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Abstract

Context: Prostate cancer (PCa) is one of the most common human malignancies and
arises through genetic and epigenetic alterations. Epigenetic modifications include DNA
methylation, histone modifications, and microRNAs (miRNA) and produce heritable
changes in gene expression without altering the DNA coding sequence.
Objective: To review progress in the understanding of PCa epigenetics and to focus upon
translational applications of this knowledge.
Evidence acquisition: PubMed was searched for publications regarding PCa and DNA
methylation, histone modifications, and miRNAs. Reports were selected based on the
detail of analysis,mechanistic support of data, novelty, and potential clinical applications.
Evidence synthesis: Aberrant DNA methylation (hypo- and hypermethylation) is the
best-characterized alteration in PCa and leads to genomic instability and inappropriate
gene expression. Global and locus-specific changes in chromatin remodeling are impli-
cated in PCa, with evidence suggesting a causative dysfunction of histone-modifying
enzymes. MicroRNA deregulation also contributes to prostate carcinogenesis, including
interference with androgen receptor signaling and apoptosis. There are important
connections between common genetic alterations (eg, E twenty-six fusion genes) and
the altered epigenetic landscape. Owing to the ubiquitous nature of epigenetic altera-
tions, they provide potential biomarkers for PCa detection, diagnosis, assessment of
prognosis, and post-treatment surveillance.
Conclusions: Altered epigenetic gene regulation is involved in the genesis and progres-
sion of PCa. Epigenetic alterationsmay provide valuable tools for themanagement of PCa
patients and be targeted by pharmacologic compounds that reverse their nature. The
potential for epigenetic changes in PCa requires further exploration and validation to
enable translation to the clinic.
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1. Introduction

1.1. Epigenetic regulation: a brief overview

Epigenetics refers to modifications of the DNA or associated
proteins, other than the DNA sequence itself, that carry
information content regarding gene expression during cell
division [1]. At present, three main epigenetic mechanisms
are recognized: DNA methylation, chromatin remodeling,
and microRNA (miRNA) regulation.

1.1.1. DNA methylation

DNA methylation is the best-studied epigenetic mechanism
[2] and occurs in mammals mostly at cytosines within CpG
dinucleotides (cytosine followed by a guanine nucleotide)
[3,4]. 5-methylcytosine (m5C) is created through theaddition
of a methyl group to the fifth carbon of the cytosine residue
ring by DNA methyltransferases (DNMT), which use
S-adenosylmethionine (SAM) as the methyl donor [3,4].
CpGdinucleotides are commonly found in clusters calledCpG
islands, which are preferentially found at the 50 end
(promoter, untranslated regions and exon 1) of humangenes.
In normal cells, CpG island promoters are commonly
unmethylated and are associated with active gene expres-
sion. In contrast, hypermethylation of CpG islands associated
with promoters occurs on the silenced copy of the X
chromosome in females [5] and in a tissue-specific manner
[6]. In addition, CpG dinucleotides within repetitive
sequences and retrotransposons are also methylated in
normal cells, and this process is proposed to prevent ectopic
transcription during development and differentiation.

DNA promoter methylation is thought to promote
epigenetic gene silencing, either directly through the
obstruction of transcriptional activators in or near the
promoter or indirectly through the recruitment of methylcy-
tosine-binding proteins (MBP) [6]. MBPs recruit large protein
complexes, including DNMTs and histone deacetylases
(HDAC), and lead to chromatin conformation changes that
also repress gene transcription [5,7–9]. Nonprotein coding
regions, such as those around the centrosome, transposons,
and insertedviral sequences aredenselymethylated,which is
thought to maintain genomic integrity by preventing
recombination events that may lead to gene disruption,
translocations, and chromosomal instability [9,10].

DNAmethylation is critical for the regulation of multiple
cellular events and so has been implicated at a global and
local level in carcinogenesis [2,11]. The nature of these
events depends on the epigenetic change and its extent.
DNA hypomethylation is proposed to cause activation of
oncogenes and genetic instability, whilst hypermethylation
is associated with inappropriate gene silencing [2,12].

1.1.2. Histone modifications and chromatin remodeling

Chromatin is the higher order of organization of nuclear DNA,
and its basic unit is the nucleosome. This organization is
composed of a protein core (eight histones) around which
147 bp of DNA is wrapped [13,14]. Histones are dynamic
biomolecules that provide physical support to DNA and are
involved in regulating its transcription, repair, and replication

[13,15,16]. Structurally, histones possess a flexible ‘‘tail’’ that
is susceptible to post-translation biochemical modification
(such as acetylation, methylation, and phosphorylation)
[13–17]. The combination of biochemical modifications on
specific amino acids produces various structural and
translational changes—the so-called histone code.Acetylation
andmethylation are themost characterizedmodifications. In
general, acetylation diminishes the affinity of histones for
DNAandcreatesan ‘‘open’’ chromatinconformation toenable
gene transcription, and histone deacetylation is associated
with closed, or repressive, chromatin. Histone acetyltrans-
ferases (HAT) and HDACs balance acetylation to create an
equilibrium. Histone methylation may be associated either
with transcriptional activation or repression. For instance,
methylation of lysines 4, 36, and 79 of histone 3 (H3K4me3,
H3K36me, and H3K79me) are marks for active transcription,
whilstmethylation of lysines 9 and27of histone 3 (H3K9 and
H3K27) and of lysine 20 of histone 4 (H4K20) are usually
found in silent heterochromatin regions and inactive
promoters.Histonemethylation–modifyingenzymes include
histonemethyltransferases (HMT) and histone demethylases
(HDM). These enzymes display high substrate specificity
[13,15,16].

In normal cells, histone modifications are implicated in
genomic imprinting, X chromosome inactivation, embryonic
stem cell (ESC) development, and differentiation [13,18]. In
malignant cells, genome-wide histone modification is also
altered in concert with changes in DNA methylation
[2,11,19]. For example, reduced lysine 16 acetylation
(H4K16ac) and lysine 20 trimethylation (H4K20me3) of H4
are associated with hypomethylation of DNA repetitive
sequences, a hallmark of human cancer [20]. In contrast,
methylation of lysines 9 and 27 of histone 3 (H3K9me and
H3K27me) and loss of acetylation of histone 3 (H3ac) as well
as monomethylation of H3K4me are associated with DNA
hypermethylation of silenced genes [2,18]. Interestingly, the
same repressive histone marks were identified in certain
genes with tumor-suppressor behavior that are not silenced
by DNA methylation [20]. Accordingly, alterations in the
expression of key histone modulating enzymes (HDACs,
HATs, HMTs, and HDMs) have been associated with cancer
development and progression [2,11,13,14].

1.1.3. MicroRNAs

MicroRNAs (miRNA/miR) are a class of small (18–25
nucleotides in length), noncoding RNA. They are synthesized
(pri-miR)andprocessed inthenucleus(pre-miR)beforebeing
exported to the cytoplasm (mature miR). They bind mRNAs
with complementary sequences and alter their expression
through a RNA-induced silencing complex [21–23]. Each
miRNA often regulates multiple mRNAs, and eachmRNA can
be targeted by multiple miRNAs [24]. Nearly 30% of human
genesare regulatedbymiRNAs,and this regulationoccurs ina
temporal and tissue-specific manner [21].

MicroRNA expression is frequently altered in cancer and
can act as either oncogenes (when overexpressed) or tumor
suppressors (viadownregulation) [21,22]. The role ofmiRNAs
in cancer depends upon the specific target genes [21,22]. As
for coding genes, miRNA expression is altered following gene
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amplification, deletion, mutation, chromosomal abnormali-
ties, changes in expression of transcription factors, as well as
through epigenetic mechanisms [21,22,25]. Interestingly,
miRNAs are also involved in the control of chromatin
structure by targeting the post-transcriptional regulation of
keychromatin-modifyingenzymes. Inaddition,miRNAgenes
are common targets for epigenetic regulation through DNA
methylation or chromatin modifications of their promoters,
thus establishing a cross-talk between the major epigenetic
pathways [21,22].

2. Evidence acquisition

We searched PubMed for publications on prostate cancer
(PCa) epigenetics using the keywords prostate cancer, DNA
methylation, histone modifications, andmiRNAs on March 31,
2011. Only articles written in English were retrieved.
Original reports were selected based on the detail of
analysis, mechanistic support of data, novelty, and potential
clinical usefulness of the findings.

