

(Balakrishnan et al. 2007)

P400/Tip60 ATPase of SWR1, acetylase

of SWR1

Colon, lymphomas, head and neck,

breast

Mutation, aberrant expression

(Mattera et al. 2009)

CHD4/5 ATPase of NuRD Colorectal and gastric cancer, ovarian,

prostate, neuroblastoma,

hematopoietic

Mutation (Bagchi et al. 2007;

Kim et al. 2011; Wang et al.

2011)

CHD7 ATP-dependent helicase Gastric and colorectal Mutation (Wessels et al. 2010)

Adapted from You and Jones 2012.

MDS, myelodysplastic syndromes; AML, acute myeloid leukemia; ICF, immunodeficiency, centromere instability, and facial anomalies; SNPs, single-

nucleotide polymorphisms; TCC, transitional cell carcinoma; HCC, hepatocellular carcinoma; RCCC, renal clear cell carcinoma; TET, ten-eleven translocation;

NuRD, nucleosome remodeling and deacetylation.
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portantly, many of these mutations occur at high enough
frequencies to justify their roles as “driver”mutations in the
cancers—that is, the results clearly show that disruption of
the epigenome by mutations may lead to the initiation
and/or progression of cancer. A major challenge, however,
is to understand their precise contribution to cancer-spe-
cific alterations in chromatin and DNA methylation, and
the exact consequences of these mutations in the key steps
of tumorigenesis. It is important to remember that epige-
netic changes in cancer may arise independently of muta-
tions in chromatin-modifying factors; the epigenome is
also subject to damage and heritable alterations induced
byenvironmental or physiological events inherent to cancer
risk states and steps during cancer progression (O’Hagan
et al. 2008, 2011; Zheng et al. 2012), as will be discussed.

3 THE ROLE OF DNA METHYLATION
IN CANCER

The initial discovery that the cytosine base in DNA can be
methylated to become 5-methylcytosine (5mC), some-
times referred to as the 5th base, soon led to the proposal
that alterations in DNAmethylation may contribute to on-
cogenesis (Table 3). Over the last 40 years, there have been
many studies showing that alterations in the 5mC distribu-
tion patterns can distinguish cancer cells from normal cells.
At least three major routes have been identified by which
CpG methylation can contribute to the oncogenic pheno-
type. The first is by general hypomethylation of the cancer
genome. Second, focal hypermethylation at TSGpromoters
may occur. Third, direct mutagenesis of 5mC-containing
sequences by deamination, UV irradiation, or exposure to
other carcinogens is possible (Fig. 3) (Jones and Laird 1999;
Jones and Baylin 2002; Herman and Baylin 2003; Baylin
and Jones 2011). It is significant that all three of these
alterations generally occur simultaneously to contribute
to cancer, suggesting that altered homeostasis of epigenetic
mechanisms is central to the evolution of human cancer.

3.1 DNA Hypomethylation in Cancer

The most prominent and earliest recognized change in
DNA methylation patterns in cancer cells was regional de-
creases in this modification (Feinberg and Vogelstein 1983;
Ehrlich and Lacey 2013), now recognized by genome-wide
analyses as a global DNA hypomethylation (Hansen et al.
2011; Berman et al. 2012; Bert et al. 2013). Although all of
the ramifications of these losses still need definition, DNA
demethylation potentially contributes to genomic instabil-
ity and increases in aneuploidy (Ehrlich and Lacey 2013),
which are both classic hallmarks of cancer. Indeed, deletion
or reduction of the maintenance DNA methyltransferase,

Dnmt1, results in increased mutation rates, aneuploidies,
and tumor induction, a clear indication that DNA hypo-
methylation plays an active role in increasing chromosomal
fragility (Chen et al. 1998; Narayan et al. 1998; Gaudet et al.
2003; Ehrlich and Lacey 2013). Loss of DNA methylation
may be accompanied by the activation of transcription,
allowing transcription of repeats, transposable elements
(TEs), and oncogenes (Jones and Baylin 2007; Ehrlich
and Lacey 2013; Hur et al. 2014). Activation of repeats
may predispose the genome of a cell to recombination, as
corroborated by the increased frequency of chromosomal
recombination at certain genomic regions (hot spots) or

Table 3. Time line for elucidating the role of DNA methylation in
cancer

Observation Reference

Hypothesis of “methylases as

oncogenic agents”

Srinivasan and Borek 1964

Decreased levels of 5-

methylcytosine in animal tumors

Lapeyre and Becker 1979

5-Azacytidine and 5-aza-2′-

deoxycytidine inhibit

methylation and activate genes

Jones and Taylor 1980

Decreased genomic and gene-

specific methylation in human

tumors

Ehrlich et al. 1982; Feinberg

and Vogelstein 1983; Flatau

et al. 1984

Inhibitors of DNA methylation

alter tumorigenic phenotype

Frost et al. 1984

Methylation of a CpG island in

cancer

Baylin et al. 1987

Hot spots for p53 mutations are

methylated CpG sites

Rideout et al. 1990

Allele-specific methylation of the

retinoblastoma TSG

Sakai et al. 1991

Loss of imprinting in cancer Rainier et al. 1993

Hypermethylation of CpG islands is

associated with aging

Issa et al. 1994

Mice with decreased methylation

develop fewer tumors

Laird et al. 1995

Coupling DNA methylation and

HDAC inhibitors leads to rapid

isolation of TSGs

Suzuki et al. 2002; Yamashita

et al. 2002

DNA repair gene (MLH1) is

methylated in somatic cells

Hypomethylation contributes to

cancer

Gazzoli et al. 2002

Gaudet et al. 2003

5-Azacytidine is FDA approved for

treatment of myelodysplastic

syndrome

Discovery of the 5-hydroxymethyl-

cytosine base and the TET1/2/3
enzymes that catalyze this

conversion

Kaminskas et al. 2005

Kriaucionis and Heintz 2009;

Tahiliani et al. 2009

Adapted from You and Jones 2012.

HDAC, histone deacetylase; FDA, [U.S.] Food and Drug Administration;

TSG, tumor-suppressor gene; TET, ten-eleven translocation.

Epigenetic Determinants of Cancer

Cite this article as Cold Spring Harb Perspect Biol 2016;8:a019505 7

 on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


may express nearby proto-oncogenes (Wolffe 2001; Jones
and Baylin 2007; Ehrlich and Lacey 2013; Hur et al. 2014).
Indeed, the activation of TEs is another potential source of
mutations during the transposition process.

We know that most of the CpGs in the genome, apart
from CpG-rich regions, are 80%methylated. In cancer, the
average CpGmethylation levels are 40%–60%.Advances in
mapping technologies are allowing researchers to map the
patterns more precisely. Such studies have revealed that
DNA hypomethylation can be concentrated in blocks of
28 kb–10 Mb, covering about one-third of the genome
(Hansen et al. 2011; Berman et al. 2012; Hon et al. 2012;
Bert et al. 2013). The exact mechanisms by which DNA
methylation is lost from the cancer epigenome and how
functional consequences occur are not yet fully understood;
however, we are beginning to be able to dissect these mech-
anisms. For example, a leading possibility is that many
regions of DNA hypomethylation could be integrally tied
to broad shifts in chromatin organization, typical in cancer

(discussed further in Sec. 6). The broad epigenomic chang-
es, in turn, could, in some instances, result frommutations
in chromatin regulators that affect DNA methylation ho-
meostasis, such that the active or passive process of remov-
ing DNA methylation is promoted. This could occur, for
example, as discussed below and in other articles, by the
deregulated activation of ten-eleven translocation (TET)
family members or the partial loss of function of the
DNA methyltransferase (DNMT) proteins.

3.2 DNA Hypermethylation in Cancer

A well-chronicled DNA methylation change in cancer is
abnormal hypermethylation of CpG islands in the 5′ re-
gions of cancer-related genes (i.e., hypermethylation, Fig.
3). This change can be integrally associated with transcrip-
tional silencing, providing an alternative mechanism to
mutation for the inactivation of geneswith tumor-suppres-
sor function (Jones andBaylin 2007; Baylin and Jones 2011;

eeeeeMeMeMeMeMeMeMeMeMe

eeeeeMeMeMeMeMeMeMeMeMe

eeeeeMeMeMeMeMeMeMeMeMe

gene
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Genome

instability

Oncogene
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Hyper

meCpG
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UV-induced
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UV
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induced
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Figure 3. Epigenetic alterations involving DNAmethylation can lead to cancer by variousmechanisms. Loss of DNA
cytosine methylation (white hexagons) illustrated in the hypo column results in genome instability. Focal hyper-
methylation (pink hexagons) at gene promoters shown in the hyper column causes heritable silencing and, there-
fore, inactivation of tumor suppressors and other genes. Additionally, methylated CpG sites (pink hexagons) are
prone to mutation: They are hot spots for C to T transition mutations caused by spontaneous hydrolytic deami-
nation; or methylation of CpG sites can increase the binding of some chemical carcinogens to DNA; and it increases
the rate of UV-induced mutations.
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Shen and Laird 2013). In this regard, 60% of all gene pro-
moters have CpG islands, most of which are not DNA
methylated at any time in normal development or in adult
cell renewal systems (Jones and Baylin 2007; Baylin and
Jones 2011; Shen and Laird 2013). This lack of methylation
is fundamental to the more open chromatin states, and
active, or ready to be activated, expression status of these
genes (Jones and Baylin 2007; Baylin and Jones 2011; Shen
and Laird 2013). The fact that methylated CpG island pro-
moters are so prevalent in cancers (≏5%–10% of CGI
genes) and are known to directly contribute to carcinogen-
esis has led to new possibilities in the area of epigenetic
therapy—that is, where epigenetic changes are targeted

for therapeutic reversal, as discussed further in Section 9
(Egger et al. 2004; Spannhoff et al. 2009; Kelly et al. 2010;
Bernt et al. 2011; Daigle et al. 2011; Dawson et al. 2012;
Azad et al. 2013).

It should be noted that 5mC commonly occurs in the
gene body of active genes and functional ramifications in
this region may often be opposite to presence of this mod-
ification in promoters (Jones 2012; Kulis et al. 2012; Shen
and Laird 2013). Thus, rather than being associated with
repression of transcription, gene body DNA methylation
may facilitate transcriptional elongation and enhance gene
expression (Fig. 4) (Jones 2012; Kulis et al. 2012; Shen
and Laird 2013). Interestingly, DNMT3A somatic muta-
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Figure 4.Chromatin structural changes in cancer cells. (A) In a typical cell, a CpG-island-containing active gene can
be recognized by virtue of a nucleosome-depleted promoter, absence of promoter DNAmethylation, butmarked by
H3K4me3 surrounding the promoter and histone acetylation along the locus. Gene body CpG methylation often
can be observed. Nongenic regions flanking an active gene are frequently marked by repressive epigenetic marks,
such as H3K9me3 and 5mC. (B) The cancer epigenome is characterized by simultaneous global losses in DNA
methylation (gray shading), interspersed with silenced genes that have abnormal gains of DNA methylation and
repressive histone modifications in CpG island promoter regions. These silenced genes may be hypomethylated in
their gene body, similar to surrounding chromatin. The hypomethylated regions can have an abnormally open
nucleosome configuration and acetylated histone lysines. Conversely, abnormal DNA hypermethylation in promot-
er CpG islands of silenced genes is associated with nucleosomes positioned over the transcription start sites.
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tions that occur in certain patients with acute myeloid leu-
kemia (AML) may predispose them to a loss of gene body
DNA methylation (Cancer Genome Atlas Research Net-
work 2013a), the causal consequences of which are current-
ly unclear.

