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Abstract

Acquired or inherited genetic alterations either alone or in combination with epigenetic alterations are associated
with prostate carcinogenesis and its progression toward advance metastatic or castration-resistant disease. A
major objective of translational cancer research in post-genome era is to discover the repertoire of genetic and
epigenetic variations associated with prostate cancer. Genome-wide association studies have been at least
partially successful in identifying potential germline polymorphisms and allelic imbalances such as microsatellite
instability and loss of heterozygosity associated with prostate cancer susceptibility. Epigenetic mechanisms such
as DNA hyper- or hypomethylation and histone modifications are reversible genetic alterations which allow stable
inheritance of cellular phenotypes without any changes in the DNA sequence or quantity. Epigenetic modifica-
tions can potentially be used for the molecular classification, detection, and risk assessment in prostate cancer.
Chemical inhibitors of DNA methyltransferases and histone deacetylases have been used in different clinical
trials and hold promise as novel chemotherapeutics to be effective alone or in combination with other therapeutic

interventions in prostate cancer.
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Introduction

Prostate cancer (PCa) is the most frequently diagnosed
non-skin tumor and the second leading cause of can-
cer-related deaths in the male population in most
Western countries." With the increasing usage of pros-
tate-specific antigen (PSA) testing, there is an in-
creased tendency to diagnose PCa in developing coun-
tries. Race, family history and age are the unequivo-
cally accepted risk factors for PCa. It is well estab-
lished that PCa does not affect racial/ethnic popula-
tions similarly. In 2007, PCa was accountable for 37%
of all cancers in African-American men in the United
States.” African American men have a 1.6-1.9 times
higher incidence rate and 2-3 times greater mortality
rate than Caucasians. These findings showed to be per-
sistent for more than two decades, before and after the
PSA era.® Black men of West African ancestry from
the Caribbean and South America share a similar inci-
dence and mortality rate when compared to African
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American men. In this ethnic group, PCa presents with
a higher tumor volume, more advanced tumor stage, a
higher Gleason score, and a higher PSA. Overall, Afri-
can American men have a worse prognosis than their
Caucasian counterparts. The underlying reasons for
such disproportionate ethnic differences in PCa prog-
nosis and mortality are unclear. In part, genuine racial
differences in cancer genetics and biology, socio-
cultural differences, and/or access to health care sys-
tems are responsible but these factors do not totally
explain the higher mortality rate in African Americans
with PCa.

PCa is known to be an indolent disease, but up to
30% of the tumors progress aggressively. PCa typi-
cally initiates as androgen-sensitive lesions but fre-
quently develops into androgen-insensitive lesions
with progression to an advanced stage (Figure 1).
Androgens and other steroid hormones, acting via
their receptors, regulate the development and mainte-
nance of the differentiated functions of the male re-
productive system and have been implicated in PCa
development and progression.® Currently, available
methods for PCa treatment aim to inactivate the an-
drogen receptor (AR) by androgen deprivation or
blockade with anti-androgens. The majority of the
patients with early metastatic disease could be treated
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Fig. 1: Multistep prostate cancer development and progression.

Normal prostate gland aging eventually leads to benign prostatic hyperplasia (BPH) in adult males. Malignant de-
velopment of the prostate may originate from prostate intraepithelial neoplasia (PIN) which, in turn, may remain as a
clinically or histologically dormant lesion, progresses into organ-confined or a locally invasive tumor, and finally,

evolve into hormone-refractory or metastatic disease.

with androgen-deprivation therapy which leads to a
significant reduction of androgen-responsive cancer
cells. Androgen-deprivation via chemical or surgical
castration leads an initial and clinically satisfactory
treatment. However, the tumor almost always be-
comes hormone-refractory and more aggressive in the
later stages, leading to a poor prognosis, incurable
disease, and death.* However, contrary to localized
PCa which can be effectively treated with radical
prostatectomy or other modalities, hormone-
refractory disease does not have effective therapeutic
options. Currently, available therapeutic approaches
for advanced or metastatic stages of PCa are only pal-
liative rather than curative.

Failure of endocrine therapy and tumor progres-
sion is characterized by androgen-independent growth
despite the presence of high levels of AR expression
in metastatic disease. The persistent expression of
PSA, as an androgen responsive gene despite maxi-
mal androgen blockade has led many researchers to
investigate alternative signaling pathways for the AR
activation in PCa. Although the role of androgen is
important, it is insufficient to maintain normal pros-
tate homeostasis by itself. This process also requires
complex interactions between peptide growth factors
and other growth modulators that may be regulated
either by androgens or other factors. Additionally, a
number of neuropeptides produced locally by neuro-
endocrine cells can also stimulate mitogenesis and
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affect the biological behavior of PCa cells.” As in
many other cancers, genome-based technologies and
approaches have demonstrated the accumulation of a
variety of genetic defects, hypermutator phenotypes,
and epigenetic processes (e.g., hypermethylation of
tumor suppressors, hypomethylation of oncogenes,
histone modification, genomic imprinting) that would
eventually create the gene-specific or genome-wide
genetic instability in the form of microsatellite insta-
bility (MSI), loss of heterozygosity (LOH), allelic
loss (AL), single nucleotide polymorphisms (SNPs),
somatic and germline mutations, chromosomal aber-
rations (e.g., chromosomal breaks, translocaions, re-
combinations), and ETS gene fusions during the natu-
ral history of PCa (Figure 2).

Indeed, PCa resembles proteus by having a varied
nature, the ability to assume different forms and the
ability to display of great diversity of clinicohisto-
pathological behaviors which challenge clinicians.
During the last decade, significant progress has been
made in understanding the underlying biological and
molecular genetic mechanisms involved in prostate
carcinogenesis and its progression toward an ad-
vanced or metastatic stage. It is anticipated that by
knowing the molecular signature of a PCa patient, we
would be able to develop reliable predictive models
for PCa prognosis, clinical behavior of the disease,
and response to treatment, and to provide an individ-
ualized, targeted intervention.
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Fig. 2: Possible risk factors in prostate carcinogenesis and progression.

Natural history of prostate cancer appears as a versatile phenomenon with numerous contributing risk and/or etio-
logical factors. These factors include age, family history, race, dietary and environmental elements, steroid hor-
mones and their receptors, and growth regulators in connection with genetic make up and epigenetic processes
which eventually lead to genetic instability and subsequently, to the progressive disease.

In this review, | focus on current knowledge of
genetic and epigenetic alterations in human PCa and
discuss their potential or practical implications for
PCa screening, diagnosis, and treatment.

