
Am J Cancer Res 2012;2(6):620-657 
www.ajcr.us /ISSN:2156-6976/ajcr0000143

Review Article
Regulators of gene expression as biomarkers for  
prostate cancer

Stacey S Willard, Shahriar Koochekpour

Departments of Cancer Genetics and Urology, Center for Genetics and Pharmacology, Roswell Park Cancer Insti-
tute, Elm and Carlton Streets, Buffalo, NY, USA

Received August 25, 2012; Accepted October 9, 2012; Epub November 20, 2012; Published November 30, 2012

Abstract: Recent technological advancements in gene expression analysis have led to the discovery of a promising 
new group of prostate cancer (PCa) biomarkers that have the potential to influence diagnosis and the prediction 
of disease severity. The accumulation of deleterious changes in gene expression is a fundamental mechanism of 
prostate carcinogenesis. Aberrant gene expression can arise from changes in epigenetic regulation or mutation 
in the genome affecting either key regulatory elements or gene sequences themselves. At the epigenetic level, a 
myriad of abnormal histone modifications and changes in DNA methylation are found in PCa patients. In addition, 
many mutations in the genome have been associated with higher PCa risk. Finally, over- or underexpression of key 
genes involved in cell cycle regulation, apoptosis, cell adhesion and regulation of transcription has been observed. 
An interesting group of biomarkers are emerging from these studies which may prove more predictive than the 
standard prostate specific antigen (PSA) serum test. In this review, we discuss recent results in the field of gene 
expression analysis in PCa including the most promising biomarkers in the areas of epigenetics, genomics and the 
transcriptome, some of which are currently under investigation as clinical tests for early detection and better prog-
nostic prediction of PCa.

Keywords: Prostate cancer, biomarker, epigenetics, methylation, acetylation, ncRNA, genomics, SNP, transcrip-
tomics, miRNA, lncRNA

Introduction

The Knudson multiple-hit model hypothesizes 
that cancer results from the accumulation of 
multiple mutations in the genome [1], however 
recent work suggests that this may not be quite 
accurate. Marked changes in gene expression 
can occur without a single base change in the 
genetic code. More likely is that “hits” accumu-
late in the complex regulatory system which 
governs gene expression and the combined 
result of these changes is cellular transforma-
tion, or cancer. In recent decades, research has 
shown that the regulation of gene expression is 
far more complex than initially predicted.

Including the regulatory sequences encoded 
within the genome, there are a staggering num-
ber of controls for achieving proper protein 
expression. For example, simple modifications 
made to the nucleosome can change how often 

transcription occurs at a given locus. What was 
thought to be a simple structural scaffold used 
to package the genome into the nucleus is actu-
ally a sophisticated system which contributes 
to the regulation of gene expression. Alterations 
in chromatin structure influence how tightly or 
loosely the DNA is packaged, resulting in signifi-
cant changes in gene transcription. This “new” 
field is called epigenetics. Within epigenetics, 
DNA and histone modifications including meth-
ylation and acetylation have proven to be criti-
cal regulators of gene expression which are 
undeniably altered in cancer cells. Similarly, 
what was thought to be “junk” DNA between 
genes in the human genome, in fact, encodes 
small RNA molecules that play a key role not 
only in the control of protein production but also 
in regulating the DNA-nucleosome complex. 
Some small non-protein coding transcripts can 
recruit chromatin remodeling enzymes and 
exert control over gene transcription, while oth-
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ers can effectively inhibit the translation of a 
protein. When aberrantly regulated, non-coding 
RNAs can have profound effects on transcrip-
tion and translation—a fact that has been under 
intense investigation in PCa. The study of the 
effects of non-coding RNAs coupled with the 
global analysis of transcript levels is called 
transcriptomics. Finally, Knudson’s prediction 
that mutations in the genome can affect tumor-
igenesis is still relevant: single base changes 
and larger chromosomal rearrangements have 
a well-known role in cancer progression. 
Extensive studies on the role of gene fusion 
and single nucleotide polymorphisms (SNPs) in 
PCa are included in the field of genomics. Given 
the penetrance of PCa diagnosis within the 
population, the fields of epigenetics, genomics 
and transcriptomics have been extensively 
investigated and excellent progress has been 
made in determining which hits are most dele-
terious to the prostate epithelium.

Emerging PCa biomarkers are of increasing util-
ity since the recent recommendation made by 
the United States Preventative Services Task 
Force (USPSTF) to discontinue the use of the 
PSA serum test as a diagnostic indicator of 
PCa. As many as 1 in 6 men are identified as 
having prostate cancer (PCa) in their lifetime, 
making it the most commonly diagnosed solid 
tumor aside from skin cancer in males [2]. The 
USPSTF’s recently released guide for PSA 
screening recommends against routine assay 
of PSA serum levels in men of all ages and 
races. According to the official statement pub-
lished in the Annals of Internal Medicine in July 
2012, PSA screening results in the treatment of 
clinically indolent cancers which can lead to sig-
nificant morbidities. Importantly, the USPSTF 
did not advise against PSA levels as a marker 
for recurrence of PCa after treatment, indicat-
ing that it still serves as an appropriate bio-
marker for PCa advancement [3]. PSA has long 
been referred to as “the” PCa biomarker: It is 
expressed at low levels in normal prostate epi-
thelium as part of the cell’s normal response to 
androgens, and in PCa, serum levels of PSA rise 
as androgen signaling increases. Unfortunately, 
despite its proven utility as a marker for recur-
rence of PCa after surgery or radiation, PSA as 
a diagnostic for primary PCa falls short. A bet-
ter diagnostic marker is clearly needed to either 
strengthen the PSA test, or to replace it all 
together.

The perfect biomarker for primary and/or 
advanced PCa would have the following attri-
butes: extremely high penetrance within the 
patient population, high specificity for PCa and 
detection via a non-invasive assay. Ideally, a 
biomarker would not be expressed in normal 
prostate epithelium and be detected at a level 
corresponding to disease severity in advancing 
PCa stages. An exemplary biomarker would 
also be very specific to PCa, to eliminate the 
occlusion of a diagnosis by the detection of 
other coincident cancers. Finally, serum, whole 
blood, urine or saliva tests are the most widely 
accepted by patients and therefore would be 
excellent platforms for an assay. In recent 
years, excellent progress has been made in 
identifying new markers for PCa at various 
stages. In this review, emerging biomarkers 
associated with the fields of epigenetics, 
genomics and transcriptomics will be 
discussed.

Epigenetics

The field of epigenetics has expanded exponen-
tially in the last decade and has played a promi-
nent role in the study of cancer genetics. 
Epigenetic gene regulation refers to non-coded 
heritable changes in gene expression and is 
comprised of DNA methylation, histone modifi-
cations and noncoding RNA-induced transcrip-
tional changes. Aberrant epigenetic regulation 
can lead to global gene expression changes 
and genomic instability which can have clear 
implications in the development of cancer. 
Indeed, changes in the epigenome have long 
been associated with PCa risk and 
progression.

