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A level of epigenetic programming, encoded by complex sets of chemicalmarks onDNAand
histones, and by context-specific DNA, RNA, protein interactions, that all regulate the struc-
ture, organization, and function of the genome, is critical to establish both normal and neo-
plastic cell identities and functions. This structure–function relationship of the genome
encoded by the epigenetic programming can be thought of as an epigenetic cityscape that
is built on the underlying genetic landscape. Alterations in the epigenetic cityscape of pros-
tate cancer cells comparedwith normal prostate tissues have acomplex interplaywith genetic
alterations to drive prostate cancer initiation and progression. Indeed, mutations in genes
encoding epigenetic enzymes are often observed in human cancers including prostate
cancer. Interestingly, alterations in the prostate cancer epigenetic cityscape can be highly
recurrent, a facet that can be exploited for development of biomarkers and potentially as
therapeutic targets.

E
pigenetics can be defined as the study of pro-
cesses that mediate potentially heritable

changes in gene regulation without a change in
the genetic sequence. Here, heritable refers to
passing down information from parent cells to
daughter cells rather than from parents to chil-
dren (although the intergenerational transmis-
sion of epigenetic encoding is a fascinating and
emerging area of research, such inheritance as
a factor affecting prostate cancer risk has not
been explored significantly). Epigenetic process-
es therefore mediate the level of programming
that establishes distinct cell identities and func-
tions across cell types and over time in a given
individual in whom the genetic sequence would
be largely unchanging except for stochastic ac-

cumulation of rare errors in a given cell and
programmed genetic alterations in cells of the
adaptive immune system.

The syntax of the epigenetic code is com-
prised of chemical modifications on the DNA,
on histones in nucleosomes, and by binding in-
teractions between DNA, RNA, proteins, and
other macromolecules that signal changes to the
organization and function of the genome. These
epigenetic processes can therefore be thought
of as a cell-intrinsic epigenetic code that estab-
lishes cellular phenotypes by modulating the
structure–function dynamics of the genome. It
is therefore apt to consider the epigenetic code
as a cityscape architecture built on the underly-
ing genomic landscape. An elaborate epigenetic
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machinery of proteins and other macromole-
cules (including noncoding RNAs) construct,
maintain, and dynamically remodel this epige-
netic cityscape (Jenuwein and Allis 2001; Wang
et al. 2004; Chi et al. 2010; Chen andDent 2014).
This epigenetic machinery has been broadly
classified by their functions in “writing,” “eras-
ing,” and “reading” the epigenetic code; and here
we expand this lexicon to include two additional
critical functions of the epigenetic machinery,
“preserving,” and “organizing/remodeling” (Ta-
ble 1). This epigenetic machinery can establish
andmaintain the cellular epigenetic programing
or can dynamically alter it. How cells choose to

maintain or dynamically alter their epigenetic
program during division and other processes is
not fully understood.

Remarkably, large-scale cancer genome se-
quencing studies have shown that genes encod-
ing these epigenetic machinery components are
often enriched in the set of mutated “driver”
genes in many human cancer types, including
prostate cancer. The consequences of these mu-
tations on the epigenetic code and their mecha-
nistic role in cancer initiation and progression
are just beginning tobeunraveled. Even indepen-
dent of these mutations in the epigenetic ma-
chinery, alterations to the epigenetic code, seen

Table 1. Overview of the epigenetic machinery

Writing Erasing Reading Preserving Remodeling

Histone

acetylation

Histone acetyl-

transferases

(e.g., KAT6B,a

p300/CBP)

Histone

deacetylase

complexes

(e.g.,

ARID4A,a

HDAC1,

HDAC2,

HDAC3,

HDAC4,

HDAC6)

BET

bromodomain

proteins (e.g.,

BRD4, BRD2,

BRD3)

Unknown SWI/SNF

remodeling

complexes

(e.g., CHD1,a

CHD3,a

CHD8,a

ARID1A,a

ARID2,a

SMARCA1,a

SMARCAD1,a

ATRXa)

Histone

methylation

Histone methyl-

transferases

(e.g.,

KMT2C,a

KMT2D,a

KMT2A,a

SETD2,a

SETDB1,a

EZH2,

DOT1L)

Histone

demethylases

(e.g.,

KDM6A,a

KDM1A,

KDM4B,

KDM4C,

KDM2A)

Chromodomain,

PHD finger

proteins

UHRF1,

unknown

Mi2-NuRD

remodeling

complex

(CHD3,a

CHD4)

DNA

methylation

DNA methyl-

transferases

(e.g., DNMT1,

DNMT3A,

DNMT3B)

TET enzymes,

BER

machinery,

and modifiers

(e.g., IDH1,a,b

TET1, TET2,a

TET3, TDG)

MBD, zinc finger

proteins (e.g.,

MBD1,a

MBD2,

MECP2,

ZBTB33)

UHRF1,

DNMT1

Variant histones

(e.g., H2A.x,

H2A.z, H3.3)

Multiple epigenetic machinery proteins have recurrent driver gene mutations in prostate cancer.
aGenes recurrently harboring driver gene mutations in prostate cancer. Most of the mutations are putative loss-of-function,

with the exception of IDH1. Genes that are frequently altered in expression in prostate cancer are shown in italics alone (without

superscript).
bIDH1 is not directly involved in DNA demethylation activity, but recurrent hotspot mutations redirect the activity of IDH1

to generate the metabolite 2-hydroxyglutarate, which can inhibit α-ketoglutarate-dependent oxygenases, including the TET

family of enzymes involved in DNA demethylation.
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as changes in DNA methylation and other epi-
genetic marks, are universal in human cancers,
includingprostate cancer (Fig. 1).Thepatterns of
epigenetic alterations in a given cancer may re-
veal key targets for development of cancer bio-
markers and therapeutic strategies. Here, we will
examine the basic mechanisms and principles of
the epigenetic code, summarize our understand-
ing of epigenetic alterations in human prostate
cancer, and discuss the translation of this under-
standing to develop strategies for prostate cancer
detection, risk stratification, and therapy.