Our mechanistic understanding of how DNA methyla-
tion homeostasis may be disturbed in cancer is continually
being enriched by discoveries challenging two key assump-
tions in epigenetics and cancer: All mammalian DNA
methylation is confined to CpG sequences and it is a very
stable mark. The first assumption was challenged when
DNA methylation at CpHpG sequences was documented
in human embryonic stem (ES) cells (Lister et al. 2009). The
significance of this remains to be determined and it has not
been well documented in cancers. The second assumption
was challenged following proof that methylated cytosines
can be actively demethylated; this has been extremely sig-
nificant in both the epigenetic and cancer fields (described
in Kriaucionis and Tahiliani 2014; elaborated in Sec. 3 of
Li and Zhang 2014). DNA demethylation was first discov-
ered through the identification of oxidative derivatives
of 5mC, including 5-hydroxymethylcytosine (Kriaucionis
and Heintz 2009; Tahiliani et al. 2009), 5-formylcytosine,
and 5-carboxylcytosine. Simultaneously, the TET1, -2, and
-3 proteins (ten-eleven translocations) were shown to cat-
alyze these oxidative steps (Wu and Zhang 2011a,b), sug-
gesting that these are some of the effectors of active and/or
passive DNA demethylation pathways (see Fig. 6 of Li and
Zhang 2014).

The suggestion that mutations in the TETenzymes may
be associated with a DNA hypermethylation phenotype in
cancer (Figueroa et al. 2010) is still being debated (Cancer
Genome Atlas Research Network 2013a). However, TET-
mediated DNA demethylation has been linked to altered
cellular metabolism and cancer through mutations in the
upstream isocitrate dehydrogenase enzymes, IDH1 and
IDH2. These enzymes normally produce a-ketoglutarate,
an essential cofactor for the TET hydroxylases (elaborated
in Sec. 5.2) (Lu et al. 2012, 2013; Shen and Laird 2013;
Venneti et al. 2013). Mutations in IDH1/2, however, lead
to a marked increase in the formation of an abnormal me-
tabolite, 2-hydroxy-glutarate, formed froma-ketoglutarate
(see Fig. 6 of Berger and Sassone-Corsi 2014). In this sce-
nario, an increased frequency of DNA hypermethylation
can be observed, as seen with leukemias and brain tumors
(Noushmehr et al. 2010; Turcan et al. 2012; Shen and Laird
2013). The fact that TETand IDH mutations in cancer are
mutually exclusive underscores the need for constant de-
methylation in ensuring the correct level of cellular 5mC
(Williams et al. 2011). Importantly, IDH mutations in the
hematopoietic system (Sasaki et al. 2012a) appear to drive
tumorigenesis because it blocks a cell’s response to differ-

entiation cues and, hence, skews lineage choice (Borodov-
sky et al. 2013; Turcan et al. 2013). Importantly, the
experimental drug reversal of abnormal DNA methylation
patterns associated with IDH mutations appears to restore
an element of cellular differentiation responses, showing
therapeutic promise for treating these types of cancers
(Borodovsky et al. 2013; Turcan et al. 2013).

3.3 Mutation of 5mCs

Athirdmechanism,whichwe have knownof for some time,
by which methylation of cytosine residues (5mC) contrib-
utes disproportionately to cancer is its propensity of cyto-
sines to be mutated in this sequence context (Fig. 3). Thus,
when looking at the human germline, CpG sites typically
methylated in the soma constitute more than a third of all
transition mutations. Early examples of such mutations
were documented in the cancer-causing p53 gene (Rideout
et al. 1990). More surprising is the observation that this
mechanism also operates in somatic tissues, contributing
significantly to the formation of inactivating mutations in
many TSGs. This occurs because methylation of the 5 po-
sition of the cytosine ring increases the rate of hydrolytic
deamination of the base in double-stranded DNA. The
deamination product of 5mC, however, is thymine rather
than uracil, as is the case for cytosine (Fig. 3). DNA repair
mechanisms are subsequently less efficient at repairing de-
amination-induced mismatches in DNA. For example,
.50% of all of the p53 mutations, which are acquired in
sporadic colorectal cancers, occur at sites of cytosine meth-
ylation (Greenblatt et al. 1994). Thus, the modification of
DNA by the DNMTs substantially increases the risk of get-
ting cancer by this endogenous mechanism.

Methylation of cytosine residues have also been shown
to favor the formation of carcinogenic adducts between
DNA and carcinogens, such as benzo(a)pyrene in cigarette
smoke (Fig. 3). In this case, methylation of the cytosine
residue increases the formation of carcinogenic adducts
between an adjacent guanine residue and benzo(a)pyrene
diol epoxide, resulting in increased mutations at CpG sites
in the lungs of cigarette smokers (Greenblatt et al. 1994;
Pfeifer et al. 2000).

Interestingly, DNAmethylation can also alter the rate of
mutations in the p53 gene in sunlight-exposed skin
(Greenblatt et al. 1994; Pfeifer et al. 2000). This is because
the methyl group changes the absorption spectrum for
cytosine into the range of incident sunlight, increasing
the formation of pyrimidine dimers in the DNA of skin
cells exposed to sunlight. In summary, the 5mC modifica-
tion of DNA not only increases spontaneous mutagenesis,
but can influence the way DNA interacts with carcinogens
and UV light (Pfeifer et al. 2000).
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4 HYPERMETHYLATED GENE PROMOTERS
IN CANCER

Amain focus of this article, described in this section, is the
characterization and role of DNA methylation in cancer
and, in particular, its effect on TSGs. We are beginning to
see how this intersects with other modes of epigenetic reg-
ulation, discussed further in Section 6.

4.1 The Genes Involved

The most well-understood mechanism by which DNA
methylation contributes to cancer is through association
with the focal hypermethylation of promoters at TSGs.
This clearly is a significant pathway by which genes that
would normally suppress cancer development are heritably
silenced (Jones and Baylin 2002, 2007; Herman and Baylin
2003; Baylin and Jones 2011; Shen and Laird 2013). Usu-
ally, DNA hypermethylation occurs at CpG-rich regions or
CpG islands that are located in and around the transcrip-
tional start site of abnormally silenced genes in cancer (Fig.
4). Typically, 5%–10% of these CpG island promoters are
DNA methylated in cancer (Baylin and Jones 2011). It is
important to recognize that cytosine methylation in CpG
islands is usually restricted to the vicinity of the gene start
site position often spanning the transcription start site, but
also occurring in the island at proximal upstream or down-
stream positions; this same DNA modification occurring
within bodies of genes generally has either no correlation to
transcription status or, as discussed earlier, can actually
accompany increased gene expression, possibly through
facilitating the transcriptional elongation process (Jones
2012; Kulis et al. 2012; Shen and Laird 2013).

The list of cancer-related genes affected by transcription
disruption through DNA hypermethylation continues to
grow and involves genes found at all chromosome loca-
tions. In an individual tumor, hundreds of genes can be
disrupted by promoter hypermethylation and this mecha-
nism holds true for virtually every type of cancer (Jones
and Baylin 2002, 2007; Baylin and Jones 2011; Hammer-
man et al. 2012; Cancer Genome Atlas Research Network
2013a; Shen and Laird 2013). Indeed, asmore deep analyses
of DNA methylation are being performed in multiple tu-
mor types, the frequency of this epigenetic change appears
to be outnumbering gene mutations in human tumors
(Jones and Baylin 2002, 2007; Baylin and Jones 2011; Ham-
merman et al. 2012; Cancer Genome Atlas Research Net-
work 2013a; Shen and Laird 2013), promoter regions occur
in genes involved in virtually every signaling pathway al-
tered in tumorigenesis. Involvement of such a large num-
ber of genes has created one of the most important
conundrums for the cancer epigenetics field: Why would
so many genes be involved in cancer and which silencing

events are truly important for the process of tumorigenesis?
Clearly, experimentally, it is difficult to test whether each
gene is critical for tumor initiation and progression by
loss-of-function analyses. However, as well reviewed and
mentioned below, some of the genes involved are clearly
driver TSGs (Esteller 2007; Jones and Baylin 2007; Baylin
and Jones 2011; Shen and Laird 2013). Moreover, just as
analyzing signaling pathway participation has been impor-
tant for understanding the myriad of genetic alterations
in cancer, categorizing DNA hypermethylated genes in
this manner has great potential to facilitate our under-
standing of their significance in the process of tumorigen-
esis (Jones and Baylin 2007; Baylin and Jones 2011; Shen
and Laird 2013).

A first group of DNA hypermethylated genes found in
cancers constitutes those in which loss of function clearly
has a “driver function” for all stages of cancer evolution
(Jones and Baylin 2007; Baylin and Jones 2011; Shen and
Laird 2013). Typically, true cancer driver mutations involve
a relatively limited group of genes. The first examples of
epigenetically silenced genes to be characterized were in-
strumental in defining gene silencing by promoter hyper-
methylation as an important mechanism for loss of TSG
function in cancer (Table 4). The genes were easily recog-
nized as classic TSGs, known to cause inherited forms of
cancer whenmutated in the germline of families (Jones and
Laird 1999; Jones and Baylin 2002, 2007; Esteller 2008;
Shen and Laird 2013). They were also often mutated in
sporadic forms of cancers and, notably, were also frequently
hypermethylated on one or both alleles in such tumors

Table 4. Discovery classes of hypermethylated genes

Class of hypermethylated gene Examples

Known TSGa VHL

E-cadherin

P16Ink4a

MLH1

APC

Stk4

Rb

Candidate TSG FHIT

Rassf1a

O6-MGMT

Gst-Pi

GATA4/5
DAP-kinase

Gene discovered through random screens for

hypermethylated genes

HIC-1

SFRP1, -2, -4, -5

BMP-3

SLC5A8

SSI1
a A classic tumor-suppressor gene (TSG) is known to be mutated in the

germline of families with hereditary cancer syndromes.
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(Jones and Laird 1999; Jones and Baylin 2002; Herman and
Baylin 2003). Also, for these genes, it was noted that pro-
moter hypermethylation sometimes constituted the “sec-
ond hit” in Knudson’s hypothesis, that is, the first hit
constituted a germlinemutation in familial tumors, where-
as the second hit arose from the loss of function through
DNA methylation of the second copy of the gene (Grady
et al. 2000; Esteller et al. 2001a). In some instances, 5-aza-
cytidine (5-aza-CR) treatment in cultured tumor cells in-
duced the reactivation of these genes, restoring the key TSG
function lost during tumor progression. This was shown
for the mismatch repair gene, MLH1, which is typically
silenced in colon cancer cells (Herman et al. 1998).

A second group of epigenetically silenced genes are
those previously identified as candidate TSGs by virtue of
their function, but were not found to have an appreciable
frequencyofmutational inactivation, whichwould indicate
that they are true driver mutations (Table 4). Despite the
paucity of known cancer-associated mutations in this cat-
egory of genes, they often reside in chromosome regions
frequently suffering deletions in cancers. Examples include
RasFF1a and FHIT, located on chromosome arm 3p, fre-
quently deleted in lung and other types of tumors (Dam-
mann et al. 2000; Burbee et al. 2001).Other candidate TSGs
fit into this category because they are known to encode
proteins, which subserve functions critical for the preven-
tion of tumor progression, such as the proapoptotic gene,
DAP-kinase (Katzenellenbogen et al. 1999), families of
genes that antagonize WNT signaling (Suzuki et al. 2004;
Jones and Baylin 2007; Zhang et al. 2008; Baylin and Jones
2011; Shen and Laird 2013). Yet, others qualify because it is
now recognized that promoter CpG island hypermethyla-
tion can silence noncoding miRNA genes, which are nec-
essary for modulating signaling networks (Saito and Jones
2006; Saito et al. 2006; Chaffer et al. 2013; Tam and Wein-
berg 2013; Nickel and Stadler 2014; Sun et al. 2014). These
genes present an important challenge for the field of cancer
epigenetics because, although they are often hypermeth-
ylated in tumors,manyof them are not frequentlymutated,
making it difficult to be sure that they actually contribute to
tumorigenesis. Section 4.3 describes the strategies being
used to determine whether these are truly TSGs.