DNA methylation and PCa

Methylation of cytosine residues in the human 
genome contributes to transcriptional regula-
tion and genomic stability [4-8]. A common phe-
nomenon, 80-90% of coding CpG (5’- cytosine 
phosphate guanidine -3’) dinucleotides are 
methylated by DNA methyltransferases 
(DNMTs). DNMTs are responsible for the addi-
tion of a methyl group to the 5’ C position in 
cytosine, creating 5-methyl cytosine (5mC). The 
DNMT superfamily consists of those required 
for methylation of newly-synthesized DNA (e.g. 
DNMT3a, b) and those whose role is to main-
tain normal methylation throughout the genome 
(e.g. DNMT1). DNMTs also regulate methylation 
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of CpG “islands,” which are made up of >65% 
CpG, and are found in half of human gene pro-
moters [9]. Hypermethylation in promoter CpG 
islands is associated with gene silencing, either 
due to blockage of access of binding sites to 
transcription factors or changes in chromatin 
structure [10], while hypomethylation results in 
increased gene expression due to unchecked 
promoter binding. The delicate balance 
between hypermethylation and hypomethlyat-
ion of promoters is a key component of gene 
expression regulation in genomic imprinting 
and in X chromosome inactivation. For exam-
ple, in the embryonic genome, some genes are 
silenced in either the paternal or maternally-
inherited gene copy by hypermethylation, while 
others are hypomethylated to allow higher 
expression. These epigenetic changes are 
inherited and also involve histone marks such 
as methylation and acetylation [4]. As we age, 
global methylation changes are detected: 
Global genome-wide methylation of CpG resi-
dues is lost and unmethylated CpG islands in 
key tumor suppressor gene promoters become 
hypermethylated. Loss of pan-genome CpG 
methylation can result in chromosome aberra-
tions including translocations and DNA strand 
breaks, while promoter-specific hypermethyl-
ation results in gene silencing [11]. Alterations 
in gene expression due to aberrant DNA meth-
ylation are well documented in prostate and 
many other cancers. Comprehensive lists of 
affected genes can be found in [4, 6]. 
Hypermethylation and gene silencing have 
been documented for cell cycle regulators such 
as Anaphase Promoting Complex (APC) and Ras 
association domain-containing protein 1 
(RASSF1a), detoxification enzymes (e.g., 
Glutathione S-Transferase Pi 1; GSTP1) and 
pro-apoptosis genes (e.g., certain caspase 
genes) [12-18]. In fact, a combined assay for 
GSTP1 and APC hypermethylation has shown 
great promise for detecting PCa in clinical sam-
ples with up to 100% certainty [12]. Promoter 
hypomethylation and subsequent upregulation 
of oncogenes such as WNT5A have been 
strongly linked with PCa diagnosis [19]. 
Moreover, nuclear hormone receptors such as 
estrogen receptor α and β, and AR (ERα, ERβ, 
respectively) are hypermethylated in PCa 
patients. Not surprisingly, given the androgen-
dependent nature of most PCa’s, AR is only 
hypermethylated in 40% of clinical samples 
[20, 21]. Classically, decreased detoxification 

enzyme expression leads to unchecked DNA 
damage and genomic instability, while 
increased growth factor signaling induces 
uncontrolled growth. Combined with the silenc-
ing of cell cycle regulators and the loss of pro-
apoptosis gene expression, the situation is a 
“perfect storm” for the development of cancer. 
As PCa progresses, detection of hypermethyl-
ation in cell adhesion genes such as E-cadherin 
is observed, allowing a rapid transition from 
epithelial to mesenchymal morphology and 
behavior [22]. This growing body of evidence 
demonstrates that DNA methylation is a key 
epigenetic change contributing to the transfor-
mation of prostate epithelium and the subse-
quent invasion and metastasis phenotypes.

Experimental methods for detecting DNA meth-
ylation have been perfected over many decades 
[23-25]. Perhaps the biggest breakthrough in 
the field came from Hikoya Hiyatsu’s discovery 
that the treatment of DNA with high concentra-
tions of bisulfite results in rapid deamination of 
cytosine and its conversion to uracil [26]. 
Although 5-methyl cytosine (5mC) can also 
undergo deamination to form thymine, the 
kinetics of this reaction are far slower-two 
orders of magnitude slower-which clearly favors 
the formation of uracil from unmethylated cyto-
sine [26]. This discovery truly revolutionized the 
study of DNA methylation. For example, methyl-
ation-specific PCR or MS-PCR, is a widely-used 
technique which allows the amplification of 
either methylated or unmethylated template by 
designing primers to both the bisulfite-induced 
uracil-substituted form or the native methylat-
ed form. The amplified product can then be 
subject to a number of protocols to determine 
DNA sequence, restriction fragment length/fin-
gerprinting or even taken a step further to 
quantitate the extent of methylation by real-
time quantitative PCR (a technique called 
MethyLight [27]). There are significant advan-
tages and drawbacks to each of these analyti-
cal methods including the amount of DNA 
required for each approach and the specificity 
of the target: Some are gene-specific and oth-
ers more global.

Possibly most applicable to the field of biomark-
er discovery is the application of methylated 
DNA to microarray. The ability to compare a nor-
mal genome to the methylation state of a tumor 
genome is very powerful. Many methods of 
sample preparation for methylation detection 
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by microarray have been developed throughout 
the years but two stand out as the most com-
monly used: Methylated DNA 
Immunoprecipitation (MeDIP) and bisulfite 
treatment followed by MS-PCR. MeDIP can 
employ a monoclonal antibody raised against 
5mC, or a 5mC binding protein called Methyl 
CpG Binding Protein 2 (MeCP2). One disadvan-
tage of this technique is that anti-5mC antibod-
ies bind with higher efficiency to CpG-rich 
sequences, enriching the final pool for CpG-
dense sequences. Despite this drawback, suc-
cessful identification of hypermethylated CpG 
islands in promoter regions in cancer cells has 
been achieved. Elevating this technique to an 
ever faster and higher throughput level is the 
addition of Next Generation DNA sequencing. 
Bisulfite-treated, adapter-ligated and MS-PCR 
amplified products can be directly sequenced, 
bypassing the need for microarray analysis and 
the possibility of technical issues with hybrid-
ization and data analysis. The recent work of 
Yegnasubramanian, et al., truly combines all of 
these techniques into one elegant method by 
which the DNA methylome in normal and can-
cerous prostate culture cells are compared [16, 
17]. The comparison was made between nor-
mal fetal prostate epithelial cells (PrEC cells; 
Lonza, Inc.) and the classic PCa cell line, LNCaP. 
Using their streamlined and refined technique, 
microarray was used to compare methylated 
DNA from PrEC cells to LNCaP cells and futher 
to PCa patient samples. Hypermethylated 
regions in LNCaP cells (e.g. upstream of 
ADAMTS2 and GSTP1) were also hypermethyl-
ated in patients and vice versa, validating the 
technique. In addition, new areas of hyper- and 
hypomethylation were discovered [17].