THE MAJOR EPIGENETIC MARKS AND
THE MACHINERY RESPONSIBLE FOR THEIR
REGULATION

DNA Methylation

Methylation of cytosine in DNA at the 5-posi-
tion (5mC) is an important and common epi-
genetic mark, with conserved regulation and
function across vertebrate species (plants and
other eukaryotes and some prokaryotes also
use cytosine methylation as an epigenetic
mark). This mark is usually found in the palin-
dromic cytosine-phospho-guanine (CpG) dinu-
cleotides. Other sequence contexts can also har-
bor 5mC, particularly observed in embryonic
stem cells and some neuronal tissues; typically,
5mC in non-CpG contexts accounts for <1% of
the overall 5mC content in DNA in the majority
of adult cell types but may still have some func-
tional roles (Schultz et al. 2015). Although
∼80% of CpGs are methylated in normal cells,
5mC is usually not found in CpG-dense “CpG
islands” that often surround gene transcription-
al start sites and other regulatory regions (Jones
2012). In contrast, in cancer cells, CpG islands
and surrounding genomic sequences referred to
as “CpG island shores” can become hypermeth-
ylated, often leading to repression of the near-
by gene (Jones and Baylin 2007; Irizarry et al.
2009). Such DNA methylation-mediated epige-
netic repression is enriched at cancer-protective
genes and in genes involved in development and
differentiation (Jones 2012; Aryee et al. 2013).
The epigenetic repression mediated by this CpG
island hypermethylation can be very stable

(Aryee et al. 2013; Vandiver et al. 2015), resem-
bling the inactivation of genes through loss-of-
function mutations and deletions. Concomitant
with such DNA hypermethylation, cancer cells
paradoxically also develop progressive DNA hy-
pomethylation, often occurring in large geno-
mic blocks spanningmanymegabases (Feinberg
et al. 2006; Yegnasubramanian et al. 2008; Han-
sen et al. 2011; Aryee et al. 2013). Although such
hypomethylation does not seem to directly reg-
ulate the expression of the encompassed genes
in any consistent manner (Aryee et al. 2013),
this loss of methylation may promote an open
chromatin that is permissive of genomic insta-
bility (Ehrlich 2002), including by activation of
endogenous retroviral elements.

DNA methylation marks are “written” by
DNA methyltransferase enzymes, encoded by
three genes,DNMT1,DNMT3A, andDNMT3B,
in human cells (Jurkowska et al. 2011). All of
these enzymes have preferential activity atmeth-
ylating cytosines in CpG dinucleotides com-
pared with any other cytosines. Another gene,
DNMT3L, can assist in the activity of DNMT3A
and DNMT3B, but does not have its own cata-
lytic activity. DNMT1 is largely responsible for
the maintenance of DNA methylation during
DNA replication by tracking with the replica-
tion fork (Okano et al. 1998; Pradhan et al.
1999; Jeltsch 2002). Compared with completely
unmethylated DNA, DNMT1 catalytic activity
is significantly enhanced at hemimethylated
DNA, as would be present when the palindrom-
ic CpG dinucleotide in the parental DNA is
methylated with the daughter strand being un-
methylated. DNMT1 andDNMT3 isoforms can
also cooperate to maintain methylation at repet-
itive sequences (Liang et al. 2002). DNMT3A
and DNMT3B can methylate completely un-
methylated DNA with catalytic activity similar
to that for hemimethylated DNA (Okano et al.
1998, 1999), and have thus been considered
“de novo” methyltransferases. DNMT3A is
particularly active in embryonic stem cells and
neuronal cells and can mediate non-CpG meth-
ylation (Lister et al. 2009; Guo et al. 2014).
DNMT3B is important for establishing and
maintaining methylation at satellite sequences
and in gene bodies (Liang et al. 2002; Tao
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Figure 1. DNA methylation cityscapes of lethal metastatic prostate cancer. DNA hypermethylation (top) and DNA
hypomethylation (bottom) alterations in multiple anatomically distinct metastatic deposits obtained by rapid autopsy
from each of 13 men that died of metastatic prostate cancer are shown. In these cityscape plots, each chromosome is
folded into a two-dimensional neighborhood demarcated by light gray lines, following a Hilbert curve. In the
cityscapes, each structure represents a region harboring a DNA methylation alteration in at least one tumor
compared with a series of benign prostate tissues. The height of the structures represents the number of tumors
having the alteration at that region. Tall structures, skyscrapers in the cityscape, are nearly universally altered in
methylation in all metastases studied, and short structures (huts) are infrequently altered. The color represents the
degree of maintenance of each alteration across all metastases within each subject normalized to the overall vari-
ability (R2). Hypermethylated promoter regions of cancer-related genes from the NCI Cancer Gene Index that were
in the upper 10th percentile for frequency (height) or maintenance (color) are labeled on the cityscape. A region on
chromosome 5, harboring the APC promoter, is magnified in the “blowout” showing the Hilbert curve indicated in
the white path and shows multiple clustered hypermethylated regions with varying frequency and maintenance in
this region. Although DNA hypomethylation was pervasive in large blocks across the genome, DNA hypermethy-
lation was much more focal and often highly maintained across all metastases within subjects even when the overall
frequency of these alterations was low across subjects. Highly frequent (skyscrapers) and/or highly maintained
(orange to red) alterations in the hypermethylation cityscape were enriched for (1) overlap with gene promoters,
particularly those associated with development/differentiation and cancer-related genes, and (2) inverse correlation
with cis gene expression. Thus, in the backdrop of a general tendency for losing methylation across the genome,
hypermethylation alterations were highly maintained, and appeared to be selected for across metastatic dissemina-
tion. (From Aryee et al. 2013; reprinted, with permission, from the American Association for the Advancement of
Science ©2013.)
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et al. 2002; Yang et al. 2014). If the three DNMT
enzymes fail to maintain methylation during
replication, a passive demethylation ensues.

Apart from such passive loss of DNAmeth-
ylation during replication, a complex sequence
of enzymatic processes can also actively “erase”
DNA methylation, allowing plasticity and dy-
namic regulation of this epigenetic mark even
in nonreplicating cells such as postmitotic neu-
rons. A family of ten-eleven translocation (TET)
proteins, encoded by theTET1,TET2, andTET3
genes, has been shown to oxidize 5-methylcyto-
sine to 5-hydroxymethylcytosine, 5-formylcyto-
sine, and 5-carboxycytosine (Kriaucionis and
Heintz 2009; Tahiliani et al. 2009; He et al.
2011; Ito et al. 2011). These oxidized forms of
5mC can then lead to base excision repair pro-
cesses that can remove the once-methylated cy-
tosine and repair with an unmethylated cytosine
for active demethylation (Guo et al. 2011; He
et al. 2011). Compared with normal terminally
differentiated cells in diverse tissue types, the
amount of 5-hydroxymethylcytosine, the major
oxidized product of TET-mediated oxidation of
5-methylcytosine, is profoundly reduced in
stem/progenitor cells and in human cancers, in-
cluding prostate cancer (Haffner et al. 2011; Lian
et al. 2012; Orr et al. 2012; Ahsan et al. 2014;
Munari et al. 2016).