The third and largest group of genes (Table 4) continues
to be populated as more and more genome-wide screens
randomly identify aberrant DNA hypermethylation, in-
volving coding and noncoding regions (Baylin and Jones
2011; Shen and Laird 2013; Taberlay et al. 2014). As com-
pared with genes in the first two groups, it is a challenge to
place these genes into a functional context for cancer pro-
gression because their precise roles are not yet obvious.

A very important relationship exists between a large
number of genes hypermethylated in cancer and their ten-

dency to evolve promoter CpG islandmethylationwith age
(Issa 2014; Maegawa et al. 2014). This has been very well
shown for genes in the colon in which this increasing DNA
methylation virtually parallels the age-related risk for colon
cancer (Issa et al. 1994; Toyota et al. 1999; Issa 2014; Mae-
gawa et al. 2014). This relationship has now been well doc-
umented for other cancers as well and appears to relate to
such increases with age that occur not only in humans, but
across mammalian species also (Maegawa et al. 2014). The
mechanisms for these changes need further dissection, but
clearly, this epigenetic change is closely linked to risk for
human cancer.

4.2 Technology Used to Identify DNA Methylation
Patterns

Class II hypermethylated genes, shown in Table 4, are cat-
egorized on the presumption that any abnormal DNA
methylation is potentially a causal mechanism in the loss
of TSG function, especially when genetic mutations are
lacking, yet expression of the gene is low or absent in tumor
versus normal tissue. These characteristics provide the basis
for a candidate gene approach. The robust application of
global mapping assays of genome-wide DNA methylation
patterns is now a mandatory approach to identify new hy-
permethylated genes involved in cancer (i.e., class III in
Table 4). Importantly, these technologies also cannowplace
the promoter changes under discussion here into context
for their importance, as compared with other regions in
which there are DNA methylation changes in tumorigene-
sis (Bernstein et al. 2010; Cancer Genome Atlas Research
Network 2012a; Taberlay et al. 2014). These newer plat-
forms for genome-wide hybridization and/or next-gener-
ation sequencing yield comprehensive genome coverage of
the DNA methylation landscape. These assays are being
used in consortial efforts to map DNA methylation in
both normal and disease cells, and illustrate the power to
rapidly identify large numbers of hypermethylated genes
and other cancer DNA methylation abnormalities (Cancer
Genome Atlas Research Network 2012b, 2013a; ENCODE
2012; Shen and Laird 2013).

Many mapping studies to date have used a high-
throughputmethod,which isverycost-effective,whenthere
is a need to broadly screen DNA methylation in many hu-
man samples. Termed the Illumina Infinium 450K micro-
array platform, the assay involves bisulfite treatment of
genomic DNA and subsequent hybridization to approxi-
mately 450,000 candidate CpG sites throughout the ge-
nome. Bisulfite treatment distinguishes methylated from
unmethylated cytosines by virtue of the fact that cytosines
are converted to uracil, whereas 5mC is resistant to this
modification. The Infinium 450K platform queries sites
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not only at gene promoters, but also at other candidate
sequences, including enhancer and ncRNA promoter re-
gions. However, the coverage, although wide, is often not
deep in a given sequence region and valuable as a first
screening tool, to be followed by deeper probing of selected
samples from among those being studied (Dedeurwaerder
et al. 2011). This platform is currently used by the Cancer
Genome Atlas project for matching DNA methylation ab-
normalities to genome-wide screens for gene mutations,
copy number alterations, translocations, expression chang-
es, and their integration for delineating signaling path-
way abnormalities in cancer (Cancer Genome Atlas
Research Network 2012b, 2013a; ENCODE 2012; Shen
and Laird 2013). A prime goal is to outline cancer-specific
abnormalities that suggest new therapy targets for develop-
ment and biomarker strategies for cancer detection and
prognostic predictions. These studies have already pro-
duced large lists of newly defined genes with epigenetic
abnormalities for brain, colon, lung, breast, and other
(Cancer Genome Atlas Research Network 2012b, 2013a;
ENCODE 2012; Shen and Laird 2013).

Other integrative studies, such as the ENCODE project
and the Epigenome Roadmap projects (Cancer Genome
Atlas Research Network 2012b, 2013a; ENCODE 2012),
are also increasing our understanding of the role of DNA
methylation and chromatin abnormalities in cancer and,
specifically, the hypermethylated genes under discussion.
The more costly approaches involve methods, such as cap-
turing differentially DNA methylated sequences by either
methylcytosine antibodies, antibodies recognizing methyl-
cytosine-binding proteins or their binding domains or se-
quences generated by methylation-sensitive restriction
enzymes, and then identifying these via next-generation
sequencing (Harris et al. 2010; Aryee et al. 2013). Even
more extensive information is also being compiled by di-
rect sequencing of virtually all candidate CpG sites follow-
ing bisulfite treatment of DNA (Lister et al. 2009; Lister
et al. 2011; Berman et al. 2012). All of these approaches
are providing a detailed view of DNAmethylation patterns
inherent to normal development in normal mature tissues
and primary and cultured tumor samples.

The high-throughput DNA methylation detection ap-
proaches can be combined with data obtained by treatment
of cultured cells with demethylating agents, such as 5-aza-
CR or 5-aza-2′-deoxycytidine (5-aza-CdR). RNA from be-
fore and after drug treatment is hybridized to gene micro-
arrays, or subject to RNA-sequencing (RNA-seq) analysis,
to detect drug-induced up-regulated genes (Suzuki et al.
2002; Yamashita et al. 2002; Schuebel et al. 2007). Itmust be
recognized, however, that the very low expression levels of
many of the induced genes before and after drug treatment
challenge the sensitivity of gene expression platforms and

reduce the efficiency of these approaches (Suzuki et al.
2002; Schuebel et al. 2007). Use of quantitative RNA-seq
assays may provide a more dynamic range of gene expres-
sion changes, which enhances the utility of combining
induced gene expression with genome-wide DNA methyl-
ation assays.

4.3 Determining the Functional Importance
of Genes Hypermethylated in Cancer

The large number of genes with hypermethylated DNA at
their promoters in cancer presents a formidable research
challenge for understanding the functional scope of these
changes. Frequent promoter hypermethylation in a given
gene does not, in and of itself, guarantee that the silenced
gene has a functional significance in cancer, as is often the
case for genetic mutations. This is especially the case when
the hypermethylated gene is not a known tumor suppressor
and there is no evidence that the gene is frequently mutated
in cancers. Thus, it is obligatory that the gene in question
is studied in such a way as to determine the significance of
loss of function, in terms of both the processes controlled
by the encoded protein and the implications for tumor
progression. In fact, sorting out the driver versus passenger
roles for this class of genes is one of the biggest research
challenges in cancer epigenetics.

Several initial steps are useful, but do not absolutely
confirm the importance of a given gene in cancer (summa-
rized in Table 5). First, of course, is the precise documen-
tation of its cancer-specific hypermethylation profile,

Table 5. Steps in documenting the importance of a hypermethylated
gene for tumorigenesis

1. Document CpG island promoter methylation and correlate with

transcriptional silencing of the gene and ability to reverse the

silencing with demethylating drugs in culture.

2. Document correlation of promoter hypermethylation with

specificity for this change in tumor cells (cell culture and primary

tumors) versus normal cell counterparts and incidence for the

hypermethylation change in primary tumors.

3. Document the position of the hypermethylation change for

tumor progression of given cancer types.

4. Document the potential significance for the gene silencing in

tumorigenesis through gene reinsertion studies in culture and

effects on soft agar cloning, growth of tumor cells in nude mouse

explants, etc.

5. Establish function of the protein encoded by the silenced gene,

through either known characteristics of the gene or testing for

activity of recognized protein motifs in culture systems, etc.

6. Document tumor-suppressor activity and functions of the gene

for cell renewal, etc., especially for totally unknown genes,

through mouse knockout studies.
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including its position in the gene promoter and conse-
quences on the expression state of the gene. This might
include assessing the ability of the gene to undergo reex-
pression following drug-induced promoter demethylation.
Second, the incidence of hypermethylation and gene si-
lencing must be well established in primary, as well as cul-
tured, tumor samples. Third, it is often useful to know at
what point the silencing of the gene occurs in tumor pro-
gression, as exemplified in Figure 5 for colon cancer.

Confirming a gene is a bona fide TSG requires studies
that assess its contribution to tumorigenicity following loss
of function. The function of the encoded protein is impor-
tant and can be established through knowledge about the
type of protein, aspects of the protein structure, and/or
relationships to gene families and signaling pathways. In
an age when many known genes have been subjected to
genetic knockout studies, the phenotypes produced and
attendant biology can be informative in pointing to the
potential contribution of gene silencing in tumorigenesis.
Candidate TSGs can be assayed for their tumorigenic po-
tential following gene knockout by assessing in cultured
cells the effects of their loss on (1) soft agar cloning (to
detect any capacity for malignant transformation) and (2)
tumorigenicityof the cells when grown as heterotransplants

in immunocompromisedmice and (3) assessing the cellular
properties, such as the induction of apoptosis following
gene reinsertion.Ultimately, however, additional transgenic
knockout approachesmay be needed to establish the role of
a gene as a tumor suppressor and to understand the func-
tions of the encoded protein in development, adult cell
renewal, etc. Mouse knockout studies documenting the
function of the transcription factor and developmental
gene, HIC-1, provide an example of how this gene was ex-
perimentally validated as a TSG (Chen et al. 2003, 2004). It
was initially identified through screens of genomic regions
that have undergone loss of heterozygosity in cancer cells
(Wales et al. 1995). Clearly, discovering genes that are epi-
genetically silenced in cancer is of great value, yet, themajor
scope ofwork lies ahead in definitively trying to showwhere
loss of function for the gene is important in cancer.

5 THE IMPORTANCE OF EPIGENETIC GENE
SILENCING IN EARLY TUMOR PROGRESSION

In the classic view of cancer evolution, as articulated by
Vogelstein and colleagues (Kinzler and Vogelstein 1997;
Vogelstein et al. 2013), a series of genetic changes drives
progression from early premalignant stages through the
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Figure 5. The position of abnormal DNA methylation in tumor progression. This is depicted in the classic model
(Kinzler and Vogelstein 1997) for genetic alterations during the evolution of colon cancer. Altered DNAmethylation
is shown to occur from very early on in tumorigenesis (red arrow), as discussed in the text, during the conversion of
normal to hyperplastic epithelium, accruing during the progression from noninvasive to invasive and, ultimately,
metastatic tumors. This places it in a strategic position for channeling stem cells into abnormal clonal expansion
(illustrated in Fig. 6) by cooperating with key genetic alterations. These epigenetic abnormalities also have conno-
tations for cancer treatment and markers of prognosis.
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appearance of invasive cancer to the onset of metastatic
disease (Fig. 5), although this progression does not neces-
sarily occur in the same exact linear order from tumor to
tumor.We now know that epigenetic changes are occurring
throughout this course of events, and this includes the early
appearance of widespread loss of normal DNAmethylation
and more focal gains in gene promoters, discussed in Sec-
tion 4 (Fig. 4). Other features of the epigenome can also be
deregulated, including the altered occurrence and distribu-
tion of histonemarks, and this may be caused bymutations
in components of the epigenetic machinery. Thus, there is
the potential for interaction between epigenetic and genetic
events to drive progressive cellular abnormalities through-
out the entire course of neoplastic progression (Fig. 1). Two
epigenetic processes, loss of gene imprinting or LOI (as
discussed in Zoghbi and Beaudet 2014) and epigenetic
gene silencing, are extremely important mechanisms con-
tributing to the very early stages of cancer development.