The most useful PCa biomarkers discovered 
from DNA methylation research are clearly still 
being fully characterized since clinical tests for 
CpG methylation are not the standard of care 
for PCa patients. At this time, a combined test 
for hypermethylation of multiple gene promot-
ers holds the most promise for accurate diag-
nosis and prediction of prognosis. 
Yegnasubramanian, et al., have demonstrated 
that a short list of genes including GSTP1, APC, 
PTGS2, MDR1, and RASSF1a are hypermethyl-
ated in PCa samples. Importantly, this subset 
of aberrantly methylated genes is positively 
correlated with disease stage and is unique to 
PCa as compared to other cancers. When 

investigated in combinations, predictive capa-
bility of this “test” reached 100% accuracy. 
Further, prostaglandin-endoperoxide synthase 
2 (PTGS2) hypermethylation was correlated 
with increased risk of recurrence. The authors 
state that this assertion should be confirmed in 
a larger sample set [16]. In another preliminary 
study, a subset of the genes listed above were 
assayed in cell-free plasma samples from 
patients diagnosed with PCa [28]. Although the 
sample size was very small, hypermethylation 
at GSTP1 and APC were confirmed to be associ-
ated with increased disease severity. This study 
also established that cell-free DNA methylation 
assay is a good way to determine the presence 
of promoter hypermethylation in PCa samples, 
however, more work is required to ascertain 
whether all hypermethylated genes found in 
PCa tissues are translatable to a cell-free assay 
environment [28]. In summary, there are very 
promising future biomarkers in the DNA meth-
ylation field which, upon further research and 
validation, may become valuable diagnostic 
and prognostic aids.

Histone modifications in PCa

Chromatin remodeling has been shown to be 
an integral part of cancer progression (Figure 
1) [29]. The delicate balance between active 
transcription and silencing of genes is critical 
for maintaining cellular homeostasis, and 
changes in chromatin structure can influence 
cellular transformation. Histone modifications 
including acetylation, methylation, phosphory-
lation and ubiquitination collectively make up 
the mechanisms affecting the complex struc-
ture of chromatin. We will focus on acetylation 
and methylation here. Each of these alterations 
in histone structure accomplish a similar task: 
blocking the normal electrostatic interaction 
between positively-charged lysine tails in the 
N-terminus of the histone and negatively-
charged DNA phosphate groups. The tighter 
that the DNA is wrapped around histones due 
to these electrostatic interactions, the less 
accessible it is to transcription factors and 
other elements of the transcription machinery 
and the more a gene is effectively silenced. 
Conversely, the weaker the histone-DNA inter-
action, due to histone modification, the more 
transcriptional activity is seen. Acetylation of 
lysines in histone H2, H3 or H4 N-terminal tails 
is associated with a more exposed and active 
chromatin, called euchromatin. Acetyl groups 
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are transferred to proteins from a donor mole-
cule, acetyl-CoA, by Histone Acetyltransferases 
(HATs), and are removed by Histone 
Deacetylases (HDACs). The role of HATs and 
HDAC enzymes in PCa progression and therapy 
is complex and this topic is still under intense 
investigation.

HAT activity in PCa patients has both positive 
and negative effects on disease progression. 
HAT acetylation of loci containing negative cell 
cycle regulators like p21 (a cyclin-dependent 
kinase inhibitor) has been documented in PCa 
patients [30]. The loss of HAT activity results 
not only in a reduction in transcriptional activity 
in general, but also in inhibition of DNA repair 
due to the tightening of histone-DNA associa-
tion [9, 31]. Taken together, these observations 
represent a paradox in that increased HAT 
activity may be beneficial in regulating the cell 
cycle, but diminished HAT activity may also be 

advantageous since a buildup of errors in DNA 
replication could lead to cell death for rapidly 
dividing cancer cells. The latter has been 
exploited by the anti-cancer drug field. 
Treatment of rapidly dividing aggressive cancer 
cells with HAT inhibitors does indeed result in 
the accumulation of large double-strand breaks 
in the DNA which are lethal to the cell [32, 33]. 
Consistent with the idea that HAT inhibition 
may be a beneficial anti-cancer therapy, 
increased HAT activity at oncogene loci has 
been detected in clinical samples. Specifically, 
a growing body of work has shown that the 
upregulation of androgen signaling in castrate 
men may be, in part, due to increased HAT 
activity [34, 35]. Aberrant hyperacetylation at 
the AR gene locus leads to increased receptor 
expression and activation despite a lack of 
stimulation by androgens [36, 37]. Therefore, 
HATs play competing roles in the progression of 
PCa, but they may represent a possible drug 

Figure 1. Epigenetic regulation of gene expression in PCa. This schematic illustrates how changes in the normal 
conformation of chromatin structure can impact transcription in PCa. In the left panel, low acetylation results in 
tightly wound DNA and transcription is rare. In the middle, methylation and acetylation of histones result in loose 
chromatin conformations and reduced ability of RNA polymerase (RNA Pol) to access the promoter region. Finally, 
the right panel illustrates the situation whereby histones are deacetylated by HDACs, promoter regions are hyper-
methylated by DNMTs and the chromatin conformation is closed. Transcription in this situation is very rare; the gene 
is effectively silenced. Orange “M” squares represent methyl groups; yellow “A” triangles represent acetyl groups.
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target as long as the anti-cancer effects out-
weigh the loss of important checkpoint genes 
which are regulated by HAT activity.

HDAC genes and their role in PCa progression 
have been widely studied with roles in silencing 
negative cell cycle regulators, cell adhesion 
molecules and anti-apoptosis genes. HDACs 
are separated into four groups or families 
based on structure: HDAC I, II, III and IV. Groups 
I and II are found in the nucleus where they 
modify chromatin structure, whereas groups III 
and IV are found throughout the cytoplasm, 
nucleus and mitochondria (reviewed in [9, 38]). 
Increased HDAC expression, specifically 
HDAC1, is noted in a high percentage of PCas 
with the highest levels of expression found in 
hormone refractory disease [39-41]. HDAC 
activity and hypermethylation of promoter 
regions are intimately linked – both result in 
transcriptional silencing of tumor suppressor 
genes which is an integral first step in cancer 
development. In fact, p21, the cell cycle regula-
tor highlighted above as a target of HAT activity, 
is silenced by HDACs in a high percentage of 
PCa patients, effectively removing negative cell 
cycle regulation [41, 42]. Furthermore, HDAC1 
specifically silences Phosphatase and Tensin 
homolog (PTEN) causing unchecked 
Phosphatidylinositol 3-kinase (PI3K) signaling 
and cell division [43, 44]. Similarly, the 
E-cadherin locus has been shown to be heavily 
hypermethylated (at both the histone and pro-
moter levels) and deacetylated [45]. This strong 
repression of cell adhesion molecules is 
thought to be a major driver of metastasis and 
invasion in PCa.