3. Evidence synthesis

A total of 153 publications were selected for the purposes of
this review.

3.1. Aberrant DNA methylation and prostate cancer

Although DNA hypomethylation was the first cancer-
related epigenetic alteration reported, few reports describe
it in PCa. Exceptions have shown that metastatic PCa has
global cytosine hypomethylation [26] and have linked
hypomethylation to chromosome instability and disease
progression [27]. Repetitive DNA regions, like LINE1, are
hypomethylated in around 50% of PCa samples, which
increases in cases with lymphatic metastases [28]. Loss of
imprinting (gene-specific hypomethylation) with conse-
quent biallelic expression of IGF2 was demonstrated in PCa
and in nonmalignant adjacent tissues from the peripheral
zone of matched specimens [29]. This suggests a regional
and tissue-specific pattern of gene expression, which might
predispose subjects to neoplastic transformation over a
long period of time. Various other genes are found to be
upregulated through promoter hypomethylation in PCa,
including CAGE [30], CYP1B1 [31], HPSE [32], PLAU [33],
CRIP1, S100P, andWNT5A [34]. Of interest, PLAU expression,
which encodes the urokinase plasminogen activator, is
associated with the acquisition of castration resistance and
increases tumorigenesis in both in vitro and in vivo models
[33]. It is likely that other proto-oncogenes transcriptionally
controlled by methylation might be activated by inappro-
priate promoter hypomethylation.

Thebest-characterized epigenetic alteration inPCa isDNA
hypermethylation. More than 50 genes with common
aberrant hypermethylation have now been described (the
most relevant are displayed in Table 1 [35–66]). These genes
are involved in key cellular pathways, including cell cycle
control, hormone response, DNA repair and damage preven-
tion, signal transduction, tumor invasion and architecture,

and apoptosis. Epigenetic changes in PCa are also reported to
commonly occur in domains [19,67] Genetic alterations
(point mutations, deletions, loss of heterozygosity) are
seldom demonstrated in these genes, suggesting that
promoter hypermethylation is the main mechanism associ-
ated with gene silencing. The rates of promoter methylation
vary between genes and between reports (because of
population-methodologic and biologic variability). Frequent
promoter methylation of some genes is also found in high-
grade prostatic intraepithelial neoplasia (HGPIN) and mor-
phologically normal prostate tissue (eg, APC, CCND2, GSTP1,
RARB2, RASSF1A, PTGS2). These data suggest that epigenetic
alterations are early events in prostate carcinogenesis
[55,68,69]. Several factors appear important for promoter
hypermethylation in the prostate, including age, diet, and
environmental factors. Of these, aging is the single most
important risk factor for the development of PCa [70], and
aberrant promoter methylation at several loci appears to
increase with advancing age [71,72].

3.2. Altered patterns of chromatin remodeling in prostate

cancer

Evidence indicates that chromatin remodeling and histone
post-translational modifications are important for the
deregulation of gene expression in PCa. In fact, gene
repression in PCa commonly occurs in domains of inactive
chromatin [19]. In addition, several histone-modifying
enzymes, including HDACs (eg, HDAC1), HMTs (eg, EZH2),
and HDMs (eg, LSD1) are altered in this tumor. Among
these, the best studied is EZH2 (encoded by the enhancer of
the zeste homolog 2 gene), a histone methyltransferase
polycomb protein that catalyses the trimethylation of
histone H3K27 and, occasionally, dimethylates H3K9 [73].
Moreover, EZH2 may be also directly involved in DNA
methylation through physical contact with DNA methyl-
transferase [74]. EZH2 overexpression is correlated with
promoter hypermethylation and repression of some genes
[75], including DAB2IP, which is involved in epithelial-
mesenchymal transition [76], MSMB, encoding the PSP94
protein that functions as suppressor of tumor growth and
metastasis [77], and NKX3.1 (through ERG overexpression)
[78]. EZH2 upregulation is associated with a high prolifera-
tion rateand tumoraggressiveness inPCa [79] andcan lead to
silencing of developmental regulators and tumor suppressor
genes. This undermines cancer cells to a stem cell–like
epigenetic state andpreventsdifferentiation[80,81].Another
class of histone modifiers, HDACs, are upregulated in PCa
[82]. In particular, HDAC1 overexpression is a common
finding in PCa and increases in castration-resistant disease
[83]. Remarkably, HDAC1 is also overexpressed in PCa types
containing TMPRSS2–ERG fusion [84]. Finally, the role of
lysine-specific demethylase 1 (LSD1, or histone demethylase
1a) has been studied in PCa. This enzyme removes mono- or
dimethyl groups from H3K4, thus acting as a transcriptional
corepressor [85], although it is also paradoxically involved in
androgen receptor (AR)–mediated transcription through
H3K9 demethylation, functioning as a coactivator [86,87].
LSD1 overexpression is associated with aggressive
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and hormone-refractory PCa with a propensity for
recurrence [86,88] eventually through promotion of cell
proliferation [89].

Histone acetylation also seems to be intimately involved
in AR activity regulation. Indeed, most AR coactivators and
corepressors influence transcriptional activity by regulating
the acetylation of either androgen-responsive genes or the
androgen receptor itself via their respective HAT or HDAC
activities [90]. Moreover, AR activity is downregulated by
HDAC1, HDAC2, HDAC3 and siRT1, suggesting that reversal
of HAT activity is important for abrogating receptor
function [91–94].

3.3. MicroRNA deregulation in prostate cancer

Although 50 miRNAs have been reported to be abnormally
expressed in PCa, only a few have been experimentally
proven to contribute to the disease (a detailed review has
recently been published by Catto et al. [23]). In PCa, miRNA
deregulation affects epigenetic reprogramming, blockade of
apoptosis, promotion of cell cycle, migration, and invasion
and is an alternative mechanism sustaining androgen-
independent growth [95]. AR signaling aberrations and

miRNAs seem to be closely linked with PCa progression,
either by miRNA regulation of AR signaling or androgen-
independent regulationofmiRNAs[95].Recently, the induced
overexpression of miR-221 or miR-222 in androgen-
dependent LNCaP cells was shown to dramatically reduce
the dihydrotestosterone-induced upregulation of prostate-
specific antigen (PSA) expression and increased androgen-
independent growth [96]. Conversely, androgens may also
playarole indownregulationofmiR-221/miR-222[96].Other
miRNAs are also potential modulators of AR-mediated
signaling. Whereas stable overexpression of miR-616 and
miR-125b is associatedwith androgen-independent PCa [97],
overexpression of miR-488 represses the transcriptional
activity of AR [98], and loss of function of miR-146a is
frequent in hormone-refractory PCa [99]. Interestingly,
miR-146a is able to suppress ROCK1 expression, a kinase
involved in the activation of hyaluronan-mediated
hormone-refractory PCa transition, thus acting as a
tumor-suppressor gene [99]. Another illustrative example
is provided by miR-331-3p, which is reported to regulate
HER-2 expression and AR signaling in PCa. In normal
prostate tissues, this particular miRNA is expressed at
higher levels than in malignant prostate tissues [97], and

Table 1 – Genes frequently methylated in prostate cancer, according with their function and pathway

Pathway Gene Designation Frequency, % References

Hormonal response

AR Androgen receptor 15–39 [35–37]

ESR1 Estrogen receptor 1 19–95 [37–39]

ESR2 Estrogen receptor 2 83–92 [37,40]

RARb2 Retinoic acid receptor b2 68–95 [35,41–43,57]

RARRES1 Retinoic acid receptor responder 1 (TIG1) 55–96 [44,45]

Cell cycle control

CCND2 Cyclin D2 32–99 [46,47]

CDKN2A Cyclin-dependent kinase inhibitor 2A (p16) 3–77 [41,42,48]

RPRM Reprimo – [45]

SFN Stratifin (14-3-3 sigma) 99 [49]

Signal transduction

DKK3 Dickkopf 3 68 [50]

EDNRB Endothelin receptor type B 15–100 [38,45,51,52,57]

RASSF1A Ras association domain family protein 1 isoform A 53–99 [41,42,48,53]

RUNX3 Runt-related transcription factor 3 27–44 [54,55]

SFRP1 Secreted frizzled-related protein 1 83 [50]

Tumor invasion

APC Familial adenomatous polyposis 27–100 [38,48,55–57,87]

CAV 1 Caveolin 1 90 [58]

CDH1 E-cadherin 27–69 [41,59]