A. Genetic Alterations in Prostate Cancer

PCa development results from the progressive ac-
cumulation of multiple genetic events. These events
provide a hospitable soil for additional genetic altera-
tions in the tumor microenvironment. Modern genetic
and genome-based technologies have provided evi-
dence for the presence of somatic alterations and
germline variations which not only individualize PCa,
but also serve as a driving force for prostate carcino-
genesis and its progression toward advance incurable
stages. Gene expression and microarray analyses of
somatic alterations in PCa revealed the role of certain
tumor suppressor genes (TSGs) and oncogenes.

Oncogenes are essentially the product of proto-
oncogenes which have been subjected to genetic
changes such as mutations, deletions, rearrangements,
overexpression, or amplifications. Such oncogenic-

82

conversions lead to uncontrolled growth and other
exaggerated phenotypes which are most commonly
associated with malignant cells. For example, a single
missense point mutation in the Ras gene converts it to
a potent oncogene. In addition to Ras, c-Myc, c-
ErbB2 (Her2/Neu), and Bcl-2 oncogenes have been
implicated in PCa (Table 1).

Similarly, genetic aberrations such as mutations,
deletions, haplo-insufficiency, and promoter hyper-
methylation have the ability to inactivate or divert the
TSGs from their native role as tumor suppressors.
Several TSGs have been associated with prostate car-
cinogenesis and its androgen-independent or hor-
mone-refractory progression. The p53 gene, known as
the guardian of the normal genome, is the most com-
monly mutated gene in human malignancies includ-
ing PCa. The p53 gene is mutated in approximately
10-20% of primary and up to 42% of advanced PCa.”®
Among other TSGs, PTEN mutations are detected in
up to 27% of localized and up to 60% of metastatic
tumors.”**
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Table 1: Common somatic genetic changes in prostate cancer.

Gene Chr Event Function

ETS genes® 7 Fusion to AR-targeted genes Transcription factors, differentiation,
(TMPRSS2)* growth

NKX3.1' 8p21 Inactivation Cell growth/differentiation

c-Myc 8q Genomic amplification Cell growth/differentiation

PTEN® 10923 Inactivation Cell growth/metabolism

GST-Pi* 11 Promoter methylation Oxidative stress response

Rb? 13q LOH, mutation” Cell cycle regulation

P53 17p LOH, mutation Cell cycle regulation, apoptosis, DNA

damage detection

ETS genes 21 Fusion to AR-targeted genes Transcription factors, cell growth
(TMPRSS2) [differentiation

AR X Mutation, Cell growth/differentiation

genomic amplification

2ETS: ETS family of transcription factors, ° AR, androgen receptor,  TMPRSS2, transmembrane protease serine
type 2, 4GST-Pi, glutathione S-transferase pie, * PTEN, phosphatase and tensin, "NKX3.1, NK3 homeobox 1, ?Rb,

retinoblastoma, " LOH, loss of heterozygosity.

In addition to the classically known oncogenes, the
AR has been considered as an oncogene that is in-
volved specifically in prostate carcinogenesis and
PCa recurrence. Due to its special role, we describe
its genetic alteration in more details. Functional AR is
expressed at any stage of PCa including prostate in-
traepithelial neoplasia (PIN), primary PCa, and meta-
static PCa before and after androgen-ablation therapy.
Androgen-dependent and androgen-independent acti-
vation of the AR have been proposed as major events
in PCa progression. The AR gene is located on the X
chromosome at position Xg11-12 and spans ~90 kb
containing eight exons that code for a ~2,757 bp open
reading frame within a 10.6-kb mRNA. The AR is a
nuclear transcription factor and a member of the ster-
oid hormone receptor superfamily of genes. The nor-
mal growth, development, and maintenance of the
prostate are dependent on androgen acting through
the AR. Loss of androgen-dependence in PCa re-
mains a key dilemma in treating this malignancy.
Several AR-related mechanisms have been proposed
for metastatic or androgen-independent PCa progres-
sion including: 1) AR amplification, 2) a hypersensi-
tive AR resulting from point mutations, 3) promiscu-
ous mutant-AR protein activated by non-androgenic
ligands and 4) AR-polymorphisms changing the re-
sponse to androgen (e.g., poly-CAG repeat). The
functional significance of an AR mutation in PCa is
represented in the LNCaP cell line where the AR gene
is mutated at codon 877 (Thr to Ala)."? Due to this
mutation, the growth of LNCaP is stimulated in vitro
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not only by androgens, but also by non-androgenic
steroids (e.g., estrogens, progesterone) and anti-
androgens. The AR is among the most mutated type
of the steroid receptors. So far, more than 700 muta-
tions of the AR have been reported, most of which led
to different, non-malignant clinical categories of an-
drogen-insensitivity syndrome.”® Overall, AR muta-
tions in Caucasian patients are rarely found in un-
treated localized PCa (<2%), but are detected at a
high frequency in hormone-refractory, androgen-
ablated, and metastatic tumors.’*'* The frequency of
AR mutation varies greatly among different studies,
up to 25% in AD tumors and up to 50% in some met-
astatic hormone-refractory tumors.”® The gain of
function mutations of the AR in PCa are detected in
different functional domains and rarely in 5°- and 3’-
UTRs of the gene. Most of these mutations are single
base substitutions that directly or indirectly affect the
AR function. About 49% of the mutations are located
in the LBD, 37% at the NTD, and 7% at DBD. Unlike
somatic mutations, germline AR mutations are rarely
identified. The result of several linkage studies of he-
reditary PCa have not showed a linkage to the Xq11-
g12 chromosomal region of AR indicating that the AR
gene may not be a major PCa susceptibility gene.'®*
However, it does not exclude the possibility that the
AR as a low to moderate peneterance, predisposing
gene for PCa. The existing reports on AR germline
mutations in PCa are limited to Caucasian patients.
The R726L mutation was reported in Finnish patients
with sporadic or familial PCa.***® Additional reports
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include two unrelated PCa patients with G2T and
C214A mutations within the 5’-UTR (non-coding)
region of the AR and one final report showed the
AR-Q798E mutation in the PCa tissue and the gDNA
of a patient.”* AR somatic and germline mutations
have been recently reported in African Americans
with sporadic or familial PCa.?>?* While investigating
AR sequence in the EOO6AA cell line derived from a
Gleason 6 organ-confined tumor, we observed X
chromosome duplication and AR gene amplification.
Somatic AR mutation (599 S>G) in this cell line was
proved to be as dominant-negative or loss-of-function
type.” In addition, in author’s laboratory, a germline AR
(AL1675T:T559S) substitution mutation in the DNA-
binding domain was discovered for the first time in three
PCa-affected members of an African-American family
with a history of early-onset disease.?