HDAC inhibitors (HDACi), have been proposed 
as powerful anti-cancer therapeutics due to the 
reliance of cancer cells on epigenetic modifica-
tions to silence tumor suppressor genes. HDACi 
molecules can be classified into five groups 
based on their chemical structure. HDAC1, the 
specific isoform which is upregulated in PCa 
patients, is potently inhibited by multiple class-
es of HDACi molecules [46-48]. Possibly the 
best known HDAC1 inhibitor is valproic acid 
(VPA). VPA belongs to the class of short-chain 
fatty acid inhibitors and also inhibits other 
HDACI family members as well as a portion of 
the HDACII family. VPA has a long history as an 
anti-epileptic and successful mood stabilizer. 
Like all known HDACs, VPA displays very low lev-
els of toxicity in normal cells and the data from 

PCa cell lines like PC3 and LNCaP are convinc-
ing, with the most pronounced anti-proliferative 
effect on the hormone refractory PC3 line. 
Increased expression of E-cadherin, AR and 
p21 also indicate that VPA is successful in 
relieving HDAC-mediated transcriptional silenc-
ing in cancer cells in vitro [49-51]. PCa tumor 
volume in mouse xenografts is also significantly 
affected by VPA [49-51]. Although some stud-
ies seemed to indicate that VPA treatment may 
result in an increase in neuroendocrine differ-
entiation – a fate which is linked with poor prog-
nosis – recent work by Sidana, et al., showed 
that neuroendocrine markers are not upregu-
lated in VPA-treated xenografts [52, 53]. 
Although the molecular mechanism is still 
unknown, HDACi class I drugs such as VPA 
seem to block angiogenesis in tumors as 
assayed by repression of hypoxia inducible 
factor-α (HIF-1α) function [51]. The significance 
of decreased HIF1-α transcription factor activi-
ty is clear: without it, cancer cells lose a major 
mechanism of upregulating pro-angiogenic sig-
naling such as vascular endothelial growth fac-
tor (VEGF). Truly, a PCa treatment which revers-
es gene silencing in tumor suppressors, 
anti-cell cycle regulators and anti-apoptosis 
genes while also blocking angiogenesis and 
simultaneously displaying low toxicity is a prom-
ising treatment indeed. Current clinical trials 
will determine whether these drugs are as 
effective as in in vitro models [54].

Similar to histone acetylation, methylation of 
lysines in histone proteins can result in a more 
open chromatin conformation. In contrast to 
acetylation, other lysine or arginine methylation 
events can cause tighter DNA-histone associa-
tion and result in gene silencing [55]. Histone 
Methyltransferases (HMTs) regulate the addi-
tion of either one, two or three methyl groups to 
lysine residues using S-adenosyl methio-
nine  (SAM)  as a donor and cofactor [56]. 
Although historically thought to be irreversible, 
Histone Demethylases (HDM) have been char-
acterized which remove these modifications 
([57] and reviewed in [58]). Histone methylation 
has not been studied as extensively as other 
histone modifications with respect to PCa, but 
some promising preliminary data are 
emerging.

Similar to other epigenetic marks, histone 
methylation has been associated with tumor 
suppressor and adhesion molecule gene silenc-
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ing. Trimethylation of lysine 27 of histone H3 
(H3K27) by the HMT Enhancer of Zeste 
Homologue 2 (EZH2) is a known silencing mark, 
and EZH2 is strongly upregulated in PCa [59]. 
EZH2 is a tempting marker for PCa diagnosis 
since its overexpression has been linked with 
the silencing of tumor suppressor genes and 
also to epithelial-to-mesenchymal transition via 
silencing of adhesion molecule expression [60]. 
As a biomarker, EZH2 lacks specificity since it is 
detected at higher levels than normal in mela-
noma, lymphoma and breast cancer. 
Subsequent studies have shown that the pres-
ence of EZH2 at a promoter results in recruit-
ment of other Polycomb genes, heterochroma-
tin proteins (HPs) and HDACs [61-63]. Clearly 
there is significant crosstalk between different 
types of histone modification enzymes. These 
data and others have led to the development 
and testing of anti-HMT drugs, however none 
are currently approved for PCa treatment [64]. 
Another common histone methylation event is 
the mono-, di-, or trimethylation of histone H4 
lysine 20. Studies have indicated that trimethyl-
ation of H4K20 is associated with tumor sup-
pressor gene silencing and PCa diagnosis, but 
further experiments did not significantly corre-
late this event with increased PCa severity 
which excludes it from the ideal biomarker cat-
egory [65]. The study of HDAC and HMT inhibi-
tors is complicated by the fact that epigenetic 
marks are important gene expression 
regulators.

Imprinting is established in the early embryo 
and allows for the silencing of one allele of a 
gene by epigenetic marks such as DNA and his-
tone methylation/acetylation. Loss of imprint-
ing can result in overexpression of an oncogene 
and can lead to cancer. For example, both 
alleles of Insulin Growth Factor-2 are expressed 
in PCa tissues, while in normal cells, this gene 
is imprinted and only the paternal allele is 
expressed [66, 67]. In this case, overexpres-
sion can lead to unchecked cell proliferation. In 
a situation where HDAC and HMT inhibitors are 
being administered systemically, global imprint-
ing changes can occur and a volatile or abnor-
mal gene expression situation can be made 
worse.

In conclusion, two histone modifiers stand out 
as promising PCa biomarkers. The HAT p300 
has not only been shown to be highly overex-
pressed in PCa, but also, expression levels of 

this protein are positively correlated with dis-
ease stage [68]. The HDM EZH2 was also 
shown to be upregulated with increasing sever-
ity in progressing PCa disease stages (dis-
cussed above). Perhaps the two together may 
make an excellent dual biomarker. Both mole-
cules are at the center of intense investigation 
at this time and future work will elucidate 
whether these biomarkers translate to the 
clinic.

Long non-coding RNA regulation of gene 
expression

Expression, processing and function of non-
coding RNA (ncRNA) is a relatively new field in 
PCa research [69, 70]. The term ncRNA encom-
passes the well-studied functional RNAs like 
rRNA and tRNA, as well as microRNA (miRNA; 
previously known as small ncRNA), long ncRNA 
(lncRNA) and small interfering RNA (siRNA). For 
an excellent review of all of the subtypes within 
these groups of ncRNA, please see Gibb, et al., 
2011 [71]. ncRNA is essential for cellular func-
tion: it makes up a portion of the ribosome, the 
spliceosome and carries amino acids to the 
growing protein chain. Although the field of 
ncRNAs encompasses over 30 different types 
of molecules [71, 72], most relevant to the dis-
cussion of epigenetic PCa biomarkers are the 
lncRNAs that play a role in gene expression 
regulation. The human genome is reported to 
include a modest (compared to total genome 
size) ~20,000 protein coding genes, but 
astoundingly, there are an estimated ~23,000 
lncRNAs in what used to unjustly be referred to 
as “junk” genomic DNA [73]. Functions for 
lncRNAs are extremely varied, poorly under-
stood and may include: regulation of splicing, 
component of the nuclear scaffold, regulation 
of chromatin remodeling and regulation of tran-
scription through imprinting (including DNA 
methylation [69, 71]). Numerous lncRNAs have 
been shown to alter imprinting marks at onco-
gene and tumor suppressor gene loci. These 
changes in expression are proposed to be a 
major mechanism of tumorigenesis and cellular 
transformation [72, 74, 75].

lncRNAs have had a complicated history. First 
believed to be an artifact of “leaky” transcrip-
tional regulation, they were dismissed as unim-
portant; however, lncRNAs in particular share 
many of the common traits of protein coding 
genes. They are spliced, polyadenylated, meth-
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ylated, transcribed by RNA polymerase II and 
regulated by common transcription factors 
(reviewed in [69]). In contrast to mRNA, there is 
no open reading frame in lncRNAs and there-
fore no protein coding region. In fact, lncRNA 
transcripts commonly contain multiple stop 
codons in every frame. Further, unlike microR-
NA which are less than 200 bp long and will be 
discussed in detail in “Transcriptomics” in this 
review, lncRNAs are, on average, 800 bp. Genes 
encoding lncRNAs can be found in intergenic 
regions, introns, on the complimentary strand 
of a protein-coding gene or overlapping with 
another ncRNA-coding region (reviewed in [72]). 
lncRNAs have been reported to play a role in 
PCa turmorigenesis by multiple varying 
mechanisms.