CDH13 Cadherin 13 45–54 [41,54,60]

CD44 Cluster differentiation antigen 44 19–72 [54,61]

LAMA 3 a-3 laminin 44 [62]

LAM C2 g-3 laminin 41 [62]

TIMP3 TIMP metallopeptidase inhibitor 3 0–97 [35,38,48]

DNA damage repair

GSTM1 Glutathione S-transferase M1 58 [50]

GSTP1 Glutathione S-transferase P1 79–95 [35,38,41,45,48,50,55,57,63]

GPX3 Glutathione peroxidase 3 93 [50]

MGMT O-6-methylguanine DNA methyltransferase 0–76 [35,38,41,48,54,55]

Apoptosis

ASC Apoptosis-associated Speck-like protein containing a CARD 37–78 [54,65]

BCL2 B cell lymphoma 2 52–87 [60,65]

DAPK Death-associated kinase 0–36 [35,38,41,65]

Others

MDR1 Multidrug resistance receptor 1 51–100 [45,60,66]

PTGS2 Prostaglandin endoperoxidase synthase 2 18–88 [38,55,57]

HIC Hypermethylated in cancer 99–100 [35,38]
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miR-331-3p transfection in several PCa cell lines reduced
HER-2 mRNA and protein expression as well as blocked
downstreamPI3K/AKT signaling, suggesting thatmiR-331-
3p is able to regulate signaling circuits critical to the
development of PCa [97].

In addition to their role in AR signaling, miRNAs are
implicated in the avoidance of apoptosis during prostatic
carcinogenesis. Whereas miR-21 overexpression antago-
nizes apoptosis in PCa cells through targeting mRNA of the
phosphatase and tensin homolog (PTEN) and programmed
cell death 4 (PDCD4) genes [100,101], the same effect may
be accomplished through decreased targeting of mRNA
from the silent information regulator 1 (SIRT1) and BCL2
genes owing to miR-34a downregulation [102]. Likewise,
miR-34c, which negatively regulates the proto-oncogenes
E2F3 and BCL2, is downregulated in PCa, further contribut-
ing to apoptosis evasion by neoplastic cells [103]. Further-
more, other studies have shown that several miRNAs
(including miR-15a, miR-16-1, miR-125b, miR-145, and
let-7c) targeting well-known proto-oncogenes, such as RAS,
BCL2, MCL1, and E2F3, are frequently downregulated in PCa
[104,105].

An interesting link between apoptosis and AR signaling
has recently emerged from a systematic analysis of miRNAs
putatively targeting the AR [106]. In this study, a negative
correlation between miR-34a and miR-34c expression and
AR levels was found in primary tumors, providing clues to
the development of new therapeutic strategies for PCa
[106]. Finally, miRNA-altered expression might also foster
metastatic spread of PCa through facilitation of epithelial–
mesenchymal transition resulting from miR-205 down-
regulation [107].

3.4. Cross-talk between genetics and epigenetics in prostate

cancer

3.4.1. ETS–polycomb group proteins and ETS–miRNA cross-talk

Recently, a link between the polycomb proteins and E
twenty-six [ETS] fusion genes has been established (Fig. 1)
[78,81]. These ETS fusion genes are key to prostate
carcinogenesis and involve the fusion of an androgen-
responsive gene, androgen-regulated transmembrane pro-
tease, serine 2 (TMPRSS2) to members of the oncogenic ETS
family, either ETS-related gene (ERG) or ETS variant gene 1
(ETV1) [108]. Indeed, overexpression of the TMPRSS2–ERG
fusion gene has been reported in 40–70% of PCa cases and
around 25% of HGPIN lesions [109,110]. ETS proteins
regulate many target genes that modulate critical biologic
processes like cell growth, angiogenesis, migration, prolif-
eration, and differentiation [110].

Interestingly, the histone methyltransferase and poly-
comb group protein EZH2 has been identified as an ERG
target gene, although independent of the effects on AR in
PCa [78,81]. Specifically, a high-affinity ETS binding site was
identified on the promoter of EZH2, and ERG binding to this
promoter site was documented in multiple cell lines and
prostate tumors [78]. ERG binding leads to activation of
EZH2, and this effect can explain the ESC-like dedifferentia-
tion program observed in ERG-expressing tumors and cell
lines, as mentioned earlier in this review [78,81,111]. The
relevance of the ETS transcriptional network in regulating
EZH2 and respective target genes in PCa has been further
corroborated, with the demonstration that the epithelial-
specific ETS factor ESE3, an ETS member endogenously
present in normal prostate, controls the expression of EZH2

[(Fig._1)TD$FIG]

Fig. 1 – Schematic overview of the crosstalk between ETS–polycomb group proteins and ETS–miRNA in prostate cancer.
ESC = embryonic stem cell; AR = androgen receptor
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in opposing direction from ERG. ESE3 maintains EZH2 in a
repressed status whilst promoting the expression of tissue-
specific differentiation genes like NKX3.1 in prostate
epithelial cells [78]. Thus, when ERG is overexpressed, it
competes with ESE3 for promoter occupancy at EZH2 and
NKX3.1, thus reversing the effects of ESE3 [78]. However, it
must be kept in mind that EZH2 upregulation in PCa is not
exclusively the result of deregulation of the ETS transcrip-
tional network.

There are scarce data describing ETS–miRNA interac-
tions. A recent study, however, provides a link between
miRNA and gene fusion expression, as miR-221 was found
to be downregulated and ERG oncogene overexpressed in
PCa patients, with tumors bearing the TMPRSS2–ERG fusion
transcripts [112]. It is likely that ongoing research in this
field will uncover novel interactions between ERG,miRNAs,
and other PcG proteins with relevant implications in
prostate tumorigenesis.

3.4.2. Interplay among epigenetic mechanisms

Epigenetic mechanisms are interrelated. Consequently,
epigenetic gene regulation derives from the net result of
the several epigenetic influences acting upon a gene. Thus,
disruption of the epigenetic homeostasis may be the result
of epigenetic deregulation of epigenetic effectors. In other
words, epigenetic mechanisms may alter the expression of
genes that control epigenetic regulation to create a cycle of
aberrant gene expression. This process can be demonstrated
in PCa. For example, several miRNAs are known to be
downregulated through promoter methylation, including
miR-34a [113], miR126 [114], miR-193b [115], miR-145
[116,117], miR-205, miR21, and miR-196b [118], whereas
miR615 is upregulated as a result of hypomethylation [118].
Interestingly, up to one-third of transcriptionally deregu-
lated miRNA loci disclosed a concordant pattern of DNA
methylation and H3K9 acetylation [118], further empha-
sizing the intimate cooperation of different epigenetic
mechanisms.

Remarkably, miRNAs may also regulate epigenetic
processes by controlling the expression of DNA and
histone-modifying enzymes such as DNMTs, HDACs, and
HMTs [2,119]. However, in PCa, the only reported example
is miR-449a, which targets HDAC1, and is able to induce
tumor growth arrest in vitro [120]. Likewise, miR-101
(which directly represses EZH2 expression) is downregu-
lated in approximately one-third of prostate carcinomas,
resulting in an increase of EZH2 expression [121], a feature
that is associated with aggressive PCa [79].

3.5. Epigenetic-based markers for prostate cancer detection,

management, and risk estimation

Because of the poor specificity of current methods
(eg, serum PSA), new, robust biomarkers are needed to
improve PCa detection and management. These should be
based on the biology of PCa development and progression.
Epigenetic-based biomarkers, especially DNA methylation,
appear promising for several reasons. First, epigenetic
alterations are highly prevalent and occur early in

carcinogenesis [69,122]. Second, genomic DNA is more
stable and easier to manipulate than RNA, and some global
histone modifications may be detected using widely
available methodologies, such as immunohistochemistry.
DNAmethylation is, in addition, a positive signal thatmay be
identified among normal DNA, even when present in small
amounts, making it particularly suited for detection in
clinical samples. Finally, standardized high-throughput
technologies are now available for simultaneous detection
of DNA methylation at several loci in a large number of
samples, thus enabling their use in clinical practice. Of note,
although high-throughput miRNA analysis is possible, it is
currently unclear which method is standard [123]. Figure 2
and Table 2 provide an overview of the most promising
epigenetic-based biomarkers for PCa management. Epige-
netic factors may also be used in patient risk assessment.
Known PCa risk factors include age, diet, and genetic
background[70,124].Hypothetically, ethnic-relatedpatterns
of gene methylation might modulate the susceptibility for
the development or progression of PCa. Indeed, differences in
GSTP1 and CD44 gene promoter methylation have been
reported among African-Americans, Asians, and Caucasians
[125]. In the case of GSTP1 promoter methylation, it also
correlates with pathologic parameters predictive of more
aggressive disease (higher stage and Gleason score) [125].