5.1 Loss of Imprinting

Loss of imprinting (LOI) and epigenetic gene silencing are
themost studied processes involving epigenetic aberrations
that affect tumor evolution. LOI is a process in which the
silenced allele of an imprinted gene becomes activated dur-
ing tumorigenesis. This results in biallelic expression of the
gene, generating excess gene product (Rainier et al. 1993).
Themost studied example of LOIoccurs at the IGF2 gene in
tumors, such as colon cancer (Kaneda and Feinberg 2005).
This occurs because hypermethylation of a regulatory ele-
ment upstream of the neighboring imprinted H19 gene
removes its insulator function (illustrated in Fig. 8 of Bar-
low and Bartolomei 2014). This insulator, which normally
prevents the IGF2 gene from being activated through inter-
action with its distal enhancer, allows IGF2 to become ex-
pressed on the maternal copy of chromosome 11p in some
cancers (Kaneda and Feinberg 2005). The resultant biallelic
IGF2 expression leads to excess production of the growth-
promoting IGF2 protein. Experimental evidence suggests
that this could play a role in the very early progression steps
of colon cancer (Kaneda and Feinberg 2005; Sakatani et al.
2005). In fact, studies in mouse models suggest that LOI
events alone may be sufficient to initiate the tumorigenesis
process (Holm et al. 2005).

5.2 IDH Mutations Leading to Epigenetic
Deregulation in Oncogenesis

Another compelling story illustrating how epigenetic reg-
ulation is central in cancer initiation and progression
involves IDH1 and IDH2 oncogenic mutations in brain,
colon, and hematologic cancers (Figueroa et al. 2010;

Noushmehr et al. 2010; Prensner and Chinnaiyan 2011;
Turcan et al. 2012; Cancer GenomeAtlas ResearchNetwork
2013b; Losman and Kaelin 2013). The IDH1/2 alterations
appear to alter the DNA and histone demethylation path-
ways, resulting in imbalances in histone methylation levels,
such as increases in H3K36, H3K9 methylation (Lu et al.
2012; Lu et al. 2013; Venneti et al. 2013). There is also an
associated increase in the frequency of promoter region
CpG island DNA hypermethylation, which resembles the
well-characterized CpG island methylator phenotype
(CIMP) in colon and other cancers (Figueroa et al. 2010;
Noushmehr et al. 2010; Turcan et al. 2012). The genes
heavily involved are those with a history of an embryonic
state chromatin pattern and often involved in the regula-
tion of development (discussed further in Sec. 6.3).

Delineating the precise causes for these above chroma-
tin and DNA methylation changes is an ongoing area of
investigation. The leading data-driven hypothesis is that the
changes result from the accumulation of 2-hydroxy-gluta-
rate from a-ketoglutarate in cancer cells. This abnormal
2-hydroxy-glutarate metabolite, which increases to mM

levels in cells with the IDH mutations, constituting a bio-
marker in and of itself, competes with the necessary a-
ketoglutarate metabolite needed by the TET and lysine
(K) demethylase (KDM) enzymes, which regulate either
chromatin demethylase function or levels of DNA methyl-
ation. Interestingly, other Krebs cycle control genes, when
mutated in certain tumor types, can also result in decreased
a-ketoglutarate levels and similar chromatin and DNA
methylation abnormalities (Xiao et al. 2012; Mason and
Hornick 2013). Experiments have specifically shown that
this leads to the buildup of repressive histonemarks in gene
promoter regions and, subsequently, DNA hypermethyla-
tion in what may constitute a molecular progression (Lu
et al. 2012, 2013; Venneti et al. 2013). Mouse models for
IDH1 or IDH2 mutagenesis suggest that these mutations
are implicated in early tumor progression events (Sasaki
et al. 2012b). Engineering the mutations into mice or cells,
in vitro, appears to trap stem/progenitor cells in states of
abnormal self-renewal and/or diminishes their capacity for
lineage commitment and differentiation, as illustrated in
Figure 6 (Lu et al. 2012; Turcan et al. 2012; Borodovsky et al.
2013). Then, inducing DNA demethylation can partially
restore the capacity of cells with the mutations to respond
to differentiation cues (Borodovsky et al. 2013; Turcan et al.
2013).

5.3 Early Event IDH or H3 Mutations Drive
Oncogenesis

Beyond the IDH1/2 example in cancer, as discussed earlier,
there are an increasing number of common mutations be-
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ing found in genes coding for proteins that establish and
maintain appropriate chromatin configurations (i.e., the
normal epigenome [Figs. 1 and 4]). In fact, recent studies
looking at the pathways that are activated during typical
early cancer cell insults implicates the epigenetic machin-
ery, and this is beginning to explain why epigenetic alter-
ations are a common event in the early stages of cancer and
even in precancerous changes preceding frank malignancy.
Intriguingly, the timing of key mutations and cell compart-
ments in which they occur may actually dictate and/or
accompany the evolution of tumor subtypes. This may
involve either a prominent presence of DNA methylation
abnormalities or chromatin changes, both of which can
play a major driver role.

A dramatic example of contrasting epigenetic patterns
in cancer is evident when comparing IDH mutations in a
pediatric subtype of brain tumor versus a histonemutation
occurring at a key PTM site in another subtype of brain
tumor. The IDH mutations are associated with CIMP and
confined to low-grade gliomas arising in proneural progen-
itor cells in younger patients with better survival rates than

those with advanced gliomas. These tumors arise in glial
cell progenitors (Parsons et al. 2008; Noushmehr et al.
2010). In contrast, in the other subtype, mutations in
H3K27 have been recently described and these tumors do
not have CIMP. Although these H3K27 mutations are pre-
sent inonlyoneof themanyH3alleles, theyapparentlyexert
a dominant negative effect, which blunts all activity of the
EZH2 enzyme catalyzing H3K27 methylation. The result is
a dramatic loss of H3K27me3 (Chan et al. 2013; Lewis et al.
2013; Shen and Laird 2013), which probably leads to the
activation of many genes that can drive tumorigenesis in a
particular progenitor cell within a cell compartment.

5.4 Known Examples of TSG Epigenetic Silencing
in Oncogenesis

Evidence for the involvement of specific genes in cancer
progression continues to build. p16, for example, is a classic
TSG that can be mutated or epigenetically silenced in hu-
man cancers. In lung cancer, the epigenetic silencing of
p16ink4a (listed in Table 1) occurs very early in populations
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Figure 6. Epigenetic gene-silencing events and tumorigenesis. The earliest steps in tumorigenesis are depicted as
abnormal clonal expansion, which evolves during the stress of cell renewal. This is caused by factors, such as aging
and chronic injury from, for example, inflammation. These cell clones are those at risk of subsequent genetic and
epigenetic events that could drive tumor progression. Abnormal epigenetic events, such as the aberrant gene
silencing focused on in this article, could be the earliest heritable causes, in many instances, for a potential role
in inducing the abnormal clonal expansion fromwithin stem/progenitor cell compartments in a renewing adult cell
system. The gene silencing is triggered by chromatin modifications that repress transcription, and the DNA hyper-
methylation of this chromatin serves as the tight lock to stabilize the heritable silencing. The gene silencing, in turn,
disrupts normal homeostasis, preventing stem and progenitor cells from moving properly along the differentiation
pathway for a given epithelial cell system (blue arrow) and channels them into the abnormal clonal expansion (red
arrow).
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of premalignant cells before tumor formation (Swafford
et al. 1997). In breast cancer, small populations of hyper-
plastic epithelial cells are also prone to p16ink4a epigenetic
silencing (Holst et al. 2003). In fact, in cell culture (on
plastic), normal human mammary epithelial cells require
this type of p16 silencing as a prerequisite for the very early
steps toward cell transformation (Kiyono et al. 1998; Ro-
manov et al. 2001). This loss of gene function through
epigenetic means accompanies a failure of subsets of the
mammary cells to reach a mortality checkpoint, allowing
these cells to then develop progressive chromosomal ab-
normalities and the reexpression of telomerase as they con-
tinue to proliferate. Furthermore, it also involves the
expansion of stem cells, as observed in p16mouse knockout
models (Janzen et al. 2006).

A second example concerns the mismatch repair gene
MLH1. This gene is typically mutated in the germline of
families predisposed to a type of colon cancer; this form
displays multiple genetic alterations and the “microsatel-
lite” instability phenotype (Fishel et al. 1993; Liu et al.
1995). However, 10%–15% of patients with this tumor
phenotype have nonfamilial colon cancer, in which the
MLH1 gene is epigenetically silenced rather than genetical-
ly mutated (Herman et al. 1998; Veigl et al. 1998). It follows
that its loss of function in a DNA repair capacity could lead
tomultiple genetic alterations andmicrosatellite instability.
Indeed, in cell culture, reexpression of epigenetically si-
lencedMLH1produces a functional protein, which restores
a considerable portion of the DNA damage mismatch re-
pair function (Herman et al. 1998). This illustrates the clear
link between genetics and epigenetics for these types of
colon cancers in which MLH1 is epigenetically silenced.
However, we do not have a full understanding of all the
mechanisms involved yet; for instance, it is intriguing
that virtually all of these colon tumors have the CpG island
hypermethylator phenotype (Toyota et al. 1999; Weisen-
berger et al. 2006; Hinoue et al. 2012) and mutations of
the B-RAF oncogene (Weisenberger et al. 2006; Shen and
Laird 2013). Recent work by Hitchins et al. (2011) has in-
terestingly shown that a single nucleotide variant in the
promoter region of the MLH1 gene, which results in re-
duced expression of the allele, predisposes it to becoming
methylated. Such reduced transcription may bias these al-
leles to evolve DNA methylation at promoters, which may
deepen the silencing and make the gene more difficult to
transcribe. It is most important, however, to pursue the
underlying mechanisms leading to these outcomes.

Another example of a gene that is subject to early and
important epigenetic changes is Chfr, a checkpoint-regu-
lating gene that also controls genomic integrity, chromo-
somal stability, and ploidy (Table 1) (Sanbhnani and Yeong
2012). This gene is infrequently mutated in tumors,

although it is often epigenetically silenced in lung and oth-
er cancers and, importantly, silenced early in the progres-
sion of colon cancer (Fig. 5) (Mizuno et al. 2002). Mouse
knockout studies have revealed a tumor-suppressor role
for this gene based on its function as an E3 ubiquitin
ligase that regulates Aurora A, a control gene for mitosis
(Yu et al. 2005). Consequently, embryonic cells from the
mice display chromosomal instability and a predisposition
to transformation.

5.5 Defining Epigenetic Silencing of TSGs as Drivers
or Passengers of Oncogenesis

Many of the hypermethylated genes in cancer can only be
defined as candidate TSGs and often only have a history of
epigenetic change, but no genetic mutations. Research, as
highlighted in Section 4.3, is needed to determine whether
these genes are silenced early, which would represent a key
event in early tumor progression. For example, the DNA
repair gene, O6-MGMT, is silenced early in premalignant
stages of colon cancer progression (Fig. 5) (Esteller et al.
2001b) and this loss of function can predispose cells to
persistent alkylation damage at guanosines, resulting in G
to A point mutations. Indeed, silencing of this gene occurs
in premalignant colon polyps before the appearance of a
high rate of p53 and RAS gene mutations in later colon
tumor progression phases (Esteller et al. 2001b; Wolf et al.
2001). Similarly, the GST-Pi gene is epigenetically silenced
via promoter hypermethylation in virtually all premalig-
nant lesionsthat arepredisposing toprostate cancer, putting
cells at risk of oxidative damage at adenine (Lee et al. 1994).