B. Important DNA Polymorphisms in Prostate Cancer

In two randomly selected human genomes, only
0.1% of the DNA sequence (i.e., 3 x 10° bases) is not
identical. This variation is known as a polymorphism.
The simplest form of this variation is the substitution
of one single nucleotide for another, termed single-
nucleotide polymorphism (SNP). SNPs are the most
common type of polymorphisms and occur with a
frequency of 1 in 250 base pairs in the entire genome
including the promoter region, exonic sequences, in-
tronic sequences, and other non-coding sequences.
These simple DNA sequence changes may or may hot
change the encoded amino acids. SNPs may influence
promoter activity, DNA and pre-mRNA confor-
mation, MRNA stability, and play a direct or indirect
role in phenotypic expression. Comparative studies

Table 2: SNPs with strong association with prostate cancer.

on identical twins, fraternal twins, and siblings sug-
gest that genetic variations in the form of SNPs is one
of the factors associated with a susceptibility to many
common benign and malignant diseases such as
asthma, diabetes, cancer, hypertension, migraine, and
human traits such as tallness, curly hair, and individ-
uality®®? (Table 2). In addition, several investigators
reported important polymorphic variants of androgen-
regulatory genes in PCa (Table 3).

A relatively long fragment of DNA with approxi-
mately 100 kilobases and a distinctive set of SNPs for
any given location of a chromosome is called a haplo-
type. Haplotype diversity among individuals may be
generated by new SNP alleles originating secondary
to mutations at various loci.” The technological de-
velopment of SNP microarrays has enabled simulta-
neous detection of a significantly large number of
polymorphic loci. SNP genotyping methods allow
investigators to detect copy number changes and sig-
nal intensity variations together with the changes in
allelic composition, loss of heterozygosity (LOH),
and linkage analysis of cancer susceptibility loci.
While the high density resolution of SNP arrays is
clearly an advantage, like other DNA array-based
methods, SNP microarray analyses have several limi-
tations including the inability to detect balanced
chromosomal translocations, inversions, and whole-
genome ploidy changes. Several investigators have
provided evidence in support of the association be-
tween SNPs and sporadic, hereditary, or familial PCa.
Other studies have been carried out to predict PCa
risk with genome-wide association (GWA) SNPs. The
overall magnitude of effect for individual GWA SNP
is small and might only account for 15% risk; for fa-

Chr® SNP ? Reference # Alléeles (- OR°® Function Refs
/+)
11913 7931342 TIG 1.21 Intergenic sequence 25
26
19913 2735839 AIG 1.37 Androgenic effect 27
26
7921 6465657 T/IC 1.19 Membrane trafficking 26
10q11 10993994 cIT 1.38 Tumor suppression 25
26
17912 4430796 G/A 1.22 Tumor suppression /epithelial differen- 27
tiation 25, 26
Xpll 5945619 TIC 1.29 Apoptosis, DNA repair, stress re- 28
sponse 26
10926 4962416 TIC 1.18 Antiapoptic properties 25
6025 934554 cIT 1.21 Drug detoxification properties 26
17924 1859962 TIG 1.2 Intergenic sequence 27
26
3pl2 2660753 CIT 1.3 Intergenic sequence 26

4SNP, single nucleotide polymorphism; ° Chr, chromosome; ¢ OR, odds ratio related to having an additional copy
of the risk allele; ¢ Alleles (-/+), the right allele is associated with increased PCa risk.
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milial PCa; therefore, due to their low value for pre-
dicting familial PCa risk, it is unlikely that they may
account for high percentage of sporadic PCa in the
general population. However, a combination of indi-

Prostate cancer genetic and epigenetic

with short alleles; median length, 18), less frequent in
European-Americans (62% with short alleles; median
length, 21), and least common in Asians-Americans
(49% with short repeat alleles; median length, 22);%

Table 3: Important polymorphisms of androgen-regulatory genes.

Gene Polymorphism Normal function Effect of polymorphism
AR’ CAG or GGC Prostate growth/ Structural change in AR
Differentiation
726(R>L) Changes in transcriptional activity of AR
1733(g>a) Increased PCa risk
748 (a>t) Reduced AR stability
CYP17° 27(t>c) Steroid metabolism By generating one more SP1-binding motif
(-34) 5-UTR increases transcription rate
cypiB1' 355(g>t) Testosterone hydroxylation Amino acid substitution
100 (c>t) Unknown
263(g>a) Unknown
13(c>t) Unknown
142(c>Q) Amino acid substitution
CYP3A4° CYP3A4°1B Oxidative metabolism of testos- Unknown / SNP in the promoter
[392(a>Q9)] terone
CYP3A5" CYP3A5"3 Metabolic detoxification Reduction of enzymatic activity/defect in

or clearance
CYP3A43 CYP3A43*3
31867(c>Qg)
TA (n) repeats
at 3-UTR

SRD5A2
terone to DHT

Testosterone metabolism

5a-reductase/converts testos-

splicing
Amino acid substitution

Unknown

2 DHT, dihydrotestosterone, ° SNP, single nucleotide polymorphism, ¢ UTR, untranslated region of gene, °AR, an-
drogen receptor, © CYP17, cytochrome P450C17q, "CYP1B1, cytochrome P4501B1, ¢ CYP3A4, cytochrome

P4503A4, " CYP3AS5, cytochrome P4503A4

vidual SNPs which are independently associated with
PCa can significantly (2 to 4-folds) increase the risk
of PCa among the carriers of risk-alleles.***

Polymorphic CAG/GGC Repeats of AR Gene
Androgens are native ligands for the AR. The
most variable region of the AR is the N-terminal do-
main (exon 1) with 555 amino acid residues. This
domain has several regions of highly repetitive DNA
sequences. Two of the most highly recognized AR
gene polymorphisms are the (CAG)n and (GGC/N)n
repeats. The most important is a CAG triplet that be-
gins at codon 58 with an average of 22 repeats. In
vitro studies have demonstrated an inverse relation-
ship between the length of both repeats and the AR
activity level.*® With respect to CAG repeats, studies
have suggested that 27 alleles ranging from 5 to 31
repeats could be detected in various populations. Ear-
lier studies indicated that short CAG repeats (< 22)
are more prevalent in African American males (75%
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thus, an AR with shorter CAG repeat lengths is more
prevalent in racial groups with higher PCa risk. Short
CAG repeat lengths also correlate with early onset of
PCa suggesting that early tumorigenesis is dependent
on a more active AR.**** The biological significance of
polyglycine (GGC/N) repeat in the exon 1 is less clear;
hence, some studies have proposed that the size of the
glycine repeats might increase the PCa risk.**" Chang
et al. suggested that AR alleles with < 16 GGC repeats
are associated with PCa risk. However, it was most
recently revealed that there is no significant association
between CAG/GGC polymorphisms and PCa risk in
African Americans or Caucasian Americans.**%®