3.5.1. Cancer detection and diagnosis

GSTP1 promoter methylation is the best-characterized
epigenetic biomarker for PCa [126]. TheGSTP1 gene encodes
for an enzyme (GSTpi) that is involved in reactive chemical
species and carcinogens detoxification [127]. GSTP1 is
frequently silenced (>90% of the cases) through aberrant
promoter methylation in PCa [128] and can be specifically
detected by quantitative methylation-specific polymerase
chain reaction (PCR) assays [64,129]. However, GSTP1
promoter hypermethylation is not tumor specific (present
in 70% of HGPIN) [130,131]. GSTP1 promoter hypermethy-
lation testing can be detected in prostate tissue samples and
body fluids,mainly urine and blood. Thus, its presence could
be used to screen men or stratify the need for biopsy. When
evaluated in this context, GSTP1 hypermethylation appears
to have a high specificity (86.8–100%) but low sensitivity in
both urine (18.8–38.9%) and serum/plasma (13.0–72.5%)
[132–138]. However, 5–20% of PCa cases have little GSTP1
hypermethylation [126], so multigene promoter methyla-
tion testing has been suggested. Gene panels have been
evaluated, including GSTP1/ARF/CDNK2A/MGMT [137] and
GSTP1/APC/RARB2/RASSF1A [138] in urine and GSTP1/PTGS2/
RPRM/TIG1 [139] in serum samples. As expected, the
detection rate increased significantly (86% for urine and
42–47% for serum), whilst maintaining high specificity (89–
100% for urine and 92% for serum) [137–139]. However, the
number of genes should be restricted and carefully selected,
because the simultaneous use of more than three or four
markers is likely to compromise the specificity of the test,
with only a marginal gain in sensitivity [38].

Few studies have evaluated the diagnostic or predictive
roles of histone modifications in PCa. Recently, Ellinger and
co-workers showed that H3K4me1, H3K9me2, H3K9me3,
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H3Ac, and H4Ac were reduced in PCa (vs nontumorous
prostate tissue) and that H3Ac and H3K9me2 discriminated
between the two tissue samples (80% sensitivity and >90%
specificity) [140]. Likewise, the investigation of miRNAs as
PCa biomarkers is still in its infancy. In a recent study,
Schaefer et al. performed miRNA profiling in 76 patients
who underwent radical prostatectomy (RP) and found a

signature of 10 downregulated and 5 upregulated miRNAs
in cancerous tissue compared to normal prostate tissue as
well as 2 miRNAs able to discriminate tumorous from
nontumorous prostate tissue in 84% of cases [141]. The
validation of these findings in urine or serummight provide
additional tools for the identification of PCa patients with
aggressive disease. In this regard, miR-141 seems to be a

[(Fig._2)TD$FIG]

Fig. 2 – Epigenetic biomarkers in prostate cancer (PCa) management. From the published data, specific sets of informative biomarkers were chosen for
cancer detection (EpiTest 1), as ancillary tools to histopathologic observation (EpiTest 2), pretherapeutic prediction of prognosis and tumor
aggressiveness (EpiTest 3), and prediction of recurrence and progression following radical prostatectomy (EpiTest 4). Meth refers to quantitative DNA
methylation analysis; histone modifications and expression of histone modifiers are assessed by immunohistochemistry; microRNA expression is
assessed by quantitative reverse-transcriptase polymerase chain reaction.
PCa = prostate cancer

Table 2 – Diagnostic, prognostic, and predictive information in prostate cancer provided by epigenetic biomarkers in tissue and biologic
fluids

Cancer detection Prognostic/predictive

Biomarker Sample Biomarker Sample

DNA methylation GSTP1/APC/ RARB2/RASSF1A Urine APC Biopsy

GSTP1/PTGS2/RPRM/TIG1 Serum APC/CD44/PITX2/PTGS2 Prostatectomy

GSTP1/APC/PTGS2/MDR1 Biopsy GSTP1 Serum

Histone modifications and modifiers H3Ac/H3K9me2 Biopsy H3K4me/H3K4me2/H3K18Ac Prostatectomy

EZH2/LSD1 Prostatectomy

miRNA miR-141 Plasma miR-34c/miR-96/miR-135b/miR-194 Prostatectomy

miRNA = microRNA.
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promising PCa biomarker, because it is highly expressed in
prostate carcinoma compared to nontumorous prostate
tissues [142,143], and it is detectable in plasma samples
from PCa [142].

3.5.2. Prognosis and prediction of response to therapy

There is an urgent clinical need for tests that reliably
discriminate aggressive and indolent prostate tumors.
Various epigenetic alterations are associated with PCa
outcomes and could be used in this prognostic role (eg, APC,
CDH1, EDNRB, GSTP1, MDR1, MT1G, PTGS2, RARb2, RASSF1A,
and RUNX3) [38,43,45,48,55,56,59,68,144,145]. For exam-
ple, Yegnasubramanian et al. found that PTGS2 hyper-
methylation was independently predictive of PCa
recurrence after RP [38]. Enokida et al. found a methylation
score derived fromGSTP1, APC, andMDR1 hypermethylation
that discriminated organ-confined and locally advanced
disease (72.1% sensitivity and 67.8% specificity) [56]. Serum
GSTP1 promoter methylation was found to be an indepen-
dent predictor of biochemical recurrence (BCR) in PCa
patients with clinically localized disease treated with RP
[146]. Furthermore, methylation of CD44 and PTGS2 was
also predictive of PSA recurrence following RP [147]. Similar
findings were reported for the methylation of the ABHD9
gene promoter and for an expressed sequence tag on
chromosome 3 (Chr3-EST) as well as for the PITX2 gene,
especially in patients at intermediate risk (Gleason score
6–7 tumors) [148,149]. Interestingly, high levels of APC
and CCND2 methylation predicted time to post-RP recur-
rence in Gleason score 3 + 4 = 7 carcinomas [150]. The
prognostic value of APC promoter hypermethylation has
also been established using pretreatment prostate biopsies
[151].

Once again, few data evaluate histone modifications in
this setting. Varambally and co-workers found that EZH2
was upregulated in castration-resistant PCa, suggesting a
link between chromatin modifiers and aggressive disease
[152]. Patients with localized carcinomas and EZH2 over-
expression were also at higher risk of postprostatectomy
recurrence than matching tumors with low expression
[152]. Of note, a polycomb-repression gene signature (13
genes targeted by EZH2) is associated with metastatic PCa
[80], whilst high LSD1 expression is associated with shorter
progression-free survival in prostatectomy-treated patients
[88].

Data relating particular histone modification patterns
and clinical behavior of PCa have emerged in recent years.
Using immunohistochemistry, Seligson and colleagues
analyzed a range of histone modifications, including
H3K9Ac, H3K18Ac, H4K12Ac, H4R3me2, and H3K4me2,
in 183 primary PCa samples. They found distinctive groups
among low-grade tumors (Gleason score !6). Tumors with
high immunostaining for H3K4me2, H3K18Ac, and
H3K4me2 had a low recurrence risk [153]. These findings
have been challenged by amore recent study of primary and
metastatic PCa samples in which high global levels of
H3K18Ac and H3K4me2 correlated with a three-fold
increased risk of PCa recurrence [154]. Individuals with
high H3K4me1 levels are more likely to experience PCa

recurrence [140], suggesting that analysis of H3K4 methyl-
ation status may provide clinically relevant prognostic
information.

Reports on the prognostic significance of alterations in
miRNAs in PCa are scarce. Nonetheless, expression profiling
has revealed widespread dysregulation of miRNAs that was
associated with pathologic features of locally advanced PCa,
such as extraprostatic extension [105,155]. A recent study
also suggested that a specific miRNA signature (increased
expression of miR-135b and miR-194) was associated with
earlier BCR in PCa patients submitted to RP [156]. Schaefer
and colleagues found a correlation between miRNA
expression and the Gleason score (miR-31, miR-96, miR-
205) or the pathologic tumor stage (miR-125b, miR-205,
miR-222) [141]. Interestingly, miR-96 expression was
shown to have prognostic value in PCa patients, being
associatedwith cancer recurrence after RP [141]. Likewise, a
study by Hagman et al. showed that miR-34c expression
was inversely correlated with tumor aggressiveness, World
Health Organization grade, PSA levels, and metastases
formation. Remarkably, low miR-34c expression levels
could discriminate between patients at high and low risk
for PCa progression [103].