Located in the well-known tumor suppressor 
region INK4b-ARF-INK4a, the lncRNA Antisense 
non-coding RNA in the INK4 locus (ANRIL) is 
detected at high levels or associated with poly-
morphisms in many disease states [76]. In nor-
mal prostate epithelium, expression of the 
three cell cycle regulators Ink4a, Ink4b and ARF 
is tightly controlled by epigenetic marks includ-
ing histone methylation. In PCa, ANRIL has 
been shown to bind to and recruit epigenetic 
regulatory elements such as Polycomb repres-
sive complex (PRC) proteins which results in a 
transcriptionally silenced chromatin conforma-
tion [77, 78]. Although preliminary studies indi-
cate that ANRIL overexpression is detected in 
PCa patient samples, ANRIL is not an ideal PCa 
biomarker due to its association with multiple 
other cancers [77]. In fact, ANRIL expression is 
detected in non-cancer related disease states 
such as atherosclerosis [79]. Although ANRIL 
does not qualify as a diagnostic biomarker, per-
haps future studies will conclude that it is use-
ful as a risk stratification marker.

Three lncRNAs have been shown to display 
prostate specificity and are actively under 
investigation as prostate biomarkers: Prostate 
cancer noncoding RNA-1 (PRNCR1), Prostate 
specific gene 1 (PSGEM1), and Prostate cancer 
antigen 3 (PCA3; also referred to as Differential 
Display 3 (DD3) in the literature) (for a review, 
see [71]). Probably the least characterized of 
this group is PRNCR1. This lncRNA was found 
while investigating 8q24, a region of the 
genome in which single nucleotide polymor-
phisms have been strongly associated with 
PCa [80, 81]. The PRNCR1 gene encodes a ~13 

Kb lncRNA which is expressed in all of the com-
mon PCa cell lines investigated and in 50% of 
the clinical PCa samples investigated. It should 
be noted that the small sample size and the 
racial bias (all samples were of Korean descent) 
make this an extremely preliminary study, how-
ever, the data are promising if the trend trans-
lates to other races. It has certainly been dem-
onstrated previously that 8q24 is a region of 
great interest in PCa research (see “Single 
nucleotide polymorphisms section, this review; 
Figure 2). Many SNPs and even other ncRNAs 
have been associated with this locus in cancer 
patients [81-83].

Perhaps better characterized is PCGEM1. 
Discovered in a differential display experiment 
comparing tumor and normal samples, 
PCGEM1 encodes a lncRNA which is extremely 
prostate-specific. In fact, among the 12 tissue 
types that were examined, only prostate 
expressed this transcript. Making it even more 
enticing, PCGEM1 expression was detected 
only in androgen-sensitive cell lines and clearly 
upregulated by the AR agonist, R1881 [84]. In 
patients, PCGEM1 is detected in 84% of PCa 
tumors with higher levels of expression found in 
African American PCa patients [84, 85]. Further 
mechanistic studies indicated that PCGEM1 
overexpression in LNCaP cells results in the 
inhibition of doxyrubicin-induced apoptosis 
[86]. Protection of cancer cells against apopto-
sis is a major hallmark of cancer progression. 
Since PCGEM1 is expressed at very low levels 
even in prostate, RT-PCR methods of detection 
have been less successful than fluorescent in 
situ hybridization (FISH). Certainly, FISH is a 
highly technical and expensive test for a diag-
nostic test. As newer technology emerges that 
allows for reliable detection of rare transcripts 
in cDNA populations, PCGEM1 has great poten-
tial as a PCa diagnostic biomarker – especially 
in the African American population.

By far the most well-known lncRNA in PCa is 
DD3/PCA3 (referred to as PCA3 hereafter). The 
first PCA3 urine test was FDA-approved in 
February 2012, 13 years after the discovery of 
PCA3 by Bussemakers and colleagues [87]. 
Again discovered using differential display com-
paring tumor and normal prostate samples, 
this lncRNA was shown to be expressed exclu-
sively in the prostate and further, expressed 
only in AR-expressing cell lines [87]. Although 
correlation with disease stage and aggressive-
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ness was not shown, PCA3 expression provides 
excellent distinction between tumor and nor-
mal tissue when used in combination with the 
standard PSA test [88-91]. For an excellent 
review of the clinical data relating to PCA3 
expression in PCa patients, see Auprich, et al., 
2010 [88]. Interestingly, PCA3 has been con-
clusively shown to be a better biomarker for 
PCa in biopsy samples than PSA; However the 
two together result in an even better predictor 
of PCa diagnosis [92]. The new urine test for 
PCA3 is an RT-PCR assay based on the premise 
that after digital rectal exam (DRE), prostate 
cells are shed into the urine. This platform has 
its limitations—variations in physician applica-
tion of “pressure” during DRE and differing 
methods of urine collection and storage are 
inherent. Despite its use as a clinical biomark-
er, the mechanism and/or underlying reason 
for PCA3 upregulation in PCa is not well under-
stood. In depth analysis of the gene indicates 
that multiple transcripts using different splicing 
patterns are likely, with the major isoform being 
~2 Kb [93, 94]. Recent work by Clark, et al., 
suggests that PCA3 may be evolutionarily 
linked to an overlapping protein-coding gene 

called BCH motif-containing molecule at the 
carboxyl terminal region 1 (BMCC-1). BMCC-1 
and PCA3 were both shown to be upregulated 
in LNCaP cells treated with dihydrotestosterone 
(DHT), but clearly more studies are needed to 
determine whether they are true androgen-sen-
sitive genes [93].

In summary, the biggest success in the search 
for PCa biomarkers in the lncRNA field is clearly 
the PCA3 story. With a urine test and FDA-
approval, the future will decide whether the pre-
dictive ability of PCA3 remains in tact in very 
large sample sizes. The ncRNA field is extreme-
ly active as of late. New prostate specific 
lncRNAs are being documented regularly. 
Future work will determine whether they are as 
good, or better, than the PCA3 post-DRE urine 
test.