Cell-Cycle Related Genes

SNPs of cell cycle regulating genes have been in-
vestigated in several PCa association studies. Kibel et
al investigated nine SNPs of TP53, CCNDI,
CDKN1A, CDKN1B, CDKN2A, and MDM2 and dis-
covered that the t allele of MDM2 was the most
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promising allele associated with PCa.*® The presence
of at least one copy of the t allele of MDM2
tSNP309g was associated with an increased risk of
advanced PCa (odds ratio [OR] 2.26, 95% CI 1.15-
4.46). This association was particularly strong in
hormone-refractory PCa (OR 2.28, 95% CI 1.01-
5.12) and a younger age of diagnosis. The MDM2
tSNP309g is located in the promoter region and in-
creases the affinity for the transcription factor Spl
which increases MDM2 expression levels. In another
study analyzing six SNPs in p53, p21, MDM2, PTEN,
GNAS1, and bcl2 genes, there was a significant in-
crease in the frequency of the GNAS1 C/C genotype
in PCa patients compared with control subjects.*

Cell-Adhesion Regulatory Genes

Among the cell adhesion molecules, the E-
cadherin is a highly polymorphic gene. Its aberrant
expression is associated with malignant prostate
transformation, metastatic potential of primary PCa,
and poor prognosis.**** The -160C/A polymorphism
of E-cadherin promoter has been intensively studied
in carcinomas. The transcription activity of the A al-
lele is 68% less than the C allele.** Verhage et al.
have demonstrated that the A allele frequency was
significantly higher in PCa patients than in the control
subjects.” The A-allele carriers had a relative risk of
4.6 (2.3-9.3) for sporadic and 2.2 (0.9-5.2) for hered-
itary PCa.

The intercellular adhesion molecules (ICAMs) are
a group of proteins involved in cell adhesion and sig-
naling associated with several human cancers, includ-
ing endocrine-regulated breast and PCa.”®*® Expres-
sion alterations in these adhesion molecules may lead
to the destruction of tissue architecture and distant
metastasis.*®*® Chen et al. investigated the association
between ICAM genes polymorphisms and risk of
PCa. They identified that two SNPs (-9 A/C and
K469E) in the ICAM-1 gene that were associated with
PCa risk in men who had a positive family history of
PCa. In addition, there was an increased risk of dis-
ease for those with the CC genotype (-9 A/C variant)
of the ICAM-1 gene and those with at least one G al-
lele of non-synonymous K469E variant. Finally, they
found a significant association in PCa for a common
haplotype within the ICAM gene cluster containing
the -9 A/C variant.”’

Angiogenesis Regulatory Genes

Neoplastic growth is dependent on the formation
of new blood vessels (neovascularization) for oxygen
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and nutrient supply. Cancer cells stimulate angiogen-
esis, a complex multistep process that involves vari-
ous angiogenic factors and matrix-degrading proteo-
lytic enzymes.® Vascular endothelial growth factor
(VEGF) is one of the most potent angiogenic factors.
The association between various SNPs of VEGF (-
1154AA and -634CG) and PCa has also been investi-
gated. In two independent studies,®*** the VEGF -
1154AA genotype proved to be less frequent in PCa
patients than in the control subjects. In addition, pa-
tients with the -1154A-allele were significantly less
susceptible to high-grade tumors when compared
with non-carriers. On the contrary, a significantly in-
creased PCa risk was associated with the VEGF-634
(GC+CC) combined genotype. The VEGF -634C al-
lele was associated with an aggressive phenotype of
PCa. Together, the VEGF haplotype (-1154A/-634G)
was negatively associated with risk of PCa risk and
aggressive tumors. Additional studies also reported
the association between other SNPs for angiogenic
factors (e.g., various isoforms of nitric oxide synthe-
sis, epidermal growth factor) and PCa risk.>*>*

Vitamin D Pathway-Related Genes

Several studies have demonstrated a chemopre-
ventive role for Vitamin D in PCa. Vitamin D exerts
its anti-tumor effect by increasing apoptotic-cell
death, inhibiting cell cycle progression, interacting
with the insuline-like growth factors, and decreasing
the metastatic potential of PCa. The association be-
tween Vitamin D and PCa risk remains controver-
sial.>>" The anti-proliferative effects of activated
Vitamin D are thought to be mediated through a
pathway that involves Vitamin D Receptors
(VDRs).*® It is possible that VDR gene polymor-
phisms could affect the binding of biologically active
vitamin D and modulate the anti-proliferative effects
of Vitamin D. Several studies focused on the six pol-
ymorphic loci (Cdx2, Fokl, Bsml, Apal, Tagl, and the
poly A microsatellite) of the most common VDR var-
iants. Initial reports revealed an association of the
Taqgl tt and poly (A) SS genotypes with decreased
PCa risk.>®® In another study on the Brazilian popu-
lation, there was no association between the Apal and
Tagl polymorphisms between PCa patients and con-
trols.”* In a population-based study, the frequency of
the Bsml, Fokl, and poly A genotypes were found to be
similar in PCa patients and control subjects with no
association between these variants and PCa.®* Howev-
er, further stratification showed that in men with local-
ized PCa, the Bsml bb genotype was associated with a
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modest increase in risk when compared with the BB
genotype.