Taken together, these data strongly indicate that some
epigenetic alterations, either isolated or in combination,
might be able to stratify patients in different prognostic
groups, adding relevant information to clinical and patho-
logic parameters that contribute to the definition of current
therapeutic strategies.

3.6. Epigenetic silencing as a therapeutic target in prostate

cancer

In contrast to genetic alterations, epigenetic changes are
chemically reversible, making them potential therapeutic
targets. The re-expression of epigenetically silenced genes
has been accomplished in vitro through the use of inhibitors
of DNMTs and HDACs. The anticancer properties of some of
these compounds led to US Food and Drug Administration
approval for the elective treatment of myelodysplastic
syndromes (5-azacytidine and 5-aza-20-deoxycytidine
[DNMT inhibitors]) and cutaneous T-cell lymphomas
(suberoylanilide hydroxamic acid [SAHA] and romidepsin,
which are HDAC inhibitors) [157–161]. Although these
compounds might provide therapeutically useful tools for
other malignancies, including PCa, it should be recalled that
among the side effects, the promotion of malignant
transformation or progression is a major concern [162].
Finally, the expanding knowledge of the role of miRNAs in
tumorigenesis is also expected to provide relevant targets
for the development of specific anticancer molecules that
may simultaneously target several key pathways.

3.6.1. Pharmacologic reversal of DNA methylation

Inhibition of DNMTs may reactivate genes silenced pre-
dominantly through aberrant promotermethylation. DNMT
inhibitors can be divided in twomain categories: nucleoside
(cytidine) and non-nucleoside analogs. The former includes
5-azacytidine and 5-aza-20-deoxycytidine, which become
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incorporated into DNA for the period of replication and
sequester DNMTs, resulting in decreased methylation of
cytosines incorporated de novo at each replication cycle.
Although there is substantial experimental evidence
sustaining the efficacy of these compounds in reversing
DNA methylation in PCa cell lines, clinical trials demon-
strated a limited benefit in PCa patients with advanced-
stage, hormone-refractory disease, expanding in only a few
weeks the progression-free interval [163,164]. Owing to the
cytotoxic effects and mutagenic potential of the nucleoside
analogs, the nonanalog class of DNMT inhibitors might be a
safer therapeutic alternative. Although procaine and
procainamide have been tested in PCa cells lines, there is
no available data concerning their effectiveness in PCa
patients. Because these compounds are also less potent in
the inhibition of DNMTs, there is clearly a need for novel
DNMT inhibitors with improved pharmacologic and clinical
profiles.

3.6.2. Therapeutic use of histone deacetylase and methyltransferase

inhibitors

HDAC inhibitors are a promising group of agents for
epigenetic therapy of cancer, which may be divided in four
classes: hydroxamic acids, cyclic tetrapeptides, short-chain
fatty acids, and benzamides [165]. This discussion will be
restricted to the former two classes, because they were the
only compounds that have been clinically tested in PCa
patients, despite extensive in vitro evidence of potential
therapeutic benefit. The mechanism of action of those
compounds is based on the occupancy of the catalytic
domain of HDACs, thus blocking substrate recognition,
leading to restoration of the expression of relevant genes
involved in cell cycle arrest, induction of differentiation, and
apoptosis [165]. Furthermore, inhibition of HDACs also
sensitizes tumor cells to chemotherapy and inhibits angio-
genesis [165]. Interestingly, the hydroxamic acids panobino-
stat and SAHA also interfere directly with AR-mediated
signaling, as these two compounds inhibit AR gene tran-
scription and interferewith the assembly of RNA polymerase
II complex at the promoter of AR target genes [166].

Panobinostat and SAHA have been tested in PCa patients
with advanced-stage disease. Response to treatment (partial)
was only observed in patients treated with a combination of
the HDAC inhibitor and a conventional chemotherapeutic
drug (doxorubicin for SAHA and docetaxel for panobinostat)
but not when given alone (although the efficacy of isolated
SAHAhas not beenassessed) [167,168]. Concerning the cyclic
tetrapeptide romidepsin, a phase 2 clinical trial enrolling 35
patients with chemonaive, hormone-refractory PCa patients,
demonstrated minimal antitumor activity and significant
toxicity [169]. There is no available information concerning
theefficacyof combinationwithconventional chemotherapy.

Histone methyltransferases are additional therapeutic
targets that deserve further testing in a clinical setting. In
contrast to HDAC inhibitors, no therapies that directly target
histone methylation are clinically available despite the fact
that there is experimental evidence for a potential therapeu-
tic benefit for this approach. Indeed, 3-deazaneplanocin A
(DZNep), an S-adenosylhomocysteine hydrolase inhibitor,

was found to globally inhibit both repressive and active
histone methylation marks as well as to induce apoptosis in
cancer cells [170,171]. Furthermore, and contrarily to what
was previously thought, the effects of DZNep on cancer cells
are not EZH2 specific [170,171].

As previously mentioned for histone methyltransferase
inhibitors, the development of histone demethylating agents
is also of great interest, although currently no compounds
have entered into clinical trials or been approved for
treatment. Finally, concerning histone demethylase inhibi-
tors, monoamine oxidase inhibitors, such as pargyline, have
been tested in vitro, taking advantage of the amine oxidase
properties of LSD1. Although pargyline efficiently inhibited
demethylation of mono- and dimethyl H3K9 during andro-
gen-induced transcription in the LNCaP cell line, the drug
concentration required to achieve such effect in vivo is toxic,
and alternative inhibitors are required [86].

4. Conclusions

Epigenetic alterations are a common feature of PCa and play
an important role in prostate carcinogenesis as well as in
disease progression. Although aberrant DNA methylation is
the best-studied cancer-related epigenetic alteration in PCa,
the study of changes in chromatin remodeling and miRNA
regulation constitute a growing research field that will
provide a more global view of the PCa epigenome as well as
of the interplay between epigenetic and genetic mechanism
involved in prostate carcinogenesis.

Deriving from this knowledge, there is handful of
biomarkers based on cancer-specific epigenetic alterations
that constitute promising tools for PCa detection and
screening, diagnosis, assessment of prognosis, and follow-
up. Finally, owing to the reversible nature of epigenetic
alterations, specific therapeutic interventions based upon
the reversal of those alterations is likely to provide
innovative tools for PCa treatment and contribute towards
improved PCa patient care in the future.
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Prognostic value of CpG island hypermethylation at PTGS2, RAR-

beta, EDNRB, and other gene loci in patients undergoing radical

prostatectomy. Eur Urol 2007;51:665–74, discussion 674.

[58] Cui J, Rohr LR, Swanson G, Speights VO, Maxwell T, Brothman AR.

Hypermethylation of the caveolin-1 gene promoter in prostate

cancer. Prostate 2001;46:249–56.

[59] Li LC, ZhaoH, Nakajima K, et al.Methylation of the E-cadherin gene

promoter correlates with progression of prostate cancer. J Urol

2001;166:705–9.

[60] Cho NY, Kim BH, Choi M, et al. Hypermethylation of CpG island loci

and hypomethylation of LINE-1 and Alu repeats in prostate adeno-

carcinoma and their relationship to clinicopathological features.

J Pathol 2007;211:269–77.

[61] Woodson K, Hayes R, Wideroff L, Villaruz L, Tangrea J. Hyper-

methylation of GSTP1, CD44, and E-cadherin genes in prostate

cancer among US blacks and whites. Prostate 2003;55:199–205.

[62] Sathyanarayana UG, Padar A, Suzuki M, et al. Aberrant promoter

methylation of laminin-5-encoding genes in prostate cancers and

its relationship to clinicopathological features. Clin Cancer Res

2003;9:6395–400.

[63] Jeronimo C, Varzim G, Henrique R, et al. I105 V polymorphism

and promoter methylation of the GSTP1 gene in prostate ade-

nocarcinoma. Cancer Epidemiol Biomarkers Prev 2002;11:

445–50.

[64] Jeronimo C, Usadel H, Henrique R, et al. Quantitation of GSTP1

methylation in non-neoplastic prostatic tissue and organ-confined

prostate adenocarcinoma. J Natl Cancer Inst 2001;93:1747–52.