Genomic biomarkers in PCa

Single Nucleotide Polymorphisms (SNPs) 

PCa is one of the most heritable cancers with 
up to 15% of cases linked to family history [95]. 
In fact, studies using genomic data from twins 

Figure 2. The 8q24 genomic locus. This locus spans over 1 Mb, but only a small relevant portion is shown. The c-
Myc gene is the closest coding gene at 200 Kb from 8q24. This schematic illustrates not only the SNPs associated 
with 8q24 (asterisks), but also, in blue, the functional enhancer elements identified by Sotelo and colleagues [117]. 
In this study, each enhancer was subcloned into a vector containing a myc promoter and a luciferase reporter. In 
this way, the ability of each enhancer to drive reporter expression was assayed. The red asterisk represents the 
rs6983267 SNP. Alleles of this SNP have been associated with differential effects on c-Myc expression.
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can be determined by correlating the SNP allele 
with the severity of disease in terms of clinico-
histophathological variables [e.g. age, Gleason 
score (GS)]. Finally, each SNP is given a number 
and a statistical value representing the 
Population Attributable Risk (PAR). The result of 
this work is that one specific change in DNA 
sequence can be examined in thousands of 
patients to determine the probability of PCa 
development. Using this technique, many loci 
which link SNPs with increased PCa risk have 
been identified and are catalogued in Table 1. 
Most of the SNP-associated genes and genom-
ic regions have not been studied in depth with 
respect to their role in PCa, however, some 
have been well-studied in other cancers or nor-
mal tissues. These SNPs are located within 
protein-coding genes, in intergenic regions and 
in loci without any known genes at all (reviewed 
in [97, 98]).

The 17q12 locus contains the protein-coding 
gene, Hepatocyte Nuclear Factor 1B (HNF1B) 
or Transcription Factor 2 (TCF2). Two common 
SNP hotspots are actually located within this 
gene, making it of great interest to PCa research 

indicates that up to 42% of risk for developing 
PCa is linked to heritable components [96]. A 
great deal of research has been focused on dis-
covering which genomic elements are respon-
sible for this phenomenon and for PCa risk in 
general. The long-term viability of these studies 
has been variable: it is difficult to reproduce the 
data and difficult to determine what risk is sig-
nificant. Despite these challenges, a large body 
of work has indicated that there are multiple 
complex genomic “hot spots” producing herita-
ble sequence changes which are linked to dis-
ease risk [97-100].

Genome-wide association studies (GWAS) have 
been used to compare whole-genome single 
nucleotide polymorphism (SNP) arrays between 
populations of PCa patient genomic DNA’s 
(gDNA). First, a genomic region is identified as a 
hotspot by low resolution examination of hybrid-
ization differences between PCa patients and a 
control cohort on SNP array. Second, the locus 
is examined at high resolution by mapping and 
sequencing and each patient’s alleles are cata-
logued. In this way, alleles that are segregating 
within a population can be identified, and risk 

Table 1. Chromosomal regions in which SNP alleles are associated with PCa risk
Chromosomal 
Region

Genes clos-
est to SNP

Function and/or domains p value (n) REF

2p15 EHBP1 Endocytic trafficking 7.7x10-9 (38,747) [252]
2p21 THADA Unknown [253] 1.6x10-8 (42,388) [254]
2q31 ITGA6 Signal transduction, adhesion 8.7x10-23 (42,388) [254]
3p12 None N/A 2.7x10-8 (11,338) [255]
3q21 EEFSEC Translation elongation; GTPase 2.9x10-10 (61,388) [256]
4q22 PDLIM5 LIM-domain; protein-protein interaction 1.3x10-11 (42,388) [254]
4q24 FLJ20032 hypothetical 2.6x10-14 (42,388) [254]
6q25 SLC22A3 Cation transporter; removal of drugs/

toxins
5.5x10-10 (11,338) [4]

7p15 JAZF1 Zinc finger domain with nuclear localiza-
tion

2.14x10-6 (9,893) [257]

7q21 LMTK2 Endosomal membrane trafficking 1.1x10-9 (11,338) [255]
8p21 NKX3-1 Homeodomain; tumor suppressor 3.4x10-30 (38,747) [252]
8q24 c-Myc Transcription factor; oncogene 1.1x10-12-6.4x10-18 [101, 106-112]
10q11 MSMB Immunoglobulin binding factor 8.7x10-29 (11,338)* [255, 257]
10q26 CTBP2 Anti-apoptotic factor 2.7x10-8 (9,893) [257]
11p15 None N/A 2.7x10-33(42,388) [254]
11q13 None N/A 6.7x10-12 (14,400) [256-258]
17q12 HNF1B Transcription factor 5x10-20 (16,993) [103, 259]
17q24 None N/A 2.5x10-10 (17,837) [9]
19q13 KLK2; KLK3 Serine proteases 1.6x10-11 (60,371) [256]
22q13.1 TNRC6B Gene silencing by miRNA, siRNA 4.96x10-7 (11,955) [260]
22q13.2 BIK Induction of apoptosis 5.9x10-29 (42,388) [254]
Xp11.22 NUDT10, 

NUDT11
Trafficking, stress response, DNA repair, 
apoptosis 

3.95x10-13 (38,933) [252]

N/A = not applicable; *For situations where two groups discovered the locus, p value and n are given for the first published study.
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[101]. HNF1B has been studied extensively not 
only for its role in gene regulation in the liver 
including cholesterol, bile acid and lipoprotein 
metabolism, but also for its involvement in the 
progression of Maturity Onset Diabetes of the 
Young (MODY) [102, 103]. This form of diabetes 
is similar to what we now call “Type 2” diabetes, 
but it differs in that it results from a simple 
mutation in one of the MODY genes, also known 
as the HNF1 genes. Within the general popula-
tion of type 2 diabetics, a subset carry SNP 
rs757210 which is located in the HNF1B gene. 
Interestingly, the HNF1B risk allele (or SNP 
allele) for PCa was associated with protection 
against type 2 diabetes – and likewise, the risk 
allele for type 2 diabetes is associated with 
decreased risk for PCa [104, 105]. The two 
alleles do not segregate purely randomly in the 
population since they are not found together in 
the same patient– a phenomenon referred to 
as linkage disequilibrium. The mechanism by 
which these SNPs contribute to both type 2 dia-
betes and PCa is not understood. HNF1B/
TCF2/MODY5 contains a homeobox domain 
and is classified as a beta helix-loop-helix tran-
scription factor. Known targets of this transcrip-
tion factor are not obvious tumor suppressors, 
but the link to liver function is interesting from 
the viewpoint of type 2 diabetes progression. 
Clearly, in depth mechanistic studies are 
required to determine whether this gene has a 
role to play in the development of PCa, but the 
idea of a cancer-protective SNP allele is very 
interesting indeed. 