C. Microsatellite Instability in Prostate Cancer

In general, loss or gain of chromosomes, could be
studied by Karyotype, comparative genomic hybridi-
zation (CGH) or fluorescent in situ hybridization
(FISH). However, allelic imbalances such as mi-
crosatellite instability (MSI) and loss of heterozygosi-
ty (LOH) on chromosomes can be further evaluated
and located with the help of microsatellite DNA
markers. Microsatellites are genetically unstable,
short, polymorphic, tandem repeat DNA segments
distributed throughout genome. MSI was prominently
demonstrated in hereditary non-polyposis colorectal
cancer (HNPCC) and has been associated with de-
fects in certain DNA repair genes.®*** Conservation
of genomic stability is at least partially dependent on
a specific class of DNA mismatch repair (MMR)
genes which are responsible for correcting the mis-
incorporated nucleotides caused by either a replica-
tion error or any chemical induction.®® Structural and
functional defects of MMR genes lead to the loss of
MMR proteins, down-regulation of MMR enzyme
activity, and a lower expression of MMR-related
genes. Collectively these defects are frequently asso-
ciated with a higher mutation rate (100-1000 fold)
and tumorigenesis.®® Microsatellite analyses have
shown frequent allelic losses on the short or long arm
of different chromosomes (e.g., 1q, 3p, 59, 64, 749, 8p,
10q, 13q, 16q, 17p, 17q, 18q) in PCa. Studies have
indicated that the average allelic losses on these
chromosomes range from approximately 13% for 17q
to 36% for 8p in primary tumors and 27% for 17q to
61% for 13q in metastatic tumors. Overall, the high-
est allelic loss was 42% and 40% at 16q and 8p re-
gions, respectively. Since the allelic imbalance on
these two loci has also been associated with PCa link-
age studies, it suggests the presence of TSGs.

D. ETS Gene Fusions

Oncogenic translocations, the abnormal fusion of
two genes, result in the formation of chimeric protein
with dysregulated gene expression and a high poten-
tial for transforming abilities. In most cases the in-
volved genes are transcription factors that bind to
their specific target DNA sequences, mostly located
in the promoter regions of genes and increase or de-
crease their expression. The ETS transcription factors
can change the expression of several proteins which
are involved in a variety of signaling pathways regu-
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lating cell growth, senescence, apoptosis, motility,
and carcinogenesis. Following gene fusion, the ETS
transcription factors abnormally activate or silence
their specific target genes leading to oncogenic trans-
formation.®” The discovery of ETS gene fusions has
improved our understanding of early PCa develop-
ment. Fusion of the AR-regulated gene transmem-
brane protease, serine 2 (TMPRSS2) to the ETS fami-
ly member, ERG (v-ets erythroblastosis virus E26
oncogene homolog) is observed in approximately half
of PCa. The TMPRSS2-ERG fusion results in a high
expression of the ERG gene and is believed to serve
as a driving force behind prostate tumorigenesis.®
Other groups have also identified such translocations
in a high percentage of PCa patients.®*”® Additional
reports support the presence of ETS translocations in
aggressive tumors and associates with high PCa-
specific mortality.*®’%"* The fusion events that in-
volve ETS family members are likely to be important
during early carcinogenesis events and continue to
exist in metastatic and castration-resistant PCa. So
far, no universally consistent association exists be-
tween ETS fusions and the clinical outcome of the
disease. It appears that in addition to the ERG gene
status, other factors or variables play major roles for
poor clinical outcome. Analysis of the TMPRSS2-ERG
expression signature in PCa appears to involve [-
estradiol signaling and histone deacetylation.”*”* The
involvement of epigenetic processes in the modulation
of TMPRSS2-ERG activity remains to be investigated.

F. Epigenetic Changes in Prostate Cancer

Epigenetic refers to mechanisms that allow the
stable transmission of cellular traits without a change
in the DNA sequence or quantity. Overall, epigenetic
defects reported in cancers include a) reactivation of
embryonic genes, b) loss of imprinted genes changing
inactive and active alleles, ¢) dysregulated expression
of micro-RNAs, d) increased gene recombination,
and e) transcriptional silencing of TSGs and house-
keeping genes. Epigenetics encompasses several dif-
ferent phenomena, such as DNA methylation, histone
modifications, RNA interference, and genomic im-
printing. Epigenetic processes regulate gene expres-
sion and can change malignancy-associated pheno-
types such as growth, migration, invasion, or angio-
genesis. Epigenetic events may also play a role in
benign prostatic hyperplasia (BPH). Epigenetic regu-
latory mechanisms appear very sensitive to external
stimuli or influences such as diet and oxidative stress.
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DNA Methylation Status and Prostate Cancer

DNA methylation is the addition of a methyl
(-CH3) group to the 5’-carbon of cytosine, adjacent to
guanine in CpG sequences, and catalyzed by a series
of conserved enzymes known as DNA methyltrans-
ferases (MTases). Most CpG islands are unmethylat-
ed in eukaryotic cells. The CpG island methylation
occurs in about 1% of the genome, which is less than
the expected statistical fraction (i.e., 6%). Methylcy-
tosine residues are often found in short stretches of
CpG-rich regions (i.e., CpG islands) that are 0.5-2 kb
long and in the 5’ region of approximately 60% of
genes. The CpG dinucleotides, present in the genome,
are commonly clustered in groups or CpG islands
located mostly at or near the promoters (~60%) and
initial exons of many genes. DNA methylation
changes can occur as either hypo- or hypermethyla-
tion; however, both forms can lead to genetic instabil-
ity and transcriptional gene silencing and both have
been implicated in a variety of human cancers, in-
cluding PCa.” The methyl group is supplied by S-
adenosylmethionine (SAM) (Figure 3) which then is
recycled via a folate- and cobalamin-dependent path-
way. Hypomethylation or loss of methylation can be
accelerated by altering this regenerative process
through dietary deficiencies of folic acid, Vitamin B12,
or other substrates. During this process, DNA methyla-
tion acts as a stable tag on the promoter of a gene and
recruits methyl-binding proteins (MBD) and other pro-

?< ¢
’
Complex
CpG island
Fig. 3: DNA methylation and cancer.

MTase |

teins, such as histone deacetylases (HDACs) to form
large-scale heterochromatic structures that silence the
associated genes.

Hypomethylation predisposes cells to chromoso-
mal aberrations, such as chromosomal breaks, trans-
locations, and aneuploidy (Figure 2). Methylated si-
lencing of proto-oncogenes or other cancer promoting
genes (e.g., H-RAS) could be reversible and lead to
the activation of such genes.”® Traditionally DNA
MTases are divided into two categories, de nhovo en-
zymes which are responsible for establishing new
methylation patterns and maintenance enzymes which
essentially replicate the existing patterns.”” DNA
MTase 1 (DNMTL1) is a maintenance enzyme, and
DNA MTase 3a and 3b (DNMT3a and DNMT3b)
perform de novo functions. The DNMTL1 activity is
increased up to 3-folds higher in PCa tissues and cell
lines than in BPH tissues and cell lines.”* DNMT2
and DNMT3a are increased in the LnCaP-r (hormone
refractory PCa) than in the androgen-sensitive parent
cells (LNCaP) which suggests that changes in the
methylation status may be involved in the androgen-
independent progression of PCa. A recent report
showed that polymorphism in the DNMT3b increased
the risk of PCa development by 2.8 folds. Table 4
lists several important genes that are either silenced
or inactivated by hypermethylation in PCa. Interest-
ingly, many of the hypermethylated genes are also
mutated or deleted in PCa."*®

I__.' Normal gene tra'\scnphcn

~.