[65] Carvalho JR, Filipe L, Costa VL, et al. Detailed analysis of expression

and promoter methylation status of apoptosis-related genes in

prostate cancer. Apoptosis 2010;15:956–65.

[66] Yegnasubramanian S, HaffnerMC, Zhang Y, et al. DNA hypomethy-

lation arises later in prostate cancer progression than CpG island

hypermethylation and contributes to metastatic tumor heteroge-

neity. Cancer Res 2008;68:8954–67.

[67] Devaney J, Stirzaker C, Qu W, et al. Epigenetic deregulation across

chromosome 2q14.2 differentiates normal from prostate cancer

and provides a regional panel of novel DNA methylation cancer

biomarkers. Cancer Epidemiol Biomarkers Prev 2011;20:148–59.

[68] HenriqueR, JeronimoC, TeixeiraMR, et al. Epigenetic heterogeneity

of high-grade prostatic intraepithelial neoplasia: clues for clonal

progression in prostate carcinogenesis.Mol Cancer Res 2006;4:1–8.

[69] Woodson K, Gillespie J, Hanson J, et al. Heterogeneous gene

methylation patterns among preinvasive and cancerous lesions

of the prostate: a histopathologic study of whole mount prostate

specimens. Prostate 2004;60:25–31.

[70] Gronberg H. Prostate cancer epidemiology. Lancet 2003;361:

859–64.

[71] Ahuja N, Issa JP. Aging, methylation and cancer. Histol Histopathol

2000;15:835–42.

[72] Li LC, Okino ST, Dahiya R. DNA methylation in prostate cancer.

Biochim Biophys Acta 2004;1704:87–102.

[73] Cao R,Wang L,Wang H, et al. Role of histone H3 lysine 27methyla-

tion in polycomb-group silencing. Science 2002;298:1039–43.

[74] Vire E, Brenner C, Deplus R, et al. The polycomb group protein

EZH2 directly controls DNA methylation. Nature 2006;439:

871–4.

[75] Hoffmann MJ, Engers R, Florl AR, Otte AP, Muller M, Schulz WA.

Expression changes in EZH2, but not in BMI-1, SIRT1, DNMT1 or

DNMT3B are associated with DNA methylation changes in pros-

tate cancer. Cancer Biol Ther 2007;6:1403–12.

[76] Chen H, Tu SW, Hsieh JT. Down-regulation of human DAB2IP

gene expression mediated by polycomb Ezh2 complex and

histone deacetylase in prostate cancer. J Biol Chem 2005;280:

22437–44.

[77] Beke L, Nuytten M, Van Eynde A, Beullens M, Bollen M. The gene

encoding the prostatic tumor suppressor PSP94 is a target for

repression by the polycomb group protein EZH2. Oncogene 2007;

26:4590–5.

[78] Kunderfranco P, Mello-Grand M, Cangemi R, et al. ETS transcrip-

tion factors control transcription of EZH2 and epigenetic silencing

of the tumor suppressor gene Nkx3.1 in prostate cancer. PLoS One

2010;5:e10547.

[79] Bachmann IM, Halvorsen OJ, Collett K, et al. EZH2 expression is

associated with high proliferation rate and aggressive tumor

subgroups in cutaneous melanoma and cancers of the endometri-

um, prostate, and breast. J Clin Oncol 2006;24:268–73.

[80] Yu J, Rhodes DR, Tomlins SA, et al. A polycomb repression signature

in metastatic prostate cancer predicts cancer outcome. Cancer Res

2007;67:10657–63.

[81] Yu J, Mani RS, Cao Q, et al. An integrated network of androgen

receptor, polycomb, and TMPRSS2-ERG gene fusions in prostate

cancer progression. Cancer Cell 2010;17:443–54.

[82] Patra SK, Patra A, Dahiya R. Histone deacetylase andDNAmethyl-

transferase in human prostate cancer. Biochem Biophys Res

Commun 2001;287:705–13.

[83] Halkidou K, Gaughan L, Cook S, Leung HY, Neal DE, Robson CN.

Upregulation and nuclear recruitment of HDAC1 in hormone

refractory prostate cancer. Prostate 2004;59:177–89.

E U RO P E AN URO LOG Y 6 0 ( 2 0 1 1 ) 7 5 3 – 7 6 6 763



[84] Iljin K, Wolf M, Edgren H, et al. TMPRSS2 fusions with oncogenic

ETS factors in prostate cancer involve unbalanced genomic rear-

rangements and are associated with HDAC1 and epigenetic repro-

gramming. Cancer Res 2006;66:10242–6.

[85] Lan F, Zaratiegui M, Villen J, et al. S. pombe LSD1 homologs

regulate heterochromatin propagation and euchromatic gene

transcription. Mol Cell 2007;26:89–101.

[86] Metzger E, Wissmann M, Yin N, et al. LSD1 demethylates repres-

sive histone marks to promote androgen-receptor-dependent

transcription. Nature 2005;437:436–9.

[87] Metzger E, Schule R. The expanding world of histone lysine

demethylases. Nat Struct Mol Biol 2007;14:252–4.

[88] Kahl P, Gullotti L, Heukamp LC, et al. Androgen receptor coacti-

vators lysine-specific histone demethylase 1 and four and a half

LIM domain protein 2 predict risk of prostate cancer recurrence.

Cancer Res 2006;66:11341–7.

[89] ScoumanneA, ChenX. The lysine-specificdemethylase 1 is required

for cell proliferation in both p53-dependent and -independent

manners. J Biol Chem 2007;282:15471–5.

[90] Korkmaz CG, Fronsdal K, Zhang Y, Lorenzo PI, Saatcioglu F. Poten-

tiation of androgen receptor transcriptional activity by inhibition

of histone deacetylation—rescue of transcriptionally compro-

mised mutants. J Endocrinol 2004;182:377–89.

[91] Gaughan L, Logan IR, Cook S, Neal DE, Robson CN. Tip60 and

histone deacetylase 1 regulate androgen receptor activity through

changes to the acetylation status of the receptor. J Biol Chem

2002;277:25904–13.

[92] Shang Y, Myers M, Brown M. Formation of the androgen receptor

transcription complex. Mol Cell 2002;9:601–10.

[93] Nagy L, Kao HY, Chakravarti D, et al. Nuclear receptor repression

mediated by a complex containing SMRT, mSin3A, and histone

deacetylase. Cell 1997;89:373–80.

[94] Dai Y, Ngo D, Forman LW, Qin DC, Jacob J, Faller DV. Sirtuin 1 is

required for antagonist-induced transcriptional repression of

androgen-responsive genes by the androgen receptor. Mol Endo-

crinol 2007;21:1807–21.

[95] Coppola V, De Maria R, Bonci D. MicroRNAs and prostate cancer.

Endocr Relat Cancer 2010;17:F1–17.

[96] Sun T, Wang Q, Balk S, Brown M, Lee GS, Kantoff P. The role of

microRNA-221 and microRNA-222 in androgen-independent

prostate cancer cell lines. Cancer Res 2009;69:3356–63.

[97] EpisMR, Giles KM, Barker A, Kendrick TS, Leedman PJ. miR-331-3p

regulates ERBB-2 expression and androgen receptor signaling in

prostate cancer. J Biol Chem 2009;284:24696–704.

[98] Sikand K, Slaibi JE, Singh R, Slane SD, Shukla GC. miR 488* inhibits

androgen receptor expression in prostate carcinoma cells. Int J

Cancer 2011;129:810–9.

[99] Lin SL, Chiang A, Chang D, Ying SY. Loss of mir-146a function in

hormone-refractory prostate cancer. RNA 2008;14:417–24.

[100] Lu Z, Liu M, Stribinskis V, et al. MicroRNA-21 promotes cell

transformation by targeting the programmed cell death 4 gene.

Oncogene 2008;27:4373–9.

[101] Yang CH, Yue J, Fan M, Pfeffer LM. IFN induces miR-21 through a

signal transducer and activator of transcription 3-dependent

pathway as a suppressive negative feedback on IFN-induced

apoptosis. Cancer Res 2010;70:8108–16.

[102] Kojima K, Fujita Y, Nozawa Y, Deguchi T, ItoM.MiR-34a attenuates

paclitaxel-resistance of hormone-refractory prostate cancer PC3

cells through direct and indirect mechanisms. Prostate 2010;70:

1501–12.