The random screening approaches used to identify
DNA hypermethylated genes in cancer has uncovered a
particularly intriguing scenario in the progression of colon
cancer: Epigenetic loss of function seems to occur in a
number of components of the Wnt signaling family of
genes, as discovered through a microarray approach (Su-
zuki et al. 2002). Silencing of genes required for regulating
signal transduction may, thus, allow the abnormal activa-
tion of the WNT developmental pathway, driving early
cancer progression (Suzuki et al. 2004; Jones and Baylin
2007; Zhang et al. 2008; Baylin and Jones 2011). For in-
stance, frequent mutations (genetic and epigenetic) in
another member of the Wnt pathway, the APC tumor sup-
pressor, are also known to be universally involved with the
initiation and progression of this disease and, hence, can
be considered as driver mutations for this type of cancer.
Other components of theWnt signaling pathway were later
implicated in colon tumorigenesis and gene silencing, such
as the family of secreted frizzled-related protein genes
(SFRPs) (Suzuki et al. 2004) and the transcription factor
SOX17 (Zhang et al. 2008). The silencing of SFRPs relieves
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repression of the pathway at the level of membrane and
cytoplasmic events. Loss of SOX17, which normally antag-
onizes theb-catenin transcription factor, relieves repression
of this nuclear step that normally blocks Wnt ligand signal
transduction (Finchet al. 1997;Zorn et al. 1999;Zhanget al.
2008), resulting in theup-regulationofdownstreamcellular
b-catenin transcription factor levels. These silencing events
occur in very early lesions predisposing to colon cancer,
sometimes before common mutations in downstream
Wnt pathway proteins (Suzuki et al. 2004; Zhang et al.
2008). Thus, early activation of the Wnt pathway by epige-
netic events promotes the early expansion of cells. Persis-
tence of both epigenetic and genetic alterations seems to
complement one another in further driving progression
of the disease (Suzuki et al. 2004).

The HIC-1 (hypermethylated-in-cancer 1) gene, which
encodes a zinc finger transcriptional repressor, provides a
final example of how a putative TSG, when its expression is
epigenetically altered, can be cancer driving. HIC-1 was
discovered by a random screening looking for hypermethy-
lated CpG islands in a hot spot for chromosomal loss in
cancer cells (Wales et al. 1995). HIC-1, although not mu-
tated, was epigenetically silenced early on in cancer pro-
gression and, through mouse knockout modeling, proven
to be a tumor suppressor (Chen et al. 2003). It comple-
ments p53 mutations (Chen et al. 2003) leading to up-
regulation of SIRT1 (Chen et al. 2005), which contributes
to enhanced stem/progenitor cell growth (Howitz et al.
2003; Nemoto et al. 2004; Kuzmichev et al. 2005). In pedi-
atric medulloblastoma tumors, Hic1 silencing was shown
to exert cancer-driving function by depressing the Atoh1
transcription factor required for neuronal cell growth
(Briggs et al. 2008).

A key issue for understanding the processes leading to
altered DNA methylation and chromatin patterns in early
tumorigenesis is elucidating the causative factors that may
trigger them. In this regard, some of the environmental
factors that induce cellular stress responses, as highlighted
in Figure 37 of Allis et al. (2014), appear critical. These
exposure scenarios are linked to multiple disease states,
including cancer. Recent experimental evidence, for in-
stance, has directly linked exposure to cellular stress and
the reversion of key cell population to a stem/progenitor
state for survival, with the recruitment of protein silencing
complexes involving PcG, histone deactylases (HDACs),
andDNMTs, to CpG-rich gene promoters, and consequent
gene silencing (O’Hagan et al. 2011). The molecular pro-
gression to DNA methylation is often then triggered at
vulnerable low-expressed genes (see O’Hagan et al. 2011).
Examples of stress stimuli, often observed in the cancer
risk state of chronic inflammation and injury, are increases
in reactive oxygen species (ROS) or DNA double-strand

breaks (O’Hagan et al. 2008, 2011). The genes subject to
permanent chromatin and DNA methylation changes at
promoters after such insults may be those for which loss
of function sets the stage for cell survival (Hahn et al. 2008;
O’Hagan et al. 2011). Such cells are then poised for clonal
expansion as stem/progenitor types and will be predis-
posed to later genetic and epigenetic events that drive tu-
mor progression (Fig. 6) (Easwaran et al. 2014).

All of the data discussed above support the hypothesis
outlined in Figure 5, which suggests that some of the ear-
liest heritable changes in the evolution of tumors are epi-
genetic ones, particularly the transcriptional silencing of
genes maintained by promoter DNA methylation. Al-
though the precise effects of mutations in epigenetic regu-
lators on cellular phenotypes and the epigenome of the
cancer cell are not fully understood, these genetic alter-
ations have highlighted how important epigenetic changes
are in tumor initiation and progression. The key challenges
now, as outlined in Table 6 and discussed more fully in
Section 7, are to understand the molecular dynamics of
epigenomic changes causal to cancer progression. This, in
turn, will feed into discovering molecular strategies aimed
at the prevention and early intervention of cancer, as well as
providing more markers for improved diagnosis and prog-
nosis of cancers.

6 THE MOLECULAR ANATOMY OF
EPIGENETICALLY SILENCED CANCER GENES

Knowing which genes are silenced in neoplastic cells is
important for understanding what contributes to the ini-
tiation and maintenance of cancer. Silenced loci also serve
as excellentmodels for understanding how gene silencing is
initiated and maintained, and how the mammalian ge-
nome is packaged to facilitate regions of transcription
and repression. An understanding of chromatin function,
which is a major emphasis of many of the articles in this
collection, is facilitating our understanding of what may
trigger aberrant gene silencing in cancer and how the com-
ponents of this silencing maintain the attendant transcrip-
tional repression. Also, they are unveiling how (onco)genes
and regions can be transcriptionally derepressed and what
bearing that has on cancer development.

6.1 Chromatin Characteristics of Active
and Repressive Genomic Regions

This article has concentrated on DNA methylation in can-
cer, as well as associated chromatin changes, which may
occur in association with or without altered DNA methyl-
ation. In particular, we have described the finding and role
of aberrant DNAmethylation in the gene silencing of TSGs
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and our understanding of factors involved in DNA meth-
ylation homeostasis (i.e., DNMTs, TET enzymes, and
IDH1/2). The fundamental defect in cancers with regard
to these abnormalities, particularly in proximal gene pro-
moters, appears to be a disruption of chromatin borders
that normally separate transcriptionally repressive from ac-
tive chromatin. In this regard, several laboratories have
highlighted how, in cancer cells, chromatin configuration
found at hypermethylated CpG islands near the promoters
of aberrantly silenced genes differs from when these genes
are basally expressed in normal settings (Kelly et al. 2012;
Yang et al. 2012). The promoter CpG islands of active genes
in normal (or cancer) cells are characterized by a zone of
open chromatin, a lack of DNA methylation, nucleosome
depletion (detected by hypersensitive sites), and histone
PTMs, which are typical for active genes (Fig. 4A) (Kelly
et al. 2012; Yang et al. 2012). Active covalent histone marks
at gene promoters, which typically become altered along
with abnormal DNA methylation in cancer, include acety-
lation ofH3 at lysines 9 and 14 (H3K9ac andH3K14ac) and
methylation of H3K4 (Nguyen et al. 2001; Fahrner et al.
2002; McGarvey et al. 2008; Baylin and Jones 2011; Shen
and Laird 2013). In addition, the histone variant H2A.Z is
present in the nucleosomes flanking the start sites, and its
presence is strongly anticorrelated with DNA methylation
(Zilberman et al. 2008; Yang et al. 2012).

Beyond the 5′ and 3′ borders of active genes, there ap-
pears to be a stark transition in chromatin structure with
characteristics of transcriptionally repressed genomic re-
gions (Fig. 4A). Historically, chromatin characterization
has been restricted to analyses of relatively short DNA

stretches that are biologically relevant. Such studies, using
normal cells, revealed that just upstream of promoter CpG
islands, the less frequent CpG sites are mostly methylated
(Berman et al. 2005; Hansen et al. 2011). These sites were
found to recruit methylcytosine-binding proteins (MBDs)
and their partners (e.g., HDACs) (illustrated in Fig. 9 of Li
and Zhang 2014) and are accessible to enzymes that cata-
lyze repressive histone methylation marks, particularly
H3K9me2, accompanied by deacetylation of key histone
residues (Nguyen et al. 2001; Fahrner et al. 2002; Kondo
et al. 2003; McGarvey et al. 2008; Baylin and Jones 2011;
Shen and Laird 2013).

6.2 The Mistargeting of Epigenetic Machinery
Recruited by Oncogenic Translocation Products

Several examples showing that chromatin-modifying activ-
ities play a role in human cancer have been known for some
time (Wolffe 2001). For example, the use of HDACs is
altered by chromosomal translocations in AML and acute
promyelocytic leukemia (PML) (Di Croce et al. 2002). His-
tone acetylation is associated with open transcriptionally
active chromatin regions (seeMarmorstein andZhou 2014;
Pirrotta 2014; Seto and Yoshida 2014). In PML, the PML
gene is fused to the retinoic acid receptor (RAR). The PML
part of the fusion receptor recruits HDAC and DNAmeth-
ylation activity and causes a state of transcriptional silenc-
ing at RAR target loci (Di Croce et al. 2002). This ultimately
participates in a cellular differentiation block (Di Croce
et al. 2002). In AML, the DNA-binding domain of the
transcription factor AML-1 is fused to a protein called

Table 6. Major research challenges for understanding the molecular events mediating epigenetic gene silencing in cancer

Questions to be addressed Research required

The cancer methylome Elucidate links between simultaneous losses and gains of DNA methylation in the same

cancer cells.

Chromatin boundaries Determine the molecular nature of boundaries, and how they change during tumorigenesis,

that separate areas of transcriptionally active zones encompassing gene promoters from the

transcriptionally repressive areas that surround them andwhichmay prevent the repressive

chromatin from spreading through the active zone. Among the candidate mechanisms are

roles that may be played by key histone modifications, insulator proteins, chromatin-

remodeling proteins, etc.

Hierarchy of epigenetic events leading to

gene silencing

What is the order of events for the evolution of gene silencing in cancer with respect to histone

modifications, DNA methylation, etc.? Which comes first and what are the key protein

complexes that target the processes (DNAmethylating enzymes, histone deacetylating and

methylation enzymes, cytosine methyl-binding proteins, polycomb silencing complexes,

etc.) that determine the events?

Targeting and composition of DNA

methylation machinery

Which specific DNAmethylating enzymes are required for initiating and/or maintaining the

most stable gene silencing and what protein complexes contain them, including their

interaction with key histone posttranslational modifications?

Composition of the epigenetic machinery

in maintaining silencing

Once established, what are all of the components of chromatin and DNA methylation

machinery, and the hierarchy of their involvement, required to maintain the gene silencing

and how are they reversible?
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ETO, which, similar to PML, interacts with a HDAC. The
mistargetedHDACcontributes to aberrant gene repression,
blocking cellular differentiation and ultimately leading to
leukemia (Amann et al. 2001).

Another translocation occurring in infants with a high-
ly aggressive form of acute leukemia involves the mixed
lineage leukemia (MLL) gene, which codes for a histone
K methyltransferase (KMT). The MLL gene product nor-
mally catalyzes the formation of the histone H3K4me3
active mark, which helps to repel the de novo DNA meth-
ylation machinery (Popovic and Licht 2012). The MLL

translocation, however, inactivates the enzyme, thus losing
the ability to generate the active histone mark. This fusion
gene product can then associate with DNA hypermethyla-
tion at some promoters, which may contribute to the dis-
ease phenotype (Stumpel et al. 2009). These are just three
examples of the direct involvement of chromatin-modify-
ing factors contributing to the oncogenic phenotype.