[sam | Vitamin B,,,
X B, Folic acid

1
I Chromatin condensation I
Transcrlptlonal suppression 1

The clustered CpG site (CpG island) and transcription start site (arrow) of a hypothetical active gene is shown.
Methylation occurs on 5’-carbon of cytosine adjacent to guanine. DNA-methyl transferase (MTase) methylates the
CpG island which recruits the methyl binding domain (MBD) and histone deacetylases (HDACS) to the methylated
DNA and leads to histone deacetylation, condensation of chromatin, loss of transcription factor (TF) binding, and
silencing of the gene expression in cancer and other premalignant conditions. MTase converts S-adenosylmethionine
(SAM) to S-adenosylhomocysteine (SAH). A dietary supply of vitamins B1,, Bg, and folic acid via several steps re-

generate SAH to SAM.
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Some reports have indicated that methylation
changes may be more important in prostate carcino-
genesis rather than its metastatic progression.?® Hyper-
methylation in the high grade prostatic intraepithelial

Prostate cancer genetic and epigenetic

ty levels of the genes.®® The addition of acetyl groups
to the N-terminal lysines of the histones creates an
open chromatin conformation which leads to a tran-
scriptional activation of the genes. Additionally,

Table 4. Hypermethylated genes in prostate cancer.

Gene Chromosome Role/Function Hypermethyaltion Refs
14-3-30 1p36.11 Cell cycle 99% 76
GSTM1® 1p13.3 Glutathione-S- 58% 98
transferase
RASSF1a° 3p21.3 Tumor suppressor Up to 79% 83
RARB° 3p24 Nuclear hormone 66% 76
receptor
APC 5g21-g22 Tumor suppressor 100% 79
ERd" 6025.1 Estrogen receptor 95% 80
MDR1° 7921.1 ABC-transporter Up to 100% 79
GSTpi° 11913 Glutathione-S- Up to 100% 83
transferase 79
CD44' 11p13 Cell adhesion 72% 81
hSPRY2° 13g31.1 Inhibitor of cell Up to 82% 82
growth
ERR' 14923.2 Estrogen receptor up to 100% 80
E-cadherin 16g22.1 Tumor suppressor Up to 72% 81

2 GSTM1, Glutathione S-transferase, > GSTpi, Glutathione S-transferase P1 (pi),  RSSF1a, Ras association do-

main family 1 gene, d RAR, Retinoic acid receptor beta
differentiation 44, ° hSPRY2, human sprouty homolog 2,

beta, ! APC, adenomatous polyposis coli

neoplasia (HPIN) has been found at GSTpi,®* an im-
portant gene that is involved in the detoxification of
electrophilic compounds, such as carcinogens and
cytotoxic drugs, by glutathione conjugation. Hyper-
methylation of GSTpi is one of the most frequent epi-
genetic alteration, with a frequency of 70% to 100%
in clinical PCa specimens.®*® Progressive accumula-
tion of methylated alleles from high grade prostatic
intraepithelial neoplasia to advance PCa occurs in 14-
3-30 gene, suggesting a role for this epigenetic event in
prostate carcinogenesis.”*®*% (Table 4) In addition to
these, more than forty other genes have been reported
as targets of hypermethylation silencing in PCa.?’

Histone Modifications in Prostate Cancer

Another distinct epigenetic change that is linked to
DNA methylation is the modified state of the sur-
rounding histones in which the DNA is packaged. The
N-terminal tails of these highly conserved histone pro-
teins could be covalently or reversibly modified by the
addition or removal of acetyl, methyl, ubiquitin and
adenosine diphosphate-ribosyl groups. This unique
complex modification pattern (histone code) exists in
balance and functions to regulate transcriptional activi-
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ene, ° MDR1, multi-drug resistance 1, " CD44, cluster
ERa, estrogen receptor alpha, : ERB, estrogen receptor

histone hypoacetylation is associated with DNA meth-
ylation. Primarily the addition of acetyl group on his-
tones H2a, H3 and H4 is catalyzed by enzyme histone
acetyl transferases (HATs). The HATs p300, PCAF,
and Tip60 up-regulate AR expression or activity which
leads to androgen-independent signaling of AR.%%

HDACSs, which are frequently upregulated in PCa,
remove the acetyl groups from lysines on the his-
tones.™® The expression levels of HDAC mRNA and
proteins are increased up to 3-folds in PCa as com-
pared with BPH tissues and cell lines.*" The highest
levels of HDACL are detected in hormone refractory
PCa which supports a role for this epigenetic modifi-
cation in androgen-independent PCa.*? Histone meth-
ylation on a specific location of the histone tail is an-
other type of histone modification. Additionally, the
expression of histone methyltransferases is changed
in PCa. EZH2 is a prototypical example of histone
methyltransferase that methylates lysine 27 on his-
tone H3.% Methylation of this lysine is a marker of
increased gene expression. Additionally, EZH2 ex-
pression is up-regulated in metastatic hormone-
refractory PCa and its increased expression in prima-
ry cancers predicts biochemical recurrence.”
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Genomic Imprinting in Prostate Cancer

Imprinting is a normal cellular process that is
based on the maternal or paternal DNA of origin; one
allele is silenced and the other one is expressed.
There are more than forty known human genes that
demonstrate genomic imprinting. The IGF2 and p57
genes are imprinted in many human tissues and it has
been reported that IGF2 presents with two alleles in
PCa as compared with the normal single allele im-
printed pattern in BPH.*® Therefore IGF2 imprinting
may increase the chance of prostate carcinogenesis.
Loss of IGF2 imprinting also occurs with the aging of
the prostate and during senescence in vitro.* Inhibitors
of DNA MTase can reverse the loss of imprinting and
modulate IGF2 expression. The p57 tumor suppressor
gene expression is frequently changed in PCa and its
gene imprinting is regulated by DNA methylation.*’