DNA methylation can signal epigenetic re-
pression through the action of “reader” proteins
that selectively bind methylated DNA and or-
chestrate recruitment of corepressor and remod-
eling complexes, such as Mi2-NuRD, to estab-
lish repressive chromatin conformations (Bird
and Wolffe 1999; Klose and Bird 2006). The
methyl-binding domain proteins, encoded by
MBD1,MBD2,MBD3,MBD4, andMECP2, have
both overlapping and complementary roles in
this capacity (Bird and Wolffe 1999). MBD1,
MBD2, andMECP2 have high affinity for meth-
ylated CpGs and are associated with distinct co-
repressor complexes (Hendrich and Bird 1998;
Bird and Wolffe 1999; Klose and Bird 2006).
Despite its high degree of homology, particularly
in the methyl-binding domain, toMBD2, MBD3
does not bindmethylated DNA to any apprecia-
ble extent but participates in corepressor com-
plexes found in repressed chromatin. Although

MBD3 has been implicated in binding hydroxy-
methylated DNA (Yildirim et al. 2011), this has
been controversial. More recently, MECP2, and
not MBD3, has been shown to bind hydroxy-
methylated DNA (Mellen et al. 2012), suggesting
that such hydroxymethylcytosine may not sim-
ply be an intermediate toward demethylation,
but may have epigenetic signaling functions of
its own. MBD4 is a glycosylase and has been
implicated in the base excision repair of T:G
mismatches that would arise from deamination
of 5mC (Hendrich et al. 1999). Apart from the
MBD family of proteins, recent work has shown
that the presence of 5mC in the transcription
factor target sequences can greatly change their
binding to that target sequence (Hu et al. 2013;
Wan et al. 2017; Yin et al. 2017). KLF4 and
HOXB13, for example, have been suggested to
bind a specific target consensus sequence only
when theCpGwithin it ismethylated apart from
their specificity for binding their cognate unme-
thylated target sequences (Hu et al. 2013; Wan
et al. 2017; Yin et al. 2017). Such observations
may shed light on the confusing observations
that methylation of some sequences leads to ac-
tivation, rather than repression, of the nearby
gene. It has been suggested that such transcrip-
tion factors may have a “pioneer” function in
converting otherwise repressed chromatin to ac-
tive chromatin in critical developmental/differ-
entiation states. The extent to which cancer cells
take advantage of such alterations to alter their
epigenetic programming is unclear and an area
of ongoing work.

Our understanding of the “preservers” of
DNAmethylation as aheritablemark that can be
maintained across DNA replication is the most
mature, relative to that of other epigenetic mod-
ifications. DNMT1 itself is an important “pre-
server,” as discussed above, because it has pref-
erential catalytic activity for hemimethylated
DNA and can track with the replication fork.
In addition, its ability to track with the replica-
tion fork is heavily dependent onUHRF1, which
shows high expression in S phase, and can bind
preferentially to hemimethylated DNA at the
replication fork, and can recruit DNA methyl-
transferases to those sites as a means to enforce
themaintenance ofmethylation after replication

Prostate Cancer Epigenetics
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(Bostick et al. 2007; Sharif et al. 2007; Arita et al.
2008; Avvakumov et al. 2008; Hashimoto et al.
2008). Interestingly, UHRF1 is an important
factor for maintaining histone methylation as
well; it can recruit the G9A histonemethyltrans-
ferase, and links H3K9 methylation to DNA
methylation at sites of repressive chromatin
(Kim et al. 2009; Unoki et al. 2009). Such mech-
anisms may be critical to establishment of cross
talk between the different epigenetic marks to
regulate chromatin states.

DNA methylation can also signal cross talk
to chromatin “remodelers” capable of altering
the large-scale conformations of chromatin.
SWI/SNF ATP-dependent chromatin remodel-
ing proteins such as ATRX, for example, have
been shown to bind and regulate variant his-
tone occupancy at nucleosomes surrounding
methylated repetitive DNA elements, and sub-
telomeric sequences (Gibbons et al. 2000; Dyer
et al. 2017). The impact of alterations in the
DNA methylation of these regions in prostate
cancer cells, and of mutations in these chroma-
tin remodeling factors and associated alter-
ations in DNA methylation, are still poorly un-
derstood; but such cross talk between DNA
methylation and chromatin remodeling com-
plexes appears critical to establishment and
maintenance of the epigenetic chromatin orga-
nization, mediating normal and cancer cell
identities.

Histone Modifications and DNA–RNA–
Protein Interactions Governing Chromatin
Structure and Organization

DNA is packaged through interactions with pro-
teins and RNA into complex quaternary struc-
tures in chromatin. Epigenetic marks on the
DNA-binding proteins also help constitute
the epigenetic programming of DNA function.
The primary level of DNA organization occurs
in nucleosome subunits, composed of DNA
wrapped around a histone octamer barrel-like
structure containing dimers of the four histone
subunits, H2A, H2B, H3, and H4. These histone
subunits have long tails that protrude outward
from the tight core nucleosome structure, at
which numerous posttranslational modifica-

tions, including phosphorylation, methylation,
acetylation, ADP-ribosylation, ubiquitination,
and several others can establish an “epigenetic
code” regulating the surrounding chromatin
function. Repressive, active, or poised (bivalent)
chromatin states are associated with specific
combinations of modifications on the histone
tails (Jenuwein and Allis 2001; Bernstein et al.
2006). Given the numerous histone modifica-
tions and the fact that such combinations can
occur in countless combinations, the resulting
epigenetic code is profoundly more complex
than the genetic code. To add to this complexity,
a significant fraction of the products of protein-
coding and noncoding RNA genes, including
linker histones, transcription factors, coactiva-
tor complexes, corepressor complexes, insula-
tors such as CTCF (Ong and Corces 2014),
and long noncoding RNAs (Fatica and Bozzoni
2014), can bind to chromatin and act as trans
regulators.

Histone methylation and acetylation are
among the most studied of the histone modifi-
cations. Although histone tail acetylation is uni-
formly associated with open or active chroma-
tin, histone methylation can be associated with
either open or closed chromatin, depending on
which amino acid on the histone tail is methyl-
ated and the number of methyl groups (Jenu-
wein and Allis 2001; Rice and Allis 2001; Bern-
stein et al. 2006). For example, methylation of
H3K9 (the lysine at the ninth position of H3)
and H3K27, which is mediated by the Polycomb
complexes and EZH2 methyltransferase, is typ-
ically associated with repressed chromatin,
whereas H3K4 methylation, which can be me-
diated by MLL methyltransferases, is typically
an active or open chromatinmark. Some regions
may harbor both open and closed chromatin
marks, a “poised” chromatin state observed at
key differentiation regions in embryonic and
tissue stem cells (Bernstein et al. 2006). Differ-
entiation of the stem cells can progress with
transition of the poised bivalent state to more
committed active or closed marks alone.

These histonemodifications are regulated by
specific “writers,” “erasers,” and “readers.” The
writers of histone methylation and acetylation
are the histone methyltransferases (HMTs) and

S. Yegnasubramanian et al.
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histone acetyltransferases (HATs), respectively;
the “erasers” are the histone demethylases
(HDMs) and histone deacetylases (HDACs), re-
spectively. The “readers” of these marks include
proteins with specific protein folds, including
bromodomains (histone acetylation readers),
PHD domains, tudor domains, chromodo-
mains, among several others. One of the most
studied of these of late, as a result of the devel-
opment of powerful pharmacological probes,
are the bromodomains, particularly the BET-
bromodomain family of histone lysine acetyla-
tion readers, which can bind acetylated lysines
and promote chromatin activation (Filippako-
poulos et al. 2010; Loven et al. 2013). In partic-
ular, BRD4 has been identified as a criticalmem-
ber of the BET-bromodomain family and has
been implicated in activation of “super-enhanc-
ers” controlling the expression of dominant
transcriptional programs in cancer cells, includ-
ing those mediated by the MYC oncogene and
AR, both of which are key targets in prostate
cancer, as discussed in detail in other reviews
in this collection.