[103] Hagman Z, Larne O, Edsjo A, et al. miR-34c is downregulated in

prostate cancer and exerts tumor suppressive functions. Int J

Cancer 2010;127:2768–76.

[104] Bonci D, Coppola V, Musumeci M, et al. The miR-15a-miR-16-1

cluster controls prostate cancer by targeting multiple oncogenic

activities. Nat Med 2008;14:1271–7.

[105] OzenM, Creighton CJ, Ozdemir M, IttmannM.Widespread deregu-

lation ofmicroRNAexpression inhumanprostate cancer. Oncogene

2008;27:1788–93.

[106] Ostling P, Leivonen SK, Aakula A, et al. Systematic analysis of

microRNAs targeting the androgen receptor in prostate cancer

cells. Cancer Res 2011;71:1956–67.

[107] Gandellini P, Folini M, Longoni N, et al. miR-205 Exerts tumor-

suppressive functions in human prostate through down-regulation

of protein kinase Cepsilon. Cancer Res 2009;69:2287–95.

[108] Tomlins SA, Rhodes DR, Perner S, et al. Recurrent fusion of

TMPRSS2 and ETS transcription factor genes in prostate cancer.

Science 2005;310:644–8.

[109] Cerveira N, Ribeiro FR, Peixoto A, et al. TMPRSS2-ERG gene fusion

causing ERG overexpression precedes chromosome copy number

changes inprostate carcinomasandpairedHGPIN lesions.Neoplasia

2006;8:826–32.

[110] Tomlins SA, Bjartell A, Chinnaiyan AM, et al. ETS gene fusions in

prostate cancer: from discovery to daily clinical practice. Eur Urol

2009;56:275–86.

[111] Min J, Zaslavsky A, Fedele G, et al. An oncogene-tumor suppres-

sor cascade drives metastatic prostate cancer by coordinately

activating Ras and nuclear factor-kappaB. Nat Med 2010;16:

286–94.

[112] Gordanpour A, Stanimirovic A, Nam RK, et al. miR-221 Is down-

regulated in TMPRSS2:ERG fusion-positive prostate cancer. Anti-

cancer Res 2011;31:403–10.

[113] Lodygin D, Tarasov V, Epanchintsev A, et al. Inactivation of miR-

34a by aberrant CpG methylation in multiple types of cancer. Cell

Cycle 2008;7:2591–600.

[114] Saito Y, Friedman JM, Chihara Y, Egger G, Chuang JC, Liang G.

Epigenetic therapy upregulates the tumor suppressor microRNA-

126 and its host gene EGFL7 in human cancer cells. Biochem

Biophys Res Commun 2009;379:726–31.

[115] Rauhala HE, Jalava SE, Isotalo J, et al. miR-193b is an epigenetically

regulated putative tumor suppressor in prostate cancer. Int J

Cancer 2010;127:1363–72.

[116] Zaman MS, Chen Y, Deng G, et al. The functional significance

of microRNA-145 in prostate cancer. Br J Cancer 2010;103:

256–64.

[117] Suh SO, Chen Y, Zaman MS, et al. MicroRNA-145 is regulated by

DNA methylation and p53 gene mutation in prostate cancer.

Carcinogenesis 2011;32:772–8.

[118] Hulf T, Sibbritt T, Wiklund ED, et al. Discovery pipeline for epige-

netically deregulated miRNAs in cancer: integration of primary

miRNA transcription. BMC Genomics 2011;12:54.

[119] Valeri N, Vannini I, Fanini F, Calore F, Adair B, Fabbri M. Epige-

netics, miRNAs, and human cancer: a new chapter in human gene

regulation. Mammalian Genome 2009;20:573–80.

[120] Noonan EJ, Place RF, Pookot D, et al. miR-449a targets HDAC-1 and

induces growth arrest in prostate cancer. Oncogene 2009;28:

1714–24.

[121] Varambally S, Cao Q, Mani RS, et al. Genomic loss of microRNA-

101 leads to overexpression of histone methyltransferase EZH2 in

cancer. Science 2008;322:1695–9.

[122] Nakayama M, Bennett CJ, Hicks JL, et al. Hypermethylation of the

human glutathione S-transferase-pi gene (GSTP1) CpG island is

present in a subset of proliferative inflammatory atrophy lesions

but not in normal or hyperplastic epithelium of the prostate: a

detailed study using laser-capture microdissection. Am J Pathol

2003;163:923–33.

E U RO P E AN URO LOGY 6 0 ( 2 0 1 1 ) 7 5 3 – 7 6 6764



[123] Nana-Sinkam P, Croce CM. MicroRNAs in diagnosis and prognosis

in cancer: what does the future hold? Pharmacogenomics 2010;

11:667–9.

[124] Fedewa SA, Etzioni R, Flanders WD, Jemal A, Ward EM. Associa-

tion of insurance and race/ethnicity with disease severity among

men diagnosed with prostate cancer, National Cancer Database

2004–2006. Cancer Epidemiol Biomarkers Prev 2010;19:

2437–44.

[125] Enokida H, Shiina H, Urakami S, et al. Ethnic group-related differ-

ences in CpG hypermethylation of the GSTP1 gene promoter

among African-American, Caucasian and Asian patients with

prostate cancer. Int J Cancer 2005;116:174–81.

[126] Henrique R, Jerónimo C. GSTP1 hypermethylation for prostate

cancer detection, ed. 1 In: Thompson IM, Ankerst DP, Tangen

CM, editors. Current Clinical Urology Prostate Cancer Screening,

Vol. II. Totowa, NJ: Humana Press; 2009. p. 279–88.

[127] Nelson CP, Kidd LC, Sauvageot J, et al. Protection against 2-hydro-

xyamino-1-methyl-6-phenylimidazo[4,5-b]pyridine cytotoxicity

and DNA adduct formation in human prostate by glutathione

S-transferase P1. Cancer Res 2001;61:103–9.

[128] Lee WH, Morton RA, Epstein JI, et al. Cytidine methylation of

regulatory sequences near the pi-class glutathione S-transferase

gene accompanies human prostatic carcinogenesis. Proc Natl Acad

Sci U S A 1994;91:11733–7.

[129] Harden SV, Sanderson H, Goodman SN, et al. Quantitative GSTP1

methylation and the detection of prostate adenocarcinoma in

sextant biopsies. J Natl Cancer Inst 2003;95:1634–7.

[130] Cooper CS, Foster CS. Concepts of epigenetics in prostate cancer

development. Br J Cancer 2009;100:240–5.

[131] Henrique R, Jerónimo C. Molecular detection of prostate cancer:

a role for GSTP1 hypermethylation. Eur Urol 2004;46:660–9,

discussion 669.

[132] Goessl C, Krause H, Muller M, et al. Fluorescent methylation-

specific polymerase chain reaction for DNA-based detection of

prostate cancer in bodily fluids. Cancer Res 2000;60:5941–5.

[133] Goessl C, Muller M, Heicappell R, et al. DNA-based detection of

prostate cancer in urine after prostatic massage. Urology 2001;

58:335–8.

[134] Cairns P, Esteller M, Herman JG, et al. Molecular detection of

prostate cancer in urine by GSTP1 hypermethylation. Clin Cancer

Res 2001;7:2727–30.

[135] Jeronimo C, Usadel H, Henrique R, et al. Quantitative GSTP1

hypermethylation in bodily fluids of patients with prostate can-

cer. Urology 2002;60:1131–5.

[136] Gonzalgo ML, Pavlovich CP, Lee SM, Nelson WG. Prostate cancer

detection by GSTP1 methylation analysis of postbiopsy urine

specimens. Clin Cancer Res 2003;9:2673–7.

[137] HoqueMO, Topaloglu O, Begum S, et al. Quantitative methylation-

specific polymerase chain reaction gene patterns in urine sedi-

ment distinguish prostate cancer patients from control subjects. J

Clin Oncol 2005;23:6569–75.

[138] Roupret M, Hupertan V, Yates DR, et al. Molecular detection of

localized prostate cancer using quantitative methylation-specific

PCR on urinary cells obtained following prostate massage. Clin

Cancer Res 2007;13:1720–5.

[139] Ellinger J, Haan K, Heukamp LC, et al. CpG island hypermethylation

in cell-free serum DNA identifies patients with localized prostate

cancer. Prostate 2008;68:42–9.