G. Diagnostic and Prognostic Aspects of Epigenetic
Alterations in Prostate Cancer
Epigenetic Diagnostic Markers

PSA is the best available marker, but it cannot ef-
fectively differentiate between PCa and other benign
conditions such as BPH and prostatitis. Therefore the
false positive PSA test can lead to expensive and in-
vasive approaches such as transrectal prostate biopsy.
Among other genetic alterations, aberrant DNA
methylation potentially might have the potential as
diagnostic epigenetic marker for PCa and could be
tested in tumor tissues and body fluids (e.g., serum,
urine). The methylation markers have several ad-
vantages when compared with those genetic markers
based on sequence changes or variants (e.g., muta-
tion, SNPs, etc). The mthylation markers are simple
in nature; with high sensitivity, these markers can be
detected, either quantitatively or qualitatively, by
available well-established techniques (e.g., PCR).
Aberrant DNA methylations are more frequent than
mutations and can be identified by genome wide
screening methodologies. The GSTpi gene is a widely
investigated tumor marker widely. GSTpi is PCa-
specific, hypermethylated, and silenced in more than
90% of PCa patients.”® GSTpi methylation is also de-
tected in the proliferative inflammatory atrophy of the
prostate, which is a known linked to prostate carcino-
genesis.”® The GSTP1 hypermethylation is reported in
the serum samples of 72% of PCa patients, 78% of
patients with locally invasive or advanced PCa, and
following prostatic massage, in the urine samples of
68% of patients with early stage disease.” In addition
to GSTPI, the methylation status of RARS, CD44, E-
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cadherin (ECAD), RASSF1A, APC, and the
tazarotene induced gene 1 (T1G1) have been investi-
gated in PCa patients. Other studies have demonstrat-
ed that a combination of methylation markers in body
fluids and tissues, including GSTpi improves PCa
diagnosis. It has been reported that a combination of
the methyaltion analyses of four genes (MGMT, p16,
ARF, and GSTP1) in the urine could detect 87% of
PCa cases with 100% specificity.'® Additional de-
tailed investigations are needed to systematically
identify methylation markers for routine clinical and
histopathological diagnosis.

Epigenetic Prognostic Markers

In addition to the potential diagnostic value,
GSTpi hypermethylation is detected in 40% of pre-
operative bone marrow aspirates in patients with ad-
vanced PCa and in 90% of PC patients with lymph
node involvement.* Moreover the methylation status
of CD44, CAV1, T1G1, and CDH1 may also be useful
in the molecular staging and prediction of disease
progression.™™ High grade PCa cases are associated
with the hypermethylation of several genes, including
RASSFI1A4, GSTP1, RARp, and CDH13."% A recent
report discovered that GSTpi hypermethylation was a
significant predictor of PSA recurrence in PCa pa-
tients.* Multivariate analyses of APC or GSTpi hy-
permethylation in 74 PCa patients significantly pre-
dicted the time needed for disease progression follow-
ing radical prostatectomy. Bastian et al., in a study
using matched tumor and normal tissues of 53 pa-
tients, discovered that the combined hypermethyla-
tion of GSTpi, APC, and PTGS2 gene correlated with
other clinical or pathological variables (e., pT-stage,
Gleason score), with 71.1% to 96.2% sensitivity and
92.9% to 100% specificity.'® APC and PSTG2 meth-
ylation status appear to have a higher prognostic val-
ue of PCa in several studies completed to date. In ad-
dition to these promising hypermethyalted genes,
global histone modifications may be associated with
the risk of PCa recurrence.’® For example; increased
global acetylation and histone methylation on his-
tones H3 and H4 permit the stratification of patients
with low grade tumors into different risk groups for
recurrence. Interestingly, these patterns of histone
modification were predictors of outcome independent
of stage, preoperative-PSA, and capsular invasion.'®
The predictive value of simulataneously several
methylation makers have been shown in other stud-

ies.X®
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H. Therapeutic Targeting of Epigenetic Processes for
Prostate Cancer Prevention and Treatment

Unlike irreversible genetic changes such as muta-
tions, epigenetic changes are reversible and could be
approached therapeutically. Theoretically, reversing
these changes allows for the reactivation of TSGs or
silencing oncogenes. Most chromatin modifying
drugs have been studied in hematological malignan-
cies.'® In PCa, several in vitro and in vivo studies
have used pharmacological agents to reverse epige-
netic processes. Table 5 lists inhibitors of DNA MTa-
se enzymes and HDACs that are used in phase | or Il
clinical trials. Nucleoside analog inhibitors of DNA
MTase, such as 5-Azacytidine (5-AC) and 5-aza-
deoxycytidine (decitabine or DAC) have been exten-
sively used in vitro model systems to reverse abnor-
mal hypermethylation and restore the expression of
silenced genes; however, clinical success was limited
with these drugs (Table 5).2*** In a phase I study, 14
patients with recurrent metastatic PCa, following com-
plete androgen blockade and flutamide withdrawal,
were treated with decitabine; only two patients re-
sponded with stable disease and delayed progression
time.® This report concluded that decitabine is a
well-tolerated drug with modest clinical activity
against hormone-refractory disease. Zebularine is an-
other inhibitor of DNA MTase which is less toxic and
more stable than 5-AC. Additionally, zebularine has
also antiproliferative activity that will be more effec-
tive in cancer cells than in normal cells."®™™ The oli-
godeoxynucleotide MG98, is another MTase inhibitor

Prostate cancer genetic and epigenetic

which binds with the 3’-UTR region of the DNMT1
MRNA and leads to its degradation before transla-
tion.*® One disadvantage of the MTase inhibitor is that
the chromosomal site of demethylation cannot be
controlled. In addition, non-specificity of the hypo-
methylating effects of MTase inhibitors may promote
cancer in some situations which led investigators to
consider other possibilities, such as inhibiting specific
methyl-binding proteins which recruit histone modify-
ing enzymes to methylated regions. %1%

Increased HDAC activity in PCa provides another
therapeutic opportunity. In vitro studies have demon-
strated the pro-apoptotic and anti-anti-angiogenic ef-
fects of HDAC inhibitors (HDACIs) such as MS-275,
suberoylanilide hydroxamic acid (SAHA), and sodi-
um phenylbutyrate (PB) (Table 5)."**** SAHA is a
class | HDACI, which significantly suppresses the
growth of androgen-sensitive LNCaP xenografts in
nude mice'’ and PB has a pro-apoptotic activity in
PCa cell lines.™® Due to the relative tumor selectivity
and less toxicity, HDAC inhibitors have been used in
phase | trials in patients with advanced PCa to evalu-
ate dose tolerance and also biomarker-response (Ta-
ble 5). In a small number of patients, partial treatment
response was observed in terms of tumor regression,
stable disease, and biomarker response.