The readers of histone modifications can
signal chromatin “remodeling” through the re-
cruitment and action of ATP-dependent en-
zymes that can sculpt the positioning of nucle-
osomes and moderate larger-scale looping
interactions of chromatin to establish the final
3D organization of the genome. The precise
mechanisms governing the maintenance of his-
tone modifications across cell division are not
fully understood, but as described above, the
best-known mechanisms feature cross talk be-
tween DNA methylation and histone modifica-
tion (e.g., through specialized preserver proteins
such as UHRF1).

Understanding the epigenetic encoding me-
diated through the profoundly complex combi-
natorial histone modifications and their signal-
ing will require novel approaches to measure the
combinations of marks present at each region
of the genome and across different functional
states. A comprehensive decoding of the histone
code can hopefully be fueled by the ongoing
revolution in genomics, proteomics, and artifi-
cial intelligence/machine learning and compu-
tational systems biology.

EPIGENETIC ALTERATIONS IN PROSTATE
CANCER

Although the mechanisms behind the establish-
ment, maintenance, and plasticity of epigenetic
programming in normal and cancer cells are not
fully understood, it is clear that alterations in the
epigenetic programming are nearly universal in
human cancers, including prostate cancer. Such
epigenetic alterations are part of the causal chain
that allow cancer cells to evade the rules govern-
ing normal cells, allowing the establishment of a
caricaturized cell identity that enables invasion,
survival, and self-renewal.

Driver Mutations in Epigenetic Machinery
Proteins in Prostate Cancer

The importance of these epigenetic alterations
in driving carcinogenesis and disease progres-
sion has been highlighted by the observation
that many proteins in the epigenetic machinery
aremutated in prostate cancer. Although each of
these proteins is mutated infrequently, as a class,
epigenetic machinery proteins are among the
most frequently mutated in prostate cancer,
and in many other cancers. Recent studies com-
piling large-scale genome sequencing data from
more than a thousand prostate cancer speci-
mens have estimated that ∼15%–20% of pros-
tate cancers harbor driver genetic mutations in
genes encoding epigenetic machinery compo-
nents (Table 1) (Grasso et al. 2012; Baca et al.
2013; Haffner et al. 2013a; Cancer Genome
Atlas Research Network 2015; Beltran et al.
2016; Armenia et al. 2018). Such mutations are
mostly inactivating, including point mutations,
insertions and deletions, and genomic structural
alterations, and have been observed in genes
encoding epigenetic machinery regulating
DNA methylation (IDH1, TET2, MBD1), his-
tone acetylation (KAT6B, ARID4A), and histone
methylation (MLLmethyltransferases (KMT2C,
KMT2D, KMT2A), SETD2, SETDB1, KDM6A),
and chromatin remodelers (CHD1, CHD3,
CHD8, ARID1A, ARID2, SMARCA1, SMAR-
CAD1, ATRX). Although each gene is relatively
infrequently mutated (the most frequently mu-
tated is KMT2C at ∼5%–8% of cases), this class
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of genes is among the most frequently mutated
in prostate cancer. The epigenetic consequences
of such mutations and their precise role in driv-
ing cancer initiation or progression are still
largely unknown and is the focus of much on-
going research.

DNA Methylation Alterations in Prostate
Cancer

DNA methylation alterations are the best-un-
derstood of the epigenetic alterations in prostate
cancer and have been examined throughout car-
cinogenesis and disease progression. DNA hy-
permethylation of promoters of key tumor sup-
pressor genes such as GSTP1, RASSF1A, and
APC (Nakayama et al. 2003; Yegnasubramanian
et al. 2004) have been observed in the main
known precursor lesion to prostate cancer,
high-grade prostatic intraepithelial neoplasia
(PIN), and at leastGSTP1 promoter hypermeth-
ylation may occur in even earlier stages of
disease initiation, in some cases during the tran-
sition from benign prostate glands to inflamma-
tory lesions called proliferative inflammatory at-
rophy (PIA) (Nakayama et al. 2003). In overt
invasive carcinoma, there appears to be a DNA
hypermethylation catastrophe, involving hun-
dreds to thousands of CpG islands and shores,
in the prostate cancer genome (Yegnasubrama-
nian et al. 2004, 2011; Aryee et al. 2013; Cancer
GenomeAtlas ResearchNetwork 2015).Wheth-
er such a catastophe may have already begun in
the precursor PIN lesions is not yet known and is
the subject of much study. Such alterations in-
clude some hypermethylation events that are
perhaps the most recurrent somatic genome al-
terations known in prostate cancer, even more
frequent than the recurrent rearrangements in-
volving ETS transcription factors (Tomlins et al.
2005). The hypermethylation events are en-
riched at promoter regions, particularly of devel-
opment/differentiation genes, and are associated
with gene repression (Yegnasubramanian et al.
2011; Aryee et al. 2013). Interestingly, hyper-
methylation alterations are also enriched near
transcriptional termination sites, intron–exon
junctions, and exons, andmay regulate antisense
transcription, poly(A)-site selection, alternative

transcriptional start selection, and alternative
splicing (Yegnasubramanian et al. 2011). Addi-
tionally, hypermethylation alterations are en-
riched at highly conserved intergenic sequences,
including conserved transcription factor bind-
ing sites, and may regulate gene expression at a
distance (e.g., through modulation of enhancer
and insulator sequences). A subset of such inter-
genic hypermethylation alterations may directly
repress expression of previously unknown non-
coding genes in cis (Yegnasubramanian et al.
2011). Large-scale efforts to map and delineate
the functional elements in the genome (EN-
CODE Project Consortium 2012; Roadmap
EpigenomicsConsortium2015)will provide im-
portant insights into the significance of such in-
tergenic hypermethylation alterations.

After an initial hypermethyltaion catastro-
phe accompanying the early stages of carcino-
genesis, it is likely that multiple waves of hyper-
methylation alterations occur during prostate
cancer progression (Nelson et al. 2009). This is
apparent through studies identifying numerous
DNAmethylation alterations that are associated
with high grade and/or stage disease, and disease
recurrence after primary therapy (Yegnasubra-
manian et al. 2004; Stott-Miller et al. 2014;
Bhasin et al. 2015). Recent studies have also
identified DNA hypermethylation alterations
associated with lethal metastatic prostate cancer
and neuroendocrine prostate cancer (Aryee et al.
2013; Beltran et al. 2016). It is possible that a
subset of such alterations are involved in devel-
opment of resistance to treatment with first- and
second-generation anti-androgens and chemo-
therapeutic agents.