Some SNP alleles are not associated with iden-
tifiable genes, as is the case for the 8q24 
region. Studies indicate that there are up to 
seven distinct loci within 8q24 in which SNP 
alleles are correlated with up to a 50% 
increased risk of PCa [101, 106-112]. 8q24 
was first identified as an important region in 
familial PCa in 2006, and since then it has 
been linked with increased risk for other can-
cers such as colorectal, breast, bladder and 
ovarian cancer [113-115]. Interestingly, the 
region is over 1 Mb in length and yet it contains 
no canonical protein-coding genes. Recent 
studies have identified enhancer elements 
within 8q24 which are conserved in primates 
and canine species [116, 117]. In an elegant 
study by Sotelo and colleagues, seven enhanc-
ers were identified which serve as functional 
transcriptional regulators in PCa cells in vitro 

[117]. When each enhancer was combined with 
the c-Myc promoter and a luciferase reporter in 
LNCaP, PC-3 and the CW620 colorectal cancer 
line, significant reporter expression was 
observed. The well-known proto-oncogene 
c-Myc is located 200 Kb upstream of 8q24 and 
has been proposed to be regulated by elements 
in this region in other cancers, however, this is 
the first study to link the enhancers in the 
region to gene expression in vitro specifically in 
PCa cells [117, 118]. Further study by 
Ahmadeyeh, et al., showed that chromosomal 
looping leads to a direct interaction between 
PCa-associated SNP alleles and the c-Myc pro-
moter [119]. Not surprisingly, given that mis-
regulation of c-Myc is damaging to the cell, this 
region is heavily regulated at the epigenetic 
level by the Polycomb repressive complex (PRC; 
discussed in “Epigenetic regulation of PCa” 
[116]). The most important question at this 
time is whether or not these SNP alleles change 
c-Myc expression in vivo. Currently, there are 
conflicting reports on this issue. For rs1447295, 
for example, one study indicates that no differ-
ence in expression of c-Myc in the prostate 
exists between those carrying the normal and 
risk-associated allele, while other studies sug-
gest the opposite [120-122]. Discrepancies are 
likely attributed to small sample size, contami-
nation of normal tissue by small tumor islands 
(and vice versa) or the method by which c-Myc 
expression was assayed.

The racial disparity in PCa incidence, mortality 
and severity between African Americans (AAs) 
and Caucasians Americans (CAs) has been doc-
umented extensively [123]. It is clear from 
many large studies that AAs are at a higher risk 
for more severe PCa. Research on the various 
alleles of 8q24 SNPs may provide some insight 
into this discrepancy ([124], for example). A 
meta-analysis conducted by Troutman, et al., 
confirms that throughout the literature, a sub-
set of risk-associated SNPs at 8q24 display dif-
fering patterns of risk association based on 
race [125]. For example, two alleles of SNP 
rs6983267, which is associated with enhancer 
E at 8q24, display differing phenotypes when 
overexpressed in the c-Myc promoter-reporter 
assay described above [117]. The T allele of 
SNP rs6983267 results in very strong reporter 
expression, while the G allele drives far weaker 
expression (although luciferase expression is 
detected). It is well known that low c-Myc 
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expression is associated with increased cell 
proliferation while high c-Myc expression 
causes apoptosis and senescence, so it follows 
that the G allele is linked to higher PCa risk 
[117]. It is likely not a coincidence that 
rs6983267 falls in a consensus TCF transcrip-
tion factor binding site and future studies on 
which TCF proteins bind at this site to regulate 
c-Myc will be very interesting. Remarkably, the 
G allele is found far more often in the AA popu-
lation than in EWs and AWs (reviewed in [125]). 
It should be mentioned that sample size is very 
important for studies such as these since the 
association between 8q24/rs6983267 and AA 
PCa was not confirmed in studies using smaller 
sample sizes [126]. Unquestionably, these data 
are merely the first step in what could become 
an important biomarker in PCa racial disparity, 
but many further and more detailed studies in 
vivo are needed.

In conclusion, SNP analyses are an invaluable 
tool with which to identify new genomic bio-
markers for PCa. Perhaps the best SNP marker 
that has been discovered so far for PCa are 
those included in the 8q24 locus. Over 100 
studies have confirmed the linkage between 
SNP alleles at 8q24 and PCa risk, however, 
research has not elucidated the exact mecha-
nism by which these SNPs impart this risk. A 
genetic test for 8q24 SNPs is likely in develop-
ment at this time, although not yet published. 
One important discussion topic must be: Of 
what utility is this knowledge for a healthy indi-
vidual? Similar to the Breast Cancer-1 and -2 
(BRCA-1, 2) mutation which bestows greater 
risk for breast cancer in women, there are many 
possible outcomes for a patient who receives a 
positive test. Certainly, prophylactic prostatec-
tomy is not something a person should enter 
into without careful consideration given the 
morbidities associated with the procedure. 
More research is needed to determine the long-
term viability of 8q24 as a PCa risk predictor. 

Gene fusion

Chromosomal aberrations resulting in gene 
fusions have a long history in cancer research. 
One of the most well-known is the Philadelphia 
Chromosome—so named because of its discov-
ery at two of Philadelphia’s leading research 
institutes (Fox Chase Cancer Center and the 
University of Pennsylvania). In this situation, a 
reciprocal translocation between chromo-

somes 9 and 2 leads to the fusion of two genes 
which results in one fused transcript: the 
Breakpoint cluster region (BCR) gene and the 
V-abl Abelson murine leukemia viral oncogene 
homolog 1 (Abl1) gene. BCR-Abl has been 
extensively studied in the myelogenous and 
lymphoblastic leukemias (CML and CLL), but it 
is not often found outside of the leukemia fam-
ily of cancers. Drugs directed against the BCR-
Abl gene fusion product are extremely success-
ful in reducing mortality from childhood CML 
(see [127-129] for reviews on BCR-Abl in 
leukemia).

Perhaps one of the most well-known PCa bio-
markers is a gene fusion marker. The TMPRSS2-
ETS gene fusion results from deletion or trans-
location on chromosome 21 which most 
commonly joins two independent genes: 
Transmembrane protease serine 2 (TMPRSS2) 
and a member of the v-ets erythroblastosis 
virus E26 oncogene family of transcription fac-
tors (ETS family). The discovery was initially 
made by reanalyzing published microarray data 
using the algorithm Cancer Outlier Profile 
Analysis (COPA). COPA was designed to identify 
genes that are extremely highly expressed in 
only a subset of cancer patients [130]. The first 
TMPRSS2 fusions that were identified involved 
the ETS-related gene (ERG) and the ETS variant 
1 gene (ETV1). Subsequently, fusions between 
TMPRSS2 and ETS variant 4 and 5 (ETV4 and 
ETV5, respectively) were found [131, 132]. 
TMPRSS2-ETS gene fusions can arise from 
either a deletion or a translocation which join 
the region between the 5’ Untranslated Region 
(UTR) of TMPRSS2 and protein-coding exons of 
an ETS family member (Figure 3). Normally, the 
ETS family members are not androgen-regulat-
ed genes and are expressed at modest levels in 
the prostate. Multiple fusions can be found 
within one patient and multiple types of 
TMPRSS2-ETS fusion (deletion, translocation 
with different breakpoints) can potentially be 
found in one prostate; however, multiple fusions 
are never found within one tumor focus [133, 
134]. Regardless of the etiology of the fusion 
(deletion or translocation and which exons are 
retained of the ETS family member), androgen-
dependent overexpression of the ETS gene is 
observed [130].