6.3 The Makeup and Distribution of Typical
Epigenomic Alterations in Cancer

More recently, in-depth analyses of CpGmethylation across
genomes are providing an exciting and enriched look at
chromatin transitions at CpG-island-containing promot-
ers, which are prone to abnormal DNA methylation in
cancer. These studies suggest that for both normal and
cancer cells, there are important configurations across de-
fined,megabase regions of most chromosomes (≏100 kb–
10 Mb). In normal ES cell and differentiated cell types, the
majority of these megabase domains are not CpG rich,
although where they occur, these CpGs are heavily methyl-
ated, but in a mosaic fashion, across different tissue types,
which have been termed partiallymethylated domains, that
is,≏80%methylated (Fig. 7A) (Hansen et al. 2011; Berman
et al. 2012; Bert et al. 2013; Shen and Laird 2013). In cancer,
substantial loss of normal DNA methylation is found
throughout these regions, creating hypomethylated do-
mains, with only≏40%–60%of CpGsmethylated, as doc-
umented in colon and other cancers (Hansen et al. 2011;
Berman et al. 2012; Bert et al. 2013; Shen and Laird 2013).
This creates megabase “islands” of reduction, located fre-
quently throughout the genome, commonly termed “hy-
pomethylated blocks” or “domains.” Other epigenomic
mapping approaches have termed broadly similar regions
in cancer as “large organized chromatin K” domains, cor-
responding to regions rich in histone lysine methylation,
such as H3K9 (Wen et al. 2009; Hansen et al. 2011; Hon
et al. 2012). A key question that needs deciphering iswheth-
er these broadly defined regions are configured in a re-
pressive chromatin environment (e.g., H3K9me3) or in a
more open chromatin environment, as depicted in Figure

4B. Data indicate that both exist in cancer, the significance
and consequence of which are actively being investigated
(Berman et al. 2012; Hon et al. 2012; Brennan et al. 2013;
Reddy and Feinberg 2013; Timp and Feinberg 2013).

Of great interest for the focus of this article, and what
may be most functionally significant about hypomethy-
lated blocks in cancer, is the occurrence of opposite, focal
gains in promoter CpG island, or gains in DNA meth-
ylation for genes embedded within these regions (Berman
et al. 2012). Although there is some disagreement about
the exact positioning of this methylation, it seems to be
within theCpG islands of gene promoters that residewithin
hypomethylated domains. These promoter islands are vir-
tually always protected from methylation in normal cells,
even when they reside in partially methylated domains best
characterized in differentiated cells (Berman et al. 2012).
Thus, these large domains may harbor a much higher than
expected percentage of genes that are vulnerable to abnor-
mal CpG island DNA hypermethylation (Ohm et al. 2007;
Schlesinger et al. 2007; Widschwendter et al. 2007; Berman
et al. 2012). Thus, hypomethylated blocks consist of juxta-
posed regions of losses and more focal CpG island gains of
DNA methylation in cancer (Fig. 7A).

Several laboratories have now identified that hyper-
methylated genes are heavily biased to Polycomb repressive
complex 2 (PRC2)-regulated, H3K27me3-marked genes,
in ES and adult stem cells (Fig. 7B) (Ohm et al. 2007;
Schlesinger et al. 2007; Widschwendter et al. 2007). Inter-
estingly, the above partially DNA methylated or hypo-
methylated domains in which many of these genes reside
broadly correspond to late replicating and lamin-associated
domains at the nuclear periphery, generally associated with
repressive chromatin domains and PcG-marked, often bi-
valent, genes in ES cells (Peric-Hupkes and van Steensel
2010; Peric-Hupkes et al. 2010; Berman et al. 2012). This
PcG-mediated transcriptional repression in a stem-cell set-
ting ismost often, in the context of bivalent chromatin (i.e.,
dually marked with H3K27me3 and H3K4me3), thought
to mediate a low, poised transcription state for genes im-
portant for cell commitment and/or thatmust not be high-
ly expressed to preserve states of stem cell self-renewal
(Bernstein et al. 2006; Chi and Bernstein 2009). Important-
ly, these bivalently marked promoters are virtually never
associated with the presence of DNA methylation in nor-
mal cells at any stage of development (Fig. 7B) (Bernstein
et al. 2006; Chi and Bernstein 2009; Baylin and Jones 2011;
Shen and Laird 2013). A working model envisions a mo-
lecular progression during tumorigenesis during which, in
the abnormally expanding adult stem or progenitor cell
compartments depicted in Figure 6, the bivalent and/or
PcG-repressed chromatin at CpG island promoters is re-
placed with more stable silencing states associated with
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Figure 7. Reprogramming of DNA methylation patterns and abnormal modes of gene silencing in cancer. (A)
Common DNAmethylome changes observable in cancer versus a normal somatic cell are illustrated. This is shown
in the context of large hypomethylated blocks (gray shading) of the genome seen in cancer interspersed with focal
hypermethylation of promoter region CpG-island-containing genes (pink shading). In normal cells, background
DNAmethylation is high (pink shaded hexagons) with the exception of CpG islands (densely packed white shaded
hexagons). In the cancermethylome, overall genomeDNAmethylation declines, particularly in the hypomethylated
blocks, whereas CpG island promoter genes frequently become methylated (pink shading), most of which are
located in the hypomethylated blocks. (B) The currently suggested routes to abnormally silenced CpG-island-
containing genes in cancer are shown. Genes that are active in cells throughout development and adult cell renewal
initially have active promoter chromatin, which is characterized by the presence of the bivalent histonemodification
pattern consisting of H3K4me, the repressive H3K27me3 mark, and a lack of DNAmethylation. Genes that become
transcriptionally active lose much of their Polycomb-mediated repressive H3K27 methylation, whereas those that
become silenced (indicated by a red X) can do so by the loss of H3K4methylation and acquisition of, or increases in,
Polycomb-mediated repressive chromatin (PRC) mark and H2A119 ubiquitination. During tumor progression,
active genes may become silenced through either the aberrant PRC-mediated reprogramming (bottom left) or DNA
methylation and H3K9me marks (bottom right). Some normally silent genes may change the way in which they are
transcriptionally repressed fromH3K27-methylation-type repression toH3K9-methylation-based silencing and/or
DNA hypermethylation (epigenetic switching). The reverse yellow arrows indicate the potential for epigenetic
abnormalities in cancer to be corrected by epigenetic therapies. Representative of such therapies are DNMT
inhibitors, HDAC inhibitors, KMT inhibitors, and others, as discussed in this and other articles. These inhibitors
can all potentially promote gene activation by producing losses of DNA methylation, or deacetylating lysines, or
alleviating silencing mediated by histone methylation PTMs, such as H3K27 methylation. (A, Adapted from Red-
dington et al. 2014; B, adapted from Sharma et al. 2010.)
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DNA methylation and H3K9 methylation (Ohm et al.
2007), or, for some genes, they can remain in an abnormal
state of PRC reprogramming (Baylin and Jones 2011; Eas-
waran et al. 2012). Also, what has been observed for these
long-range chromatin domains are instances in which
genes can be abnormally activated (Bert et al. 2013). The
mechanisms appear to involve either focal losses of DNA
methylation in genes with low-density CpG islands or a
switch to alternative transcription start sites, because the
canonical sites harbor focal gains in CpG island methyla-
tion (Bert et al. 2013).

What is essential for extending the concept of chroma-
tin transitions at bivalently marked genes during tumori-
genesis is to unravel the molecular mechanisms underlying
this progression. Scenarios can be hypothesized in which
abnormal retention of PcG complexes may initially occur
and, then, DNA methylation subsequently ensues (i.e.,
epigenetic switching, Fig. 7B). Once DNA methylation
evolves, the PcG complex and accompanying H3K27me3
histone may be completely or quantitatively replaced (Gal-
Yam et al. 2008; McGarvey et al. 2008; Bartke et al. 2010).
Experimental data corroborating this show that methylat-
ed DNA, when in a nucleosomal context, is resistant to the
presence of PcG complexes and, hence, the imposition of
the silencing H3K27me marks (Schlesinger et al. 2007;
Widschwendter et al. 2007; Gal-Yam et al. 2008; Bartke
et al. 2010). A scenario in which active bivalent genes are
PRC reprogrammed (Fig. 7B) could be explained by sur-
rounding hypomethylation allowing PRC2 access, which
could then extend repression to neighboring active genes
(reviewed in Reddington et al. 2014). Continued research is
needed to understand the interplay between different re-
pressive mechanisms.

6.4 Chromatin Boundaries

We also need to understand that although, in normal cells,
CpG islands at promoters of resident genes have a narrow
band of protection from the surrounding DNA methyla-
tion (O’Hagan et al. 2011; Berman et al. 2012),whydoes the
molecular maintenance of chromatin and DNA methyla-
tion boundaries “break down” during tumor progression
(Fig. 4B)?One idea is that factors, such as insulator proteins
(e.g., CTCF), which separate transcriptionally repressive
and active chromatin states, may be altered (Taberlay
et al. 2014). Also, the chromatin-modifying machinery
may be altered and cause shifts in chromatin boundaries
and configuration (O’Hagan et al. 2011). Cancer risk states,
such as chronic inflammation and DNA damage, can par-
ticipate in inducing such shifts (Hahn et al. 2008; O’Hagan
et al. 2011). Within these hypomethylated domains, there
could also be alterations in function and/or targeting of the

recently identified TET proteins, which normally contrib-
ute to maintaining promoter CpG islands free of DNA
methylation (Williams et al. 2011). All of these possibilities
create rich substrates for the next era of defining normal
and cancer epigenomes.

6.5 Involvement of the DNAMethylation Machinery
in Tumorigenesis

Thequestionof howDNMTsare targeted and then establish
and maintain abnormal patterns of DNA methylation in
cancercells needs continued study,most especially the com-
plexes through which these enzymes act cooperatively to
target gene promoters and modify DNA methylation pat-
terns. For DNMT1, the protein UHFR1 and proteins asso-
ciated with it seem to facilitate the targeting of this protein
to DNA replication and other sites (Bostick et al. 2007;
Nishiyama et al. 2013). Although less is known about the
targeting DNMT3A and -B, specific types of DNA config-
uration (e.g., DNA-RNA triplex structures) may exert tar-
geting effects for DNMT3B (Schmitz et al. 2010). Very
importantly, past and present studies indicate that tran-
scriptional repression complexes, which include histone-
modifying enzymes, such as methyltransferases (KMTs)
and demethylases (KDMs) are key for the recruitment of,
or being recruited by, DNMTs, as elaborated in Figure 7 and
Section 2.2.2 of Almouzni andCedar (2014) (DiCroce et al.
2002; Fuks et al. 2003; Brenner et al. 2005; O’Hagan et al.
2011). Indeed, some studies suggest that deregulation of the
chromatin machinery precedes DNA methylation changes
(Bachman et al. 2003; O’Hagan et al. 2011; Sproul et al.
2011, 2012). As noted above, the changes discussed in key
cancer risk states, such as chronic inflammation and the
buildup of ROS, appear capable of rapidly triggering the
assemblyofDNMTswithHDACandMBDproteinpartners
and recruiting them to promoter CpG islands (O’Hagan
et al. 2011). In these events, there is a rapid tightening of
DNMT1andSIRT1 (anHDAC) to chromatin.TheDNMT1
step seems to be upstream in this process, highlighting the
multitasking potential for this protein, in addition to it
catalyzing DNA methylation (O’Hagan et al. 2011).