Prostate cancers also harbor DNA hypo-
methylation, that is, the undermethylation of
genomic regions that are universally methylated
in normal prostate tissues (Florl et al. 2004; Yeg-
nasubramanian et al. 2008; Aryee et al. 2013).
Such hypomethylation alterations appear to
arise later in the disease progression than the
initial hypermethylation catastrophe and are
most prominent in metastases. The hypometh-
ylation alterations arewidespread in the genome
and can affect large genomic blocks spanning
hundreds to thousands of kilobases, interrupted
by regions of hypermethylation that are just a

S. Yegnasubramanian et al.

8 Cite this article as Cold Spring Harb Perspect Med 2019;9:a030445

w
w

w
.p

e
rs

p
e

c
ti

v
e

si
n

m
e

d
ic

in
e

.o
rg

 on August 27, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


few hundred base pairs (Aryee et al. 2013). This
hypomethylation is also readily observed at re-
petitive elements including L1 and Alu elements
(Florl et al. 2004; Yegnasubramanian et al.
2008). Interestingly, the hypomethylation alter-
ations do not appear to have any consistent cis
regulation of gene expression, except for a class
of cancer-testis antigen genes that are observed
to have variable hypomethylation of their pro-
moter regions associated with overexpression
(Yegnasubramanian et al. 2008; Aryee et al.
2013). Nonetheless, the hypomethylation of
large genomic regions can potentially result in
a higher propensity for genomic instability that
can drive cancer progression.

To visualize these complex alterations in
DNAmethylation in prostate cancer, we recent-
ly created genome-scale DNA methylation
“cityscapes” of lethal metastatic prostate cancer
(Aryee et al. 2013). These cityscapes depicted
DNA methylation alterations in multiple meta-
static deposits from men dying of metastatic
prostate cancer compared with normal prostate
tissues. Each metastatic deposit in a subject
represents a separate clonal outgrowth, and
thus the degree to which DNA methylation al-
terations in any one metastasis was maintained
across all other metastases within the same in-
dividual would allow assessment of which DNA
methylation alterations were maintained across
metastatic dissemination. Although the degree
of similarity in the methylation patterns overall
within a subject were much more consistently
maintained than the degree of consistency in
methylation alterations across individuals,many
DNA methylation alterations were not highly
maintained across metastases within subjects.
Such variably methylated alterations across me-
tastases within subjects were typically hypometh-
ylated regions, which were widespread across
the genome as described above. Against this ten-
dency for widespread and variable hypometh-
ylation, the DNA hypermethylation alterations
were sparse across the genome, but the majority
were highly maintained across metastases with-
in individuals. Taken together, the high degree
of maintenance of hypermethylation in the
backdrop of a pervasive tendency for hypometh-
ylation suggest that the hypermethylation al-

terations were selected for and represent driver
alterations that are part of the causal chain of
the malignant phenotype in these subjects. In
support of this notion, these consistently
maintained hypermethylation events were sig-
nificantly associated with repression of gene ex-
pression in cis, and were enriched at differenti-
ation/developmental gene sets, the majority of
which were already methylated in primary pros-
tate cancer. Collectively, these observations sug-
gest that DNA hypermethylation alterations are
highlymaintained and selected for longitudinal-
ly through disease progression and metastatic
dissemination.

Complementary to this staunch mainte-
nance of DNA hypermethylation alterations,
prostate cancers also exhibit a profound loss of
hydroxymethylation content in the genome
(Haffner et al. 2011). This may indicate a re-
duced level of active demethylation and plastic-
ity, and greater potential for maintenance and
selection of driver hypermethylation events.

Alterations in Histone Modifications
in Prostate Cancer

As technologies for measurement of histone
modifications in tissues are advancing, so too
is our understanding of histone modifications
in human prostate cancer tissues. This under-
standing began with early efforts using in vitro
experiments in cell lines studied with chromatin
immunoprecipitation and microarrays or next-
generation sequencing (ChIP-chip and ChIP-
seq). One important theme that emerged from
such studies was an “epigenetic switch,” in
which Polycomb-mediated H3K27 methylation
associated repression switched to a more stable
and non-inducible H3K9methylation andDNA
hypermethylation (Gal-Yam et al. 2008). This
was similar to observations in many cancer sys-
tems in which regions of bivalent chromatin
marks (H3K4me and H3K27me) in embryonic
stem cells that transition to H3K27me in tissue
stem cells, can undergo a switch to DNA hyper-
methylation and loss of the Polycomb mark in
the cancer cells—a phenomenon described as
a DNA hypermethylation module in the Poly-
comb stem-cell signature of cancer cells (Eas-
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waran et al. 2012). More recently, these ChIP-
seq studies have been adapted for lower input
materials and multiple studies have been able to
apply such methodologies to human prostate
tissues to measure the occupancy of trans-
cription factors and chromatin marks genome-
wide. These studies are poised to greatly im-
prove our understanding of the heterogeneity
of such epigeneticmarks in human prostate can-
cer and observe their association with cancer
initiation, progression, and response to therapy
(Adli and Bernstein 2011; Pomerantz et al.
2015).

In the meanwhile, much has also been
learned from studies examining changes in the
global levels of histone modifications, using in
situ immunohistochemistry and immunofluo-
rescence microscopy in prostate cancer tissues.
Alterations in the patterns in the global levels of
histone acetylation at H3K9, H3K18, and
H4K12, and histone dimethylation at H3R3
andH3K4 fell into distinct states within the can-
cers analyzed (Seligson et al. 2005). A more re-
cent study has shown that prostate cancers show
a significant global reduction in H3K27me3
Polycomb-mediated histone methylation marks,
occurring in early stages and continues through
the more advanced stages of the disease (Pella-
kuru et al. 2012). This reduction in the global
levels of H3K27me3 was highly correlated, even
at an individual cell level, with the global reduc-
tion in hydroxymethylation of prostate cancer
tissues as described above (Haffner et al. 2013b).
This correlation is highly suggestive of a direct
coupling between Polycomb-mediated histone
methylation and DNA methylation. Paradoxi-
cally, EZH2, the catalytic component of the Poly-
comb repressor complex PRC2, is consistently
up-regulated in prostate cancer, especially in
more aggressive and neuroendocrine prostate
cancers (Varambally et al. 2002; Koh et al.
2011; Beltran et al. 2016). The precise mecha-
nisms behind this increase in EZH2 expression
despite the global reduction in the H3K27me
mark that it is responsible for “writing” is still
not clear. However, one recent study has sug-
gested that EZH2 catalytic activity may be
involved in mediating PRC2-independent func-
tions modulating androgen receptor transcrip-

tional programs in prostate cancer (Xu et al.
2012).