Regulation of Epigenetic Processes by Environmental
and Dietary Factors

Environmental and dietary factors also regulate
epigenetic processes. Global and gene-specific DNA

Table 5: Pharmacological agents modifying epigenetic processes in Phase-l and —Il clinical trials.

Clinical Trial Tumor Type

Clinical or Biomarker Refs
Response

DNA MTase?® inhibitor

5AC° Phase-I Solid tumors
MG98 Phase-I1 /-ll Solid tumors
DAC' Phase-lI HRPCa“

HDAC inhibitors

No response/Decreased DNMT 111
activity

Demethylation/ Disease stabili- 112
zation in 2/23 patients

Disease stabilization in 2/14 pa- 113
tients 114

PB* Phase-| Prostate cancer Disease stabilization in solid tu- 115
Solid tumors mors, PSA rise in 17/19 patients

SAHA? Phase-| Solid tumors Tumor regression 116
(1 complete , 5 partial response)

MS-275 Phase-| Prostate, lymphoma, and  Partial response 117

other solid tumors

Biomarker response

* DNA MTase, DNA methyltransferase, ° HDAC, histone-deacetylase, ° SAHA, Suberoylanilide hydroxamic acid,
‘HRPCa, hormone-refractory prostate cancer, ® 5-AC, 5-Aza-cytidine, f DAC,5-aza-2’-Deoxycytidine, ¢ PB, Sodi-

um phenylbutyrate.
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methylation could be affected by carcinogenic com-
pounds found in cigarette smoke, alcohol (ethanol),
and metals such as nickel, cadmium, and zinc. Die-
tary supplements can change DNA methylation by
regulating the pathways that produce SAM substrate
(Figure 2 and 3). In vitro and in vivo studies have
demonstrated that supplemental folate, choline, or me-
thionine can affect DNA methylation."® Diet can ab-
normally change the epihaplotype during the life of an
organism. Additionally, dietary supplement of Vita-
mins A, Bg or By, were shown to decrease PCa devel-
opment potentially by changing the SAM biosynthesis
pathway or by acting as an antioxidants.**® Overall die-
tary constituents such as green tea and selenium are
believed to be chemopreventive and function as an
antioxidant to prevent hypomethylation in cell lines,
and thereby, guard the genome.'?" %2

I. Epigenetic Alterations in Benign Prostatic Hyper-
plasia

Available knowledge on epigenetic changes in
NPH is limited. To date, several hypermethylated
genes, including MDR1, RASSFla and 14-3-3¢, have
been identified in BPH when compared to normal
tissues, which suggests a role for these methylation
changes in this growth dysfunction (Table 6). Global
hypermethylation are significantly higher in normal
prostatic epithelium than in BPH tissues.*”® So far,
there is no knowledge on chromatin modifying drugs
in BPH; however, the expression of HDAC1 and
DNMT1 proteins in PCa is higher than in BPH. So
far, it is not clear whether histone acetylation or
methylation is associated with the field effect. Inter-
estingly, hypermethylation of GSTpi and RARS2 was
discovered in a subset of histologically normal-
looking stroma from radical prostatectomy speci-
mens, supporting a role for stromal methylation in
PCa progression, 98124125

J. Genome-Wide Association Studies (GWAS) and
Prostate Cancer

Interest in genome-wide association studies
(GWAS) was initiated with the observations that as-
sociation studies could provide significantly greater

power than linkage analyses when detecting genetic
variants with minor to moderate phenotypic effects.?
Although PCa is one of the most heritable cancers,
identification of its underlying genetic causes has
proved difficult. In the last several years, several
GWA studies have detected a few germline SNPs that
are individually associated with a relatively moderate
increase in PCa risk.”*?%11%% If combined, these
SNPs might be more informative in detecting higher
risk among carriers. Moreover, expression array anal-
yses identified many genetic alterations such as so-
matic mutations, chromosomal aberrations, and recur-
rent gene fusions.

K. Conclusions and Future Directions

The linkage between epigenetic changes and pros-
tate carcinogenesis or progression has led to new in-
sights into PCa phenotypes and many novel molecu-
lar biomarkers that might change clinical diagnosis
and management. Genetic changes are generally per-
manent and irreversible. Epigenetic changes are an
early event in carcinogenesis which can be used to
assess the risk of developing PCa, and specifically,
are susceptible to changes resulting from environ-
mental stimuli or factors such as diet and life style.
The identification of epigenetic changes will eventu-
ally help us to understand better the complexity of
regulatory pathways for gene expression in normal
and PCa cells. Alterations in DNA methylation occur
commonly in genetically identical tumors, having
different phenotypes. New techniques, such as ge-
nomic fingerprinting, have the potential to identify
and classify methylation changes in individual tu-
mors. Chromatin immunoprecipitation (ChIP) micro-
array, so called ChlIP-on-a-chip, could identify global
changes in histone modifications (e.g., acetylation,
methylation) and the histone code in PCa and BPH.
High throughput assays such as genome-wide associa-
tion studies (GWAS) will lead to the development of
PCa epigenetic signatures. Epigenetic changes could
be reversed by using modifiers of epigenetic processes
such as DNA MTases and HDACs. Since epigenetic
changes are early events in the PCa development, these
modifiers (drugs) have the potential to be used in dis-

Table 6: Hypermethylated genes in benign prostatic hyperplasia.

Gene Chromosome Role/Function Hypermethyaltion Refs
14-3-30 1p36.11 Cell cycle 100% 128
RASSF1a® 3p21.3 Tumor suppressor 29% 79
MDR1° 7921.1 ABC-transporter 71% 79
CD44° 11p13 Cell adhesion 38% 81
MT1G* 16913 Heavy metal binding 10% 81

®RSSF1a, Ras association domain family 1 gene; "MDR1, multi-drug resistance 1; °CD44, cluster differentiation 44;

9;MT1G, metallothionein 1G.
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ease prevention. Ultimately, rational strategies for dis-
covering efficient combinatorial therapies, using epi-
genetic modifiers along with other drugs, will ultimate-
ly lead to improvements in PCa outcomes. Such tech-
nological advances are likely to identify epigenetic
changes in tumor specimens and assist urologist-
oncologists in their clinical management of PCa.
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