Genetic disruption studies of DNMTs in cultured colon
cancer cells indicate that the maintenance of most DNA
methylation, including at hypermethylated promoters and
its attendant gene silencing, requires both DNMT1 and
DNMT3b (Rhee et al. 2000, 2002). Studies in other cancer
cell types have produced more variable results (Leu et al.
2003; Jones and Liang 2009). Whatever the mechanism of
molecularprogression tohypermethylatedbivalent genes in
cancer, bear in mind that mammalian DNMTs appear to
have complex functions, which include not only catalytic
DNMT activity at the carboxy-terminal regions, but also
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direct transcriptional repression activities at their amino-
terminal domains (Robertson et al. 2000; Rountree et al.
2000; Fuks et al. 2001; Clements et al. 2012). Thus, a role for
DNMTs potentially has many facets in transcriptional si-
lencing, from initiation to maintenance, and is not neces-
sarily restricted to steps involving DNA methylation (see
also Cheng 2014; Patel 2014).

7 SUMMARY OF MAJOR RESEARCH ISSUES
FOR UNDERSTANDING EPIGENETIC GENE
SILENCING IN CANCER

Despite progress in understanding the molecular events
that can drive the epigenetic abnormalities typifying the
cancer epigenome, Table 6 summarizes some of the most
important questions that remain to be resolved through
future research. First, molecular events determining the
simultaneous appearance of overall DNA hypomethylation
andmore localized promoter DNAhypermethylationmust
continue to be elucidated. These juxtaposed states suggest a
broad mistargeting of chromatin states in cancer cells. We
particularly need to relate DNA methylation patterns in
cancer with other chromatin marks, such as H3K9 meth-
ylation, histone acetylation, and H3K27 methylation. We
also need more research relating how all these epigenetic
features are organized in a three-dimensional fashion in
normal versus cancer cells, and whether nuclear architec-
ture is a regulating factor in the deregulation that occurs in
cells during transformation. What we learn about how the
changing cancer epigenome contributes to cancer etiology
should prove equally illuminating in understanding how
mammalian cells normally package their genomes for
proper patterns of gene expression and the maintenance
of chromosome integrity.

A second important question will be to identify the
determinants and function of chromatin boundaries.
This will obviously need to be performed in the context
of how DNA methylation patterns around individual gene
promoters relate to the general chromatin configuration of
other surrounding regions, such as gene enhancers, bodies,
and insulators; this will need to be worked out in both
normal and abnormal states of transcription. A third con-
sideration is addressing the evolution of chromatin states
across the various regulatory regions of cancer relevant
loci during the course of tumorigenesis and comparing
them to normal developmental scenarios. Fourth, key com-
ponents of this must be dissected, particularly during spe-
cific phases of tumor initiation and progression. This
should include assessing the molecular interactions deter-
mining the constitution and targeting ofDNMTs and other
silencing complexes, such as Polycomb repressive complex-
es (described in Grossniklaus and Paro 2014) and how this

relates to gene expression, PTM signatures, and ncRNAs.
Also, determining what are truly the causal epigenetic
mechanisms that cause TSG silencing must be resolved.
Finally, once abnormal heritable gene silencing is estab-
lished in cancer, what is the precise hierarchy of molecular
steps that maintain it? This latter question is not only a
key basic question, but also central to the translational
implications discussed in Section 8 for using epigenetic
abnormalities as cancer biomarkers and, in Section 9, for
reversing abnormal gene silencing as a cancer prevention or
therapy strategy.

8 DNA METHYLATION ABNORMALITIES
AS BIOMARKERS FOR CANCER
DETECTION AND MONITORING CANCER
PROGNOSIS

The pervasive nature of epigenetic abnormalities being
characterized at all stages of cancerdevelopment constitutes
an ever-increasing pool of potential biomarkers, which can
be developed for predicting cancer risk states, the early de-
tection of cancer, and for use as prognostic indicators.
Methods that can sensitively detect changes in DNAmeth-
ylation and chromatin have already been developed and
more are being pursued not only for use on tumor and
other tissue biopsies, but also those that can be applied to
body fluids for noninvasive detection methods.

Focal, promoter region DNA hypermethylation of CpG
islands, which is so common in cancer, is currently the
most well-studied and developed biomarker. A number
of very sensitive polymerase chain reaction (PCR)-based
assays have been developed to be used in combination
with sodium bisulfite pretreated DNA to detect levels of
DNA methylation (Herman et al. 1996; Laird 2003). PCR
approaches, such as methylation-specific PCR, now being
used quantitatively, and new nano-assay approaches, in
which primers are designed to amplify only methylated
regions, are very sensitive (Bailey et al. 2010). Other meth-
ods to detect methylatedDNA include techniques based on
real-time PCR, such as “MethyLight” (Campan et al. 2009),
in which a fluorescent probe can only bind to methylated
DNA. These techniques can detect one methylated allele in
a background of about 1000–50,000 alleles, depending on
the particular assay design and specific needs of applica-
tion. Thus, these approaches are applicable to a mixture of
cells or evenvarious biological fluids, such as plasma, urine,
or sputum (Laird 2003).

Cancer detection by identification of altered cytosine
methylation is quite robust because of the inherent stability
of DNA compared with RNA or proteins. Also, because
alteredmethylation patterns are often cancer-specific, these
approaches may be able to distinguish one type of cancer
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from another. There are now a host of studies providing
“proof of principle” for the use of promoter DNA hyper-
methylated sequences as an extremely sensitive strategy for
predicting cancer risk and/or detection. For example, syn-
chronous detection of abnormal promoter DNA methyla-
tion in tumor and chest lymph nodes, which were deemed
microscopically free, shows promise for predicting the rap-
id recurrence of early stage lung cancer (Brock et al. 2008).
Similarly, sensitive detection of such abnormalities in DNA
from stool may offer a test for predicting the presence of
colon tumors (Hong and Ahuja 2013; Imperiale et al.
2014). The detection of both CpG islandDNAmethylation
and specific mutations is even more promising for detect-
ing colon polyps and/or cancer by assaying stool blood
DNA (Hong and Ahuja 2013; Imperiale et al. 2014) and
this approach is moving toward clinical practice. The clin-
ical value of this approach is being tested in larger studies in
which the current hypotheses can be fully validated over the
next few years. Likewise, detection of DNA hypermethy-
lated genes in prostate needle biopsies is now being used
clinically to augment histological detection of prostate can-
cer (Van Neste et al. 2012).

Several approaches for using CpG island hypermeth-
ylation to predict cancer patients’ response to therapies are
very promising. Examples include the detection of this
change in the promoter of the O6MGMT gene to predict
the response to alkylating agents as the main treatment ap-
proach in gliomas (Esteller et al. 2000;Hegi et al. 2005). Use
of thismethylationmarker is now becoming standard prac-
tice in themanagement of patients with gliomas. Tumors in
whichO6MGMT is silenced in associationwithDNAmeth-
ylation changes are more sensitive to alkylating therapy be-
cause the repair gene is not available to remove guanosine
adducts from the genome (Esteller et al. 2000; Hegi et al.
2005). Another recent promising example includes the pro-
moter methylation of SMAD1 to predict resistance to the
chemotherapeutic agent, doxorubicin, in patients with dif-
fuse largeB-cell lymphoma(DBCL)(Clozel et al. 2013).The
silencing of this gene, when reversed by lowdoses ofDNMT
inhibitors, appears to be key inmediating the reversal of this
chemoresistance (Clozel et al. 2013). Early findings in a
phase I clinical study of patients with DBCL suggests that
lowdosesof azacitidine canprime for increased responsesto
chemotherapy (Clozel et al. 2013).

9 EPIGENETIC THERAPY

The heritable inactivation of cancer-related genes by altered
DNA methylation and chromatin modification has led to
the realization that silenced chromatin may represent a
viable target for cancer therapy. Thus, a new treatment
approach called “epigenetic therapy” has been developed

in which drugs that can modify chromatin or DNA meth-
ylation patterns are used alone or in combination to affect
therapeutic outcomes (Egger et al. 2004; Kelly et al. 2010;
Dawson and Kouzarides 2012; Azad et al. 2013; Ahuja et al.
2014).

9.1 DNMT Inhibitors

Powerful mechanism-based inhibitors of DNA cytosine
methylation represent the most advanced epigenetic thera-
peutics currently available for cancer treatment. The nucle-
oside analogs, 5-aza-CR (Vidaza) and 5-aza-CdR (Dacogen
or Decitibine), have been in clinical trials for many years.
More recently, a new prodrug-like agent for 5-aza-CdR,
called SGI-110, has entered the scene showing promise
(Fig. 8) (Chuang et al. 2005; Yoo et al. 2007). These drugs,
or the prodrug derivative, are incorporated into theDNAof
replicating cells after they have been metabolized to the
appropriate deoxynucleoside triphosphate or cleaved by
phosphodiesterase in the case of SGI-110 (Chuang et al.
2005; Yoo et al. 2007). Once incorporated into DNA, they
interact with all three known DNMTs to form covalent in-
termediates, which ultimately inhibit DNA methylation in
subsequent rounds of DNA synthesis. The mechanism of
action of these compounds for blocking the catalytic site of
DNMTs is quite well understood and they have been used
for some time to reactivate silencedgenes in tissue cultureor
xenograft models (Santi et al. 1984; Ghoshal et al. 2005;
Kelly et al. 2010; Tsai and Baylin 2011; Azad et al. 2013).
However, it is often overlooked that the above DNA-de-
methylating agents not only induce the above catalytic
block, but also cause degradation of the DNMTs (Ahuja
et al. 2014). This latter action is quickly triggered, even by
low doses of the drugs, when used in vivo (Tsai and Baylin
2011).This protein loss is potentially very important for the
DNMT inhibitors to achieve reexpression of key cancer
genes because, experimentally, all three biologically active
DNMTs can exert transcriptional repression independent
of catalyzingDNAmethylation (Fuks et al. 2000; Robertson
et al. 2000; Rountree et al. 2000; Bachman et al. 2001; Clem-
ents et al. 2012). These latter events are related to the po-
tential scaffolding properties of these proteins with respect
to binding key mediators of gene silencing, such as HDAC1
and HDAC2 (Fuks et al. 2000; Robertson et al. 2000; Roun-
tree et al. 2000; Bachman et al. 2001; Clements et al. 2012).
Thus, loss of DNMTs as proteins cannot be overlooked as a
key event linked to any therapeutic efficacy of the drugs
discussed above.

Initially, when used at what we now know in retrospect
to be very high doses, the DNMT inhibitors were too toxic
to patients to gain any traction for the treatment of cancer.
Later, however, as the doses were profoundly lowered, these
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agents have now found application in the treatment of
certain hematological malignancies, particularly myelo-
dysplastic syndrome, which is a preleukemic condition
occurring mainly in elderly patients (Lubbert 2000; Wijer-
mans et al. 2000; Silverman et al. 2002; Issa et al. 2004).
Clinical responses for patients with this disorder, and with

leukemias that may have progressed from the preleukemic
stage, are becoming increasingly dramatic. Accordingly,
drugs with the clinical names Vidaza and Dacogen, for 5-
aza-CR and 5-aza-CdR, respectively, have now been ap-
proved by the U.S. FDA for the treatment of patients with
these disorders (Fig. 8). Although Vidaza and decitabine
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Figure 8. Structures of selected epigenetic drugs. Three nucleoside analogs are known that can inhibit DNA
methylation after incorporation into DNA. 5-aza-CR (Vidaza) and 5-aza-CdR (decitabine) have been FDA ap-
proved for the treatment of the preleukemic disorder, myelodysplasia. TwoHDAC inhibitors are also FDA approved
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have been shown to be clinically efficacious, it has been
more difficult to establish with clarity whether the targets
of drug action are methylated gene promoters. Preliminary
experiments suggested that the p15 TSG became demeth-
ylated following decitabine treatment (Daskalakis et al.
2002); however, it remains to be shown whether the drugs
act by inducing gene expression or some other mechanism,
such as triggering an immune response to the tumor. Based
on preclinical studies looking at the above responses, and
applying the approaches to solid tumor models, it seems
likely that at very low nanomolar doses, both Vidaza and
Dacogen can “reprogram” cancer cells and cause antitumor
responses, which are most likely caused by the specific tar-
geting of DNMTs rather than producing other less off-tar-
get effects (Tsai et al. 2012).