CLINICAL TRANSLATION OF PROSTATE
CANCER EPIGENETICS

Even as our knowledge of the epigenetic mech-
anisms driving prostate cancer initiation and
progression advances, we can opportunistically
take forward consistent and recurrent epigenetic
alterations in prostate cancer as biomarkers that
can inform prostate cancer management deci-
sions. Moreover, our ripening knowledge of epi-
geneticmechanisms in prostate cancer is leading
to development of novel therapeutic strategies.

Epigenetic Alterations as Prostate Cancer
Biomarkers

The current management of prostate cancer is
challenged by multiple unmet clinical needs
where development of novel biomarkers to
help guide clinical decision making would be
of tremendous value. Biomarkers that are devel-
oped based on our current understanding of
epigenetic alterations in prostate cancer may
be impactful inmultiple settings of prostate can-
cer management (Fig. 2) including (1) screen-
ing, (2) diagnosis, (3) risk stratification at the
time of diagnosis, and (4) monitoring treatment
response and disease burden, especially when
the therapy involves targeting the androgen re-
ceptor such as in high risk primary prostate can-
cer or in advanced metastatic disease.

DNA-based biomarkers can have extraordi-
nary analytical sensitivity because advances in
molecular biology have allowed robust near
single-molecule detection using elegant ampli-
fication strategies. Among DNA-based bio-
markers, genetic alterations, such as mutations
and genomic rearrangements can be extraordi-
narily specific for cancer and are being pursued
aggressively. However, in prostate cancer, such
alterations can be highly heterogeneous, with
even the most frequent alterations, such as
TMPRSS2-ERG rearrangements, occurring in
50% of cases. In contrast, many DNA methyla-
tion alterations are highly frequent across cases,
with many dozens of such alterations occurring
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in 70%ormoreof prostate cancercases but not in
normal prostate. These alterationsmay therefore
be particularly useful as stand-alone biomarkers
or in combination with genetic alterations to
augment current clinical decision making.

Epigenetic Biomarkers for Prostate Cancer
Screening and Diagnosis

As a screening tool, measurement of serum PSA
is highly controversial (Strope and Andriole
2010), in large part because of its known limita-

tions in sensitivity, specificity, and positive and
negative predictive values. The development of
novel markers that can greatly add to the imper-
fect screening assessments based on serum PSA
and other clinical parameters could greatly en-
hance prostate cancer screening (Nelson et al.
2009). As discussed above, many DNA methyl-
ation alterations are highly prostate cancer spe-
cific and highly recurrent in prostate cancers,
including CpG island promoter methylation of
GSTP1, APC, RARB, RASSF1, and PTGS2,
among dozens to hundreds of others (Yegnasu-
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Figure 2. Utility of epigenetic alterations as prostate cancer biomarkers. Novel prostate cancer biomarkers are
critically needed in multiple clinical contexts, including screening, diagnosis, active surveillance, and treatment
response monitoring. Multiple types of epigenetic biomarkers, as shown on the right, may have utility to address
these unmet needs. PSA, Prostate-specific antigen; AR, androgen receptor; PCa, prostate cancer; IHC, immu-
nohistochemistry; CTCs, circulating tumor cells.
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bramanian et al. 2004; Nelson et al. 2009; Aryee
et al. 2013); if such alterations could be detected
in blood or urine of asymptomatic individuals,
they may serve as a valuable biomarker for pros-
tate cancer screening. In this regard, numerous
recent approaches to detect cancer DNA alter-
ations, including mutations and DNA methyla-
tion alterations, in circulating tumor DNA and/
or urine, provide proof-of-principle that such a
DNA methylation informed screening tool may
be feasible for prostate cancer.

In prostate cancer diagnosis, a major cur-
rent problem is the use of “blind” biopsies that
arbitrarily sample the prostate gland, even with
the typical 12-core sampling. Although pros-
tate magnetic resonance imaging (MRI) and
other imaging advances are poised to guide
biopsy toward the relevant prostate regions,
such approaches are still not standard of care
and have limitations in the size and type of
lesions that can be detected. Given the current
“blind” biopsy approach, a negative biopsy re-
sult does not rule out presence of cancer in a
region that was not sampled by the biopsy. One
approach to address this issue involves detec-
tion of CpG island promoter methylation of
GSTP1, APC, and RASSF1 in DNA extracted
from biopsy materials through a clinically used
test to assess whether there was molecular ev-
idence of cancer (Trock et al. 2012; Partin et al.
2014), even when morphological evidence was
not evident in the pathological examination of
the biopsy tissue. In one clinical study, a pos-
itive promoter methylation test was associated
with a 3.17-fold increased risk of prostate can-
cer on a subsequent biopsy, whereas a negative
test had a 90% negative predictive value for a
subsequent biopsy procedure yielding a cancer
diagnosis; a second study largely confirmed
these findings (Stewart et al. 2013; Partin
et al. 2014). Efforts to see if such assessments
could be further improved by detecting pros-
tate cancer DNA methylation alterations in
blood or urine, as a potential way to sample
the prostate gland more systematically, are also
under way. Finally, apart from DNA methyla-
tion alterations, immunohistochemical or im-
munofluorescence approaches to detecting
global alterations in the levels of histone marks

or hydroxymethylcytosine content may prove
useful in aiding the tissue based diagnosis of
prostate cancer, particularly if conventional
morphological and IHC features are inconclu-
sive (Seligson et al. 2005; Haffner et al. 2011;
Pellakuru et al. 2012).

Epigenetic Biomarkers of Risk Stratification at
the Time of Diagnosis and Monitoring during
Active Surveillance

Recent evidence has shown a systematic tenden-
cy to overdiagnosis and overtreatment of pros-
tate cancer with current medical practices. Al-
though prostate cancer claims nearly 30,000
lives every year, most of the nearly 165,000
men that will be diagnosed with prostate cancer
in 2018 in the United States will likely have in-
dolent disease that may never become life-
threatening even without radical therapy (Gui-
leyardo et al. 1980; Sakr et al. 1993; Holmberg
et al. 2012; Wilt et al. 2012; Siegel et al. 2018). It
has been estimated that somewhere between 5
and 48 men would need to be detected and po-
tentially treated with definitive management of
primary disease under current clinical practices
to prevent one death from prostate cancer (Bar-
ry 2009; Schroder et al. 2009, 2012). This means
that the majority of men diagnosed with pros-
tate cancer are at risk for complications arising
from radical prostatectomy or radiation therapy,
including urinary incontinence and sexual
dysfunction, but may not receive significant
benefit (Michaelson et al. 2008). Thus, there is
a pressing need to develop better biomarkers to
distinguish men with aggressive disease that
would benefit from primary therapy from men
with indolent disease for whom active surveil-
lance may be more appropriate. If such bio-
markers could be noninvasively assessed, they
may also aid in the monitoring during active
surveillance.