[140] Ellinger J, Kahl P, von der Gathen J, et al. Global levels of histone

modifications predict prostate cancer recurrence. Prostate 2010;

70:61–9.

[141] Schaefer A, JungM,Mollenkopf HJ, et al. Diagnostic and prognostic

implications of microRNA profiling in prostate carcinoma. Int J

Cancer 2010;126:1166–76.

[142] Mitchell PS, Parkin RK, Kroh EM, et al. Circulating microRNAs as

stable blood-based markers for cancer detection. Proc Natl Acad

Sci U S A 2008;105:10513–8.

[143] Waltering KK, Porkka KP, Jalava SE, et al. Androgen regulation of

micro-RNAs in prostate cancer. Prostate 2011;71:604–14.

[144] Bastian PJ. Re: Poorly differentiated prostate cancer treated with

radical prostatectomy: long-term outcome and incidence of path-

ological downgrading. Eur Urol 2007;51:1142–3.

[145] Enokida H, Shiina H, Igawa M, et al. CpG hypermethylation of

MDR1 gene contributes to the pathogenesis and progression of

human prostate cancer. Cancer Res 2004;64:5956–62.

[146] Bastian PJ, Palapattu GS, Lin X, et al. Preoperative serum DNA

GSTP1 CpG island hypermethylation and the risk of early prostate-

specific antigen recurrence following radical prostatectomy. Clin

Cancer Res 2005;11:4037–43.

[147] Woodson K, O’Reilly KJ, Ward DE, et al. CD44 and PTGS2 methyla-

tion are independent prognostic markers for biochemical recur-

rence among prostate cancer patients with clinically localized

disease. Epigenetics 2006;1:183–6.

[148] Cottrell S, Jung K, Kristiansen G, et al. Discovery and validation of 3

novel DNA methylation markers of prostate cancer prognosis. J

Urol 2007;177:1753–8.

[149] Weiss G, Cottrell S, Distler J, et al. DNA methylation of the PITX2

gene promoter region is a strong independent prognostic marker

of biochemical recurrence in patients with prostate cancer after

radical prostatectomy. J Urol 2009;181:1678–85.

[150] Rosenbaum E, Hoque MO, Cohen Y, et al. Promoter hypermethyla-

tion as an independent prognostic factor for relapse in patients

with prostate cancer following radical prostatectomy. Clin Cancer

Res 2005;11:8321–5.

[151] Henrique R, Ribeiro FR, Fonseca D, et al. High promoter methyla-

tion levels of APC predict poor prognosis in sextant biopsies from

prostate cancer patients. Clin Cancer Res 2007;13:6122–9.

[152] Varambally S, Dhanasekaran SM, Zhou M, et al. The polycomb

group protein EZH2 is involved in progression of prostate cancer.

Nature 2002;419:624–9.

[153] Seligson DB, Horvath S, Shi T, et al. Global histone modification

patterns predict risk of prostate cancer recurrence. Nature 2005;

435:1262–6.

[154] Bianco-Miotto T, Chiam K, Buchanan G, et al. Global levels of

specific histone modifications and an epigenetic gene signature

predict prostate cancer progression and development. Cancer

Epidemiol Biomarkers Prev 2010;19:2611–22.

[155] Ambs S, Prueitt RL, Yi M, et al. Genomic profiling of microRNA and

messenger RNA reveals deregulated microRNA expression in

prostate cancer. Cancer Res 2008;68:6162–70.

[156] Tong AW, Fulgham P, Jay C, et al. MicroRNA profile analysis of

human prostate cancers. Cancer Gene Ther 2009;16:206–16.

[157] Byrd JC, Marcucci G, Parthun MR, et al. A phase 1 and pharmaco-

dynamic study of depsipeptide (FK228) in chronic lymphocytic

leukemia and acute myeloid leukemia. Blood 2005;105:959–67.

[158] Issa JP, Garcia-Manero G, Giles FJ, et al. Phase 1 study of low-dose

prolonged exposure schedules of the hypomethylating agent

5-aza-20-deoxycytidine (decitabine) in hematopoietic malignan-

cies. Blood 2004;103:1635–40.

[159] SamlowskiWE, Leachman SA,WadeM, et al. Evaluation of a 7-day

continuous intravenous infusion of decitabine: inhibition of

promoter-specific and global genomic DNA methylation. J Clin

Oncol 2005;23:3897–905.

[160] O’Connor OA, Heaney ML, Schwartz L, et al. Clinical experience

with intravenous and oral formulations of the novel histone

deacetylase inhibitor suberoylanilide hydroxamic acid in patients

with advanced hematologic malignancies. J Clin Oncol 2006;24:

166–73.

E U RO P E AN URO LOG Y 6 0 ( 2 0 1 1 ) 7 5 3 – 7 6 6 765



[161] Piekarz RL, Frye R, Turner M, et al. Phase II multi-institutional trial

of the histone deacetylase inhibitor romidepsin as monotherapy

for patients with cutaneous T-cell lymphoma. J Clin Oncol 2009;

27:5410–7.

[162] Perry AS, Watson RW, Lawler M, Hollywood D. The epigenome as

a therapeutic target in prostate cancer. Nat Rev Urol 2010;7:

668–80.

[163] Sonpavde G, Aparicio AM, Zhan F, et al. Azacitidine favorably

modulates PSA kinetics correlatingwith plasma DNA LINE-1 hypo-

methylation inmenwith chemonaive castration-resistant prostate

cancer. Urol Oncol. In press. DOI:10.1016/j.urolonc.2009.09.015.

[164] Thibault A, Figg WD, Bergan RC, et al. A phase II study of 5-aza-

2’deoxycytidine (decitabine) in hormone independent metastatic

(D2) prostate cancer. Tumori 1998;84:87–9.

[165] Mai A, Valente S, Rotili D, et al. Novel pyrrole-containing histone

deacetylase inhibitors endowed with cytodifferentiation activity.

Int J Biochem Cell Biol 2007;39:1510–22.

[166] Welsbie DS, Xu J, Chen Y, et al. Histone deacetylases are

required for androgen receptor function in hormone-sensitive

and castrate-resistant prostate cancer. Cancer Res 2009;69:

958–66.

[167] Munster PN,Marchion D, Thomas S, et al. Phase I trial of vorinostat

and doxorubicin in solid tumours: histone deacetylase 2 expres-

sion as a predictive marker. Br J Cancer 2009;101:1044–50.

[168] Rathkopf D, Wong BY, Ross RW, et al. A phase I study of oral

panobinostat alone and in combination with docetaxel in patients

with castration-resistant prostate cancer. Cancer Chemother

Pharmacol 2010;66:181–9.

[169] Molife LR, Attard G, Fong PC, et al. Phase II, two-stage, single-arm

trial of the histone deacetylase inhibitor (HDACi) romidepsin in

metastatic castration-resistant prostate cancer (CRPC). Ann Oncol

2010;21:109–13.

[170] Tan J, Yang X, Zhuang L, et al. Pharmacologic disruption of Poly-

comb-repressive complex 2-mediated gene repression selectively

induces apoptosis in cancer cells. Genes Dev 2007;21:1050–63.

[171] Miranda TB, Cortez CC, Yoo CB, et al. DZNep is a global histone

methylation inhibitor that reactivates developmental genes not

silenced by DNA methylation. Mol Cancer Ther 2009;8:1579–88.

E U RO P E AN URO LOGY 6 0 ( 2 0 1 1 ) 7 5 3 – 7 6 6766

doi:10.1016/j.urolonc.2009.09.015

	Epigenetics in Prostate Cancer: Biologic and Clinical Relevance
	Introduction
	Epigenetic regulation: a brief overview
	DNA methylation
	Histone modifications and chromatin remodeling
	MicroRNAs


	Evidence acquisition
	Evidence synthesis
	Aberrant DNA methylation and prostate cancer
	Altered patterns of chromatin remodeling in prostate cancer
	MicroRNA deregulation in prostate cancer
	Cross-talk between genetics and epigenetics in prostate cancer
	ETS-polycomb group proteins and ETS-miRNA cross-talk
	Interplay among epigenetic mechanisms

	Epigenetic-based markers for prostate cancer detection, management, and risk estimation
	Cancer detection and diagnosis
	Prognosis and prediction of response to therapy

	Epigenetic silencing as a therapeutic target in prostate cancer
	Pharmacologic reversal of DNA methylation
	Therapeutic use of histone deacetylase and methyltransferase inhibitors


	Conclusions
	References