Using these concepts, DNA-demethylating agents,
poised for new therapeutic applications, may assume a
major role in cancer therapy. Newer versions of DNA-de-
methylating drugs are being developed with these concepts
in mind. For example, as noted earlier, SGI-110, which is a
dinucleotide prodrug of 5-aza-CdR, is also an inhibitor of
DNMTs after cleavage by phosphodiesterases. Also, it has a
longer half-life in patients because it is not deaminated by
plasma cytidine deaminase, which causes the rapid inacti-
vation of the 5-azanucleosides (Chabot et al. 1983; Qin
et al. 2011). To date, effective inhibitors that do not require
incorporation into DNA have not been developed, but
these might be more desirable in the clinic because they
might have fewer side effects. Numerous approaches to
synthesize and/or discover such drugs are now ongoing.

9.2 HDAC Inhibitors

Another key set of proteins being targeted for cancer ther-
apy are the HDACs (Dawson and Kouzarides 2012; Bose
et al. 2014; West and Johnstone 2014). This large family of
enzymes removes acetylation marks from histone tails (as
well as other nonhistone proteins), typically acting in the
context of larger protein complexes, sometimes associated
with DNA methylation, to establish repressive chromatin
environments (the topic of Seto and Yoshida 2014). Inhib-
itors of HDACs (HDACis) have a general transcriptional
activating effect and their therapeutic use in cancer treat-
ment has been presumed to be largely through the activa-
tion of abnormally silenced TSGs, although this eminently
remains to be proven. Two of these inhibitors, suberoyla-
nilide hydroxamic acid (SAHA or Vorinostat) and depsi-
peptide (Romidepsin), which are more specific inhibitors
of HDACs (Fig. 8B), have now been approved by the FDA
for the treatment of cutaneous T-cell lymphoma. However,
the molecular mechanisms responsible for the unusual
sensitivity of this tumor type to these drugs are still unclear.

A significantly larger number of drugs are known to cause
substantial inhibition of HDACs (see our Fig. 8 and Sec. 7
of Seto and Yoshida 2014 for more detail). Some of these,
such as 4-phenylbutyrate or valproic acid (VPA), have been
in clinical use to treat other conditions for some time
(Marks et al. 2001; Richon and O’Brien 2002), whereas
newer ones are now in clinical trials. HDACis, used alone,
however, have had little success, especially in solid tumors
(Azad et al. 2013; Ahuja et al. 2014). Interestingly, preclin-
ical studies have recently suggested that these drugs may
be able to reprogram cancer cells in a way that reverses
treatment resistance or sensitizes cancers to conventional
chemotherapy and newer targeted therapies (Sharma et al.
2010). Pursuant to these concepts, clinical data in patients
with advanced non–small cell lung carcinoma (NSCLC)
and breast cancer are accruing to corroborate this hypoth-
esis. For example, a newer HDACi called entinostat, com-
bined with the epidermal growth factor receptor inhibitor
erlotinib, showed a significant overall survival benefit in
patients with recurrent advanced NSCLC (Witta et al.
2012). Also, vorinostat therapy increased response rates
significantly in combinationwith carboplatin and paclitax-
el as a front line treatment of patients with metastatic
NSCLC, and may extend overall survival (Ramalingam
et al. 2010). Moreover, entinostat significantly increased
survival of patients with advanced breast cancer in combi-
nation with an aromatase inhibitor (Yardley et al. 2013).

9.3 Epigenetic Drug Development

The clinical successes with current epigenetic drugs have
led to a big increase in interest from the pharmaceutical
industry in developing compounds that will target epige-
netic abnormalities in cancers (Kelly et al. 2010; Dawson
et al. 2011; Arrowsmith et al. 2012). The challenges and
strategies being adopted by the research and industry sector
are discussed in Section 3 of Audia and Campbell (2014).
Examples of epigenetic drugs in development include a
potent small-molecule DOT1L inhibitor, which can selec-
tively kill MLL cells (Daigle et al. 2011). Inhibitors of BRD4
represent another class of small-molecule epigenetic ther-
apeutics that has been developed to interfere with their
capacity for reading histone acetyllysine marks (Filippa-
kopoulos et al. 2010; Nicodeme et al. 2010; also reviewed
in Qi 2014; Schaefer 2014). The BRD4 protein constitutes
part of the machinery that activates transcription and, in
particular, may be key for multiple gene activation events
controlled by the pervasive oncogene, c-MYC (illustrated
in Fig. 1 of Qi 2014) (Filippakopoulos et al. 2010; Delmore
et al. 2011; Zuber et al. 2011; Dawson and Kouzarides
2012). The BRD4 inhibitors appear very effective in pre-
clinical studies for the treatment of MLL-fusion leukemias
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(Dawson et al. 2011) andmight be a therapeutic strategy for
countering c-MYC overactivity (Delmore et al. 2011).

9.4 Combination Epigenetic Therapy

One of the major concepts emerging from all of the above
clinical trial and drug development activities is that of com-
bination epigenetic therapy. This is currently being tested in
the clinic for the older drugs, targetingDNAdemethylation
and inhibitingHDACs. This will surely emerge for the new-
er drugs either in combination with these above drugs or
other novel combinatorial strategies. In terms of the older
drugs, the approach has been to exploit preclinical data
showing that blocking HDAC activity subsequent to inhib-
iting DNA methylation can additively lead to the reexpres-
sion of DNA hypermethylated genes (Cameron et al. 1999;
Suzuki et al. 2002; Cai et al. 2014). This concept exploits the
fact that interactions between HDAC-mediated histone de-
acetylation (especially via HDAC1 and -2), collaboratewith
DNA methylation for the silencing of these genes (Camer-
on et al. 1999; Suzuki et al. 2002; Cai et al. 2014), as dis-
cussed in Section 6. This treatment paradigm has been
applied in the clinical treatment of hematologic malignan-
cies. The first study used Vidaza and the older HDACi,
sodium phenyl butyrate, on patients with myelodysplastic
syndrome and AML (Gore et al. 2006). This was well tol-
erated, and clinical responses were frequent, with five of 14
patients achieving complete or partial response. Another
pilot study resulted in three out of 10 patients with myelo-
dysplastic syndrome or AML developing a partial response
(Maslak et al. 2006). Investigators at M.D. Anderson Can-
cer Center administered decitabine and VPA, and 12 of 54
patients achieved complete remissions (Garcia-Manero
2008). Subsequently, a study of Vidaza and VPA also sug-
gests increased efficacy in high-risk myelodysplastic syn-
drome (Voso et al. 2009).

Controversy over the efficacy of DNA-demethylating
agents used in combination with HDAC is in myelodys-
plastic syndrome/AML has arisen in subsequent studies.
Thus, the U.S. Leukemia Intergroup undertook a study
with a randomized phase using entinostat (HDACi) in
combination with Vidaza (DNMTi). The combination
did not show increased efficacy and suggested even less
efficacy (Prebet et al. 2014). The reasons for the mixed
results are not clear, but the approach still bears promise
for myelodysplastic syndrome/AML. However, it remains
to be established whether combination therapies are more
effective than single-agent demethylating therapies, how to
best use such agents together, and what molecular mecha-
nisms account for any efficacies seen.

Much less has been performed to test the efficacy of
combination therapy in solid tumors. A recent study on a

lung cancer model in mice has shown promise that DNA
methylation inhibitors (e.g., azacytidine) and HDAC in-
hibitors (e.g., entinostat) might have strong synergistic,
antitumor effects (Belinsky et al. 2011). Closely related to
this, recently completed clinical trials in 65 patients with
advanced lung cancer, the deadliest of all human cancers,
show promise that these approaches can, in a small subset
of patients, induce robust, durable responses (Juergens
et al. 2011). Moreover, in these same trials, there is an early
indication that the epigenetic therapy may lead to sensiti-
zation to subsequent therapies in many more (Juergens
et al. 2011). These latter include not only standard chemo-
therapies, but also, intriguingly, an exciting new immuno-
therapy (Brahmer et al. 2012; Topalian et al. 2012), which
targets breaking lymphocyte immune tolerance to render
these cells immune competent (Wrangle et al. 2013). This
last possibility is backed in the laboratory by work suggest-
ing that, in lung cancer cells and other solid tumor types,
DNA-demethylating agents up-regulate a very complex,
immune attraction effect with pathways harboring hun-
dreds of genes (Wrangle et al. 2013; Li et al. 2014). Both
the possibilities for sensitizing patients with advanced lung
cancer to chemotherapy and immunotherapy are now be-
ing tested in larger trials that are under way. It is worthwhile
noting that others are reporting that DNA-demethylating
agents can sensitize patients with advanced ovarian cancer
to subsequent chemotherapy (Matei et al. 2012), as well as
the aforementioned beneficial effects of HDACi in sensitiz-
ing patients to chemotherapy.

Combinations of newer agents targeting additional
steps in chromatin assembly are just starting to be explored
at the preclinical level for cancer therapy paradigms. Ex-
amples include the finding that synergistic antitumor ac-
tivity is achieved using a BRD4 inhibitor and an HDACi,
and when using a LSD1 inhibitor and HDACi in the treat-
ment of human AML cells (Fiskus et al. 2014a, 2014b). The
concept underlying the first therapeutic strategy relies on
combinatorially activating the histone acetylation pathway
via HDAC is to reexpress abnormally repressed TSGs,
whereas the BET (double bromodomain proteins) inhibi-
tor interferes with myc oncogene-activated genes. The sec-
ond strategy also activates histone acetylation while
boosting the H3K4me3 activating mark to combinatorially
target and activate abnormally repressed genes.

In summary, the concept of epigenetic therapy for can-
cer has a rationale and expanding basis in theory, and clin-
ical efficacies are emerging, which suggest great promise.
However,much needs to be performed at amechanistic and
clinical level to realize this promise, especially for the com-
mon human cancers. One problem that is broadly dis-
cussed is the lack of specificity of some of the older agents
being used, like the DNA-demethylating agents. However,
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most steps in epigenetic regulation control many genes and
pathways in normal and cancercells (Jones andBaylin 2007;
Baylin and Jones 2011; Jones 2012). This is the very nature
of epigenetic control of a cell program. In cancer, the epi-
genome is widely altered and drugs that can broadly “re-
program” such cells and blunt many tumor pathways may
be the most valuable (Jones and Baylin 2007; Baylin and
Jones 2011;Dawson et al. 2012; Azad et al. 2013; Ahuja et al.
2014). These arguments are not to say that targeting indi-
vidual genes abnormally regulated in cancer would not be a
highly desirable goal for personalizing cancer therapy. A
second problem is always the possibility of the inadvertent
reactivation of normal genes as the result of therapy. This,
however, in terms of contribution to therapy related toxic-
ities has not been documented. Nor has increased tumor-
igencitiy associated with this possibility been noted in
scenarios such as MD/AML, in which the older epigenetic
therapy drugs have been used the longest. Thus, the cancer
epigenome as a target for cancer therapies remains a vital
possibility and one for which exciting advances are antici-
pated in the coming years.
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