Current strategies for risk stratification to
guide decisions of active surveillance versus de-
finitive management with radical prostatectomy
or radiation therapy involve use of multiple clin-
ical and pathological parameters. Perhaps the
most important of these is the Gleason score.
When assessed by expert pathologists of radical
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prostatectomy specimens, Gleason score is an
extremely effective tool for prognostication. In
a recent study, of >2500 men that had surgical
treatment of Gleason 6 or lower prostate cancer,
none died of their disease (Hernandez et al.
2008). The problem with this measure again re-
lates to the use of “blind” biopsy during diagno-
sis; the threat of incorrect classification of Glea-
son grade and the possibility of undetected
progression during active surveillance have
been major barriers to effective decision mak-
ing. Even with the use of 12 core biopsies,
prostate biopsies sample such a small volume
of the prostate that it is still very likely to miss
aggressive cancers that are only seen after re-
moval of the entire gland. Multiple studies
have shown that the biopsy Gleason score
and radical prostatectomy Gleason score match
in only half of all cases (Steinberg et al. 1997),
with a high fraction of cases being “upgraded”
after surgery, which in most cases occurs be-
cause regions of higher grade cancer were not
sampled in the biopsy. Finally, the need to use
repetitive biopsies in the active surveillance
setting can cause significant morbidity, includ-
ing infection and even death. Thus, noninva-
sive monitoring tools would be greatly benefi-
cial.

DNA methylation alterations that are asso-
ciated with Gleason grade, and cancer aggres-
siveness more generally may serve as an effective
biomarker to address this unmet need. Multiple
previous studies have identified DNA methyla-
tion alterations associated with Gleason grade,
with metastasis, and with disease recurrence af-
ter therapy for primary prostate cancer (e.g.,
Yegnasubramanian et al. 2004; Stott-Miller
et al. 2014; Bhasin et al. 2015). If validated in
larger studies, and if detection of such biomark-
ers could be performed with noninvasive sam-
pling of tumor DNA in blood or urine, such
DNA methylation biomarkers would hold tre-
mendous promise for this major area of unmet
clinical need. Furthermore, global levels of his-
tone marks detected in situ in prostate cancer
tissues also appear to be associated with disease
aggressiveness and recurrence andmay be useful
for risk stratification of biopsy materials (Selig-
son et al. 2005).

Epigenetic Biomarkers for Monitoring Disease
Burden and Treatment Response

Molecular assessment of disease burden and
treatment response monitoring in prostate can-
cer is currently performed by serial determina-
tions of serum PSA. Although this strategy is
particularly effective in evaluating response
and recurrence after radical prostatectomy, it is
much less effective in other settings of prostate
cancer therapy, particularly with androgen re-
ceptor targeted therapies (Eisenberger and Nel-
son 1996; Scher et al. 2004, 2008). First, because
PSA is itself an AR target gene, inhibition of the
AR axis could modulate PSA expression even if
overall tumor burden did not change. Multiple
attempts to validate various serum PSA param-
eters (e.g., percent decline, doubling time, slope,
etc.) for following response to experimental or
existing therapies for advanced metastatic pros-
tate cancer have been unsuccessful (Scher et al.
2008). Finally, many compounds may affect
PSA expression independent of antitumor activ-
ity or even AR signaling.

DNA-based biomarkers of prostate cancer
may stoichiometrically reflect tumor burden
more so than protein or RNA based markers
that are affected by cellular signaling. DNA-
based markers measured in cell-free cancer
DNA or circulating cancer cells have already
been in development for measurement of mu-
tations and rearrangements in cancer cells, and
a recent report has suggested that combinations
of DNA-based markers with other modalities
such as protein markers can be effective in de-
tecting presence of cancer (Leary et al. 2010,
2012; Bettegowda et al. 2014; Newman et al.
2014; Cohen et al. 2018). DNA hypermethyla-
tion alterations are also highly promising for
tracking tumor burden and treatment response
because they tend to be stably maintained lon-
gitudinally, are highly cancer-specific, and can
occur with very high frequency in prostate can-
cer. The same types of DNA methylation alter-
ations described above as having utility for
prostate cancer screening and diagnosis could
also have utility in the space of prostate cancer
treatment response and disease burden moni-
toring.
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DNA Methylation Detection Technologies

The feasibility of measuring prostate cancer
DNA methtylation biomarkers in liquid biopsy,
including urine and blood (plasma or serum)
and in prostate secretions is becoming increas-
ingly established (Bastian et al. 2005, 2007, 2008;
Rogers et al. 2006; Baden et al. 2009). A recent
meta-analysis has shown that measurement of
GSTP1 promoter methylation in plasma and
urine using conventional DNA methylation de-
tection assays such as methylation-specific PCR
(MSP) and methylation-sensitive restriction en-
zyme PCR achieved sensitivities of ∼75% with
specificities around 95% (Wu et al. 2011).

Further improvements in DNAmethylation
detection technologies could potentially im-
prove the clinical performance of such biomark-
ers even further. Currently, most DNA methyl-
ation detection assays use sodium bisulfite
conversion of cytosine, but not methylcytosine,
to uracil. Assays such as MSP and its derivative
technologies, and bisulfite sequencing/pyrose-
quencing/next-generation sequencing, are com-
monly used tools (Clark et al. 1994; Herman
et al. 1996; Eads et al. 2000; Dupont et al.
2004). However, bisulfite conversion can be in-
jurious to DNA, potentially compromising as-
say sensitivity. Methods that do not rely on
bisulfite conversion include use of methyla-
tion-sensitive restriction enzymes to digest un-
methylated DNA, while leaving methylated
DNA intact for detection by quantitative PCR
(qPCR). Such methods can be highly sensitive,
but specificity can suffer from incomplete diges-
tion of unmethylated DNA (Yegnasubramanian
et al. 2006). Another bisulfite-free method fea-
tures use of selective affinity enrichment of
methylated DNA using methyl-binding domain
polypeptides (MBD) or 5-methylcytosine-spe-
cific antibodies, followed by qPCR. However,
background binding of unmethylated DNA or
incomplete capture of methylated DNA can po-
tentially compromise specificity and sensitivity,
respectively (Yegnasubramanian et al. 2006).
Compellingly, using a combination of methyla-
tion-sensitive restriction enzymes and affinity
enrichment of methylated DNA (COMPARE-
MS) for highly selective enrichment of methyl-

ated DNA followed by qPCR or other nucleic
acid detection methods has shown very high
assay-sensitivity and specificity while avoiding
the weaknesses of bisulfite conversion (Yegna-
subramanian et al. 2006). Whether this ap-
proach will have clinical use in the contexts de-
scribed above for prostate cancer management
must be rigorously evaluated. Finally, novel ap-
proaches for direct sequencing based detection
of DNA methylation using nanopore sequenc-
ing or other single molecule real time sequenc-
ing approaches are being developed and may
find utility for DNA methylation biomarker
detection (Simpson et al. 2017; Kelleher et al.
2018).

Targeting Prostate Cancer Epigenetics
for Therapy

Our increasing understanding of the epigenetic
mechanisms driving prostate cancer initiation
and progression is fueling development of novel
therapeutic strategies that can target these epi-
genetic processes.

Given the highly frequent and stably main-
tainedDNAhypermethylation alterations in the
prostate cancer hypermethylation cityscape that
appear to regulate key differentiation/develop-
ment and tumor suppressor pathways, it would
stand to reason that pharmacological modula-
tion of DNA methylation may have therapeutic
benefit in prostate cancer. Currently available
DNA methyltransferase inhibitors include the
nucleoside analog drugs decitabine, azacitidine,
and a new decitabine prodrug called guadecita-
bine. Decitabine and azacitidine are Food and
Drug Administration (FDA) approved for treat-
ment of myelodysplastic syndrome (Derissen
et al. 2013; Issa et al. 2015), but these agents
are being investigated in numerous disease set-
tings. For prostate cancer, and many other solid
organ cancers, these agents have not been effec-
tive as single agents. This may be in part because
of poor bioavailability, metabolism, or other
pharmacological properties, conferring a pri-
mary resistance to these agents. One known fac-
tor in this regard is the activity of cytidine de-
aminase, which can inactivate decitabine and
azacitidine (Qin et al. 2011; Gnyszka et al.
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2013). Multiple novel nucleoside analog DNMT
inhibitors that are resistant to the effects of cy-
tidine deaminase are in development, including
guadecitabine (SGI-110) (Sato et al. 2017) and
ASTX-727, a combination of cytidine deami-
nase inhibitor with decitabine. Other nucleoside
metabolizing enzymes may also confer cancer
cell intrinsic primary resistance to these agents,
and combinations that can overcome such resis-
tance mechanisms are under intense investiga-
tion. In prostate cancers, the low proliferative
index in many cancers (except in very late stage
disease and in the relatively rare small cell neu-
roendocrine carcinomas) may also be a major
factor, because the nucleoside analog DNMT
inhibitors require cells to be replicating their
DNA to allow incorporation into the genome
and exert theirmechanism of action in covalent-
ly trapping the DNA methyltransferase en-
zymes. Thus, approaches to modulate the
DNA methylation machinery without require-
ment of high proliferation rates may be more
fruitful, and such non-nucleoside DNAmethyl-
transferase inhibitors are under investigation
with some limited success (Lee et al. 2005; Lin
et al. 2011; Schweizer et al. 2013).

Histone alterations are also highly pervasive
in prostate cancer as discussed above. Multiple
HDAC inhibitors are FDA approved for treat-
ment of peripheral/cutaneous T-cell lympho-
mas and in a few other select cancer treatment
settings including panabinostat for multiple
myeloma (Mann et al. 2007; San-Miguel et al.
2016). Like DNMT inhibitors, these agents have
also not been effective as single agents in most
solid organ cancers.

However, in one recent clinical trial, the
combination of the DNMT inhibitor azacitidine
and the HDAC inhibitor entinostat displayed
some modest response rates for treatment of
advanced non-small-cell lung cancer (Juergens
et al. 2011). Most intriguingly, when the patients
on this trial went on to receive subsequent ther-
apies, including chemotherapy, targeted thera-
pies, and immunotherapy, they often had more
pronounced responses than would have been
expected for those agents or for patients receiv-
ing up to fourth or fifth line therapy. These an-
ecdotal observations suggested a hypothesis that

epigenetic drugs, even if only modestly effective
on their own, may sensitize cancers to other
therapeutic agents. Multiple mechanistic studies
have suggested that epigenetic agents, including
DNMT inhibitors and HDAC inhibitors, can
modulate the immunogenicity and immune
response of/to cancer cells, leading to a greater
tendency to respond to immunotherapies.
These hypotheses are now being tested in mul-
tiple cancer types, including prostate cancer.

Several new classes of epigenetic drugs are in
development. For prostate cancer, given the fre-
quent up-regulation of EZH2 particularly in
aggressive and neuroendocrine prostate cancer,
there is significant enthusiasm around test-
ing novel EZH2 inhibitors (e.g., tazemetostat,
CPI-1205) in extensive preclinical and clinical
studies (Knutson et al. 2012; McCabe et al.
2012). CPI-1205 (Constellation Pharmaceuti-
cals), in particular, is being tested in combina-
tion with anti-androgen therapies in the setting
of metastatic castration-resistant prostate can-
cer. Another exciting new class of drugs are
those targeting the BET-bromodomain “read-
ers” of histone acetylation marks, including
BRD4 (Filippakopoulos et al. 2010; Loven et al.
2013; Asangani et al. 2014). Because BRD4 has
been shown to have critical importance in the
regulation of MYC and AR, both of which have
critical roles in prostate cancer initiation and
progression, inhibitors of BRD4, including the
first-in-class JQ-1 and several new drugs in this
class, are being aggressively investigated for
prostate cancer therapy in pre-clinical and clin-
ical settings. There are also multiple efforts to
target HATs (Bowers et al. 2010; Yan et al. 2013),
which would be predicted to have similar effects
to that of targeting BRD4, by antagonizing the
“writing” of histone acetylation marks that
would then be “read” by BRD4. Finally, several
new programs to target various “writers” (e.g.,
HMTs) (Daigle et al. 2011), “erasers” (e.g.,
HMDs) (Hashizume et al. 2014), and “readers”
(e.g., MBD proteins) (Wyhs et al. 2014), of epi-
genetic marks are in rapid development, but are
mostly still in early stages. Another interesting
approach has been to target enzymes in classical
metabolic pathways, whose products can di-
rectly modulate the epigenetic machinery. The
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most striking example of this concept has been
the development of mutant IDH1 and IDH2
inhibitors, including ivosidenib and edasidenib,
which is now FDA approved for treatment of
relapsed/refractory, IDH2 mutant, AML (Stein
et al. 2017; Popovici-Muller et al. 2018). Mutant
IDH1 and IDH2 proteins catalyze the conver-
sion of α-ketoglutarate to 2-hydroxyglutarate
(Dang et al. 2009), a known inhibitor of α-
ketoglutarate-dependent oxygenase enzymes,
including the TET family and other histone de-
methylases, and can lead to hypermethylator
phenotypes in human cancers (Figueroa et al.
2010; Turcan et al. 2012). Whether these agents
will have utility in IDHmutant prostate cancer is
not yet known. Because such epigenetic process-
es targeted by these new agents are critically
important in normal and cancer cells, whether
such drug development programs will yield
treatments with favorable therapeutic index
and clinical utility will be the focus of intense
research.

CONCLUDING REMARKS

Our increasing understanding of epigenetic
mechanisms in health and disease has shown
that epigenetic alterations are a vital part of the
causal chain driving cancer initiation and pro-
gression. The assessment of whether these po-
tentially plastic and dynamic alterations in the
epigenetic cityscape aremaintained and selected
for during cancer progression can provide clues
as to whether such alterations are truly part of
the causal chain or simply passenger events.
This increasing understanding is fueling the
ability to target these epigenetic mechanisms
for development of clinically relevant biomark-
ers and therapeutic strategies in prostate cancer.
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