TMPRSS2-ETS gene fusions have been studied 
in great detail over the last 7 years. The most 
common fusion, TMPRSS2-ERG, has been 
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detected in anywhere between 40-70% of 
patients depending on the sample size, method 
of detection or racial bias amongst the sample 
[Please see [135-137] for excellent reviews of 
this literature]. Detection of TMPRSS2-ERG 
fusion (referred to hereafter as TE fusion) tech-
niques range from standard 
Immunohistochemistry (IHC) to Fluorescence in 
situ Hybridization (FISH) or quantitative or stan-
dard RT-PCR (qRT-PCR or RT-PCR) using prim-
ers which capture one or more of the most com-
mon fusion transcripts. Within the family of TE 
aberrations, fusion can occur via deletion or 
translocation between TM exon 1 or 2 and ERG 
exons 2, 3, or 4. The resulting overexpression 
of ERG has been postulated to have significant 
impacts on prognosis for PCa patients; howev-
er, clinical data does not strongly support this 
theory. In fact, the literature is very controver-
sial on this topic. Studies have indicated that 
TE fusion presence may help to predict relapse 
rate after radical prostatectomy to treat prima-

ry PCa. In a rather small cohort, Nam, et al., 
showed that TE fusion was present in almost 
50% of PCa samples and of those, 47% experi-
enced a rise in PSA post-surgery (indicating 
relapse) whereas only 7% of TE fusion-free 
patients relapsed [138]. Consistent with this, 
Guo, et al., showed that if the largest (index) 
focus of PCa present in a patient was TE fusion 
positive, then subsequent metastases were 
positive; a phenomenon which suggests that 
TE fusion status is correlated with metastasis 
[139]. Conversely, another small study by 
Saramaki, et al., indicated that the presence of 
TE fusion was a predictor of favorable progno-
sis and was not associated with a higher GS 
[140]. The complexity of this issue is highlight-
ed by the presence of over 50 published stud-
ies on whether TE fusion status is a predictor of 
good or bad prognosis [135].

To make matters more complex, there appears 
to be a racial bias in the prevalence, type and 

Figure 3. TMPRSS2-ETS gene fusion. Panel A illustrates the positions of TMPRSS2 and ERG in the human genome. 
The two genes are situated 2.8 Mb apart, with 36 predicted and coding genes in between. Deletion or translocation 
results in the fusion of the genes, as illustrated. Panel B displays the formation of the most common (30%) TE fu-
sion product: fusion between TMPRSS2 exon 1 and ERG exons 4-11. Arrows indicate the start of translation in the 
normal mRNA. Since the canonical start is deleted in TE fusion of this type, an internal ATG is presumed to be the 
new translation initiation site. The table to the right shows the most commonly-found TMPRSS2-ETS family gene 
fusions [251].



Prostate cancer biomarkers

633	 Am J Cancer Res 2012;2(6):620-657

etiology of TE fusions. Tissue microarray analy-
sis by FISH indicates that TE fusion is less com-
mon in AA and Japanese Americans (JAs) than 
in CAs. Interestingly, the same study found that 
TE fusions in AA PCa’s arise more often from 
deletion than translocation [141]. It is not clear 
at this time whether or not the type of aberra-
tion which causes TE fusion is an important 
indicator of disease severity. A further study 
indicated that a SNP in the TMPRSS2 gene may 
predict future fusion events and downstream 
PCa diagnosis in CA, but this SNP was not asso-
ciated with increased PCa risk in AA [142]. 
Taken together, these data imply that AAs have 
less TE fusions, and also that TE gene status is 
not concordant with risk for poor prognosis in 
AAs.

The impact of gross overexpression of ETS fam-
ily members is an ongoing topic of research. 
ETS transcription factors are involved in the 
regulation of a wide range of cellular activities 
including cell migration, aging, apoptosis, 
angiogenesis and many others. Overexpression 
of ETS genes are known to cause cellular trans-
formation (reviewed in [143-145]). In support of 
this, fibroblasts overexpressing ETS1 and ETS2 
are highly tumorigenic in mice [146-148]. In the 
prostate, upregulation of certain ETS genes is 
linked to advanced metastatic disease [149]. 
Indeed, ERG is overexpressed in a staggeringly 
high number of PCa specimens, irrespective of 
the presence or absence of TE fusion [149].

As a biomarker, TE fusion is a useful diagnos-
tic—but only for the 40-70% of patients that are 
positive for the fusion. Since TE fusion is never 
detected in normal, non-transformed cells, its 
presence is a clear indicator of PCa. In fact, 
Tomlins and colleagues recently conducted a 
study to determine the feasibility of using a 
urine test for the detection of TE fusion in men 
after DRE [150]. This work used urine voided 
after DRE from men presenting for prostate 
biopsy or radical prostatectomy to detect either 
TE fusion or PCA3 mRNA. As discussed previ-
ously in the ncRNA section of this review, PCA3 
is an excellent diagnostic PCa biomarker with 
many of the same characteristics as TE fusion. 
The purpose of this study was to use both mark-
ers as a way to enhance early diagnosis of PCa 
to determine a need for invasive biopsy. The 
presence of TE fusion (and therefore overex-
pression of ERG) in urine was significantly asso-

ciated with PCa diagnosis and severity, and the 
addition of PCA3 measurement gave the test 
more statistical power [150].

Given the high number of contradictory studies 
in the TMPRSS2-ETS fusion literature, definitive 
studies with large sample sizes and a standard-
ized method of quantitation using all of the 
known fusion types are required. Until this 
study is completed, the utility of TE fusion as a 
biomarker is still under investigation. If the true 
frequency of TM-ETS fusions is as high as 70%, 
its utility as an initial diagnostic is clear. If it is a 
true indicator of poor prognosis or metastatic 
potential, even in a small subset of patients, it 
will be a useful tool in determining treatment 
paradigms for those that carry the aberration. 
Future follow up studies on these issues will be 
very important for the field of early diagnosis of 
PCa.

The genomics of PTEN and AR

Several critical tumor suppressors and onco-
genes have been shown to be highly mutated in 
PCa. First, Phosphatase and tensin homolog 
(PTEN) is reported to be deleted, mutated or 
rearranged in 60-80% of PCas [151], although 
the literature is very conflicted on this topic. 
PTEN is also known as Mutated in multiple 
advanced cancers (MMAC; [152]) due to the 
prevalence of mutations in this gene in brain, 
breast, endometrium, kidney and prostate can-
cers [153]. Second, AR is the most mutated 
steroid receptor in PCa. Over 660 mutations 
have been catalogued in the AR gene to date, 
many of which are found in advanced PCa 
[154].

PTEN mutation and deletion

Investigation into the tumor suppressive activi-
ty of PTEN and its role in cell proliferation and 
migration has been an active topic of research 
for over a decade. PTEN can theoretically 
dephosphorylate proteins, but work by Myers, 
et al., showed that a mutation inactivating the 
protein phosphatase activity while retaining 
lipid phosphatase activity preserves the tumor 
suppressor function of the gene [155]. PTEN 
primarily dephosphorylates phosphatidylinosi-
tol 3,4,5-triphosphate (PIP3), an important reg-
ulator of cell proliferation and the product of 
active Phosphoinositide 3-kinase (PI3K). 
Indeed, stimulation of PIP3 signaling cascades 
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mediated by PI3K results in increased prolifera-
tion, while activation of PTEN results in growth 
suppression (reviewed in [156]). Additionally, 
the presence of PTEN expression has been 
linked with cell cycle arrest, apoptosis and 
senescence [157-159]. In accordance with the 
classic characteristics of tumor suppressors, 
PTEN negatively regulates growth and is also 
commonly mutated in cancers. In fact, many 
types of mutations in a staggeringly high num-
ber of cancers have been associated with 
PTEN. Rearrangements and DNA base changes 
such as homozygous deletion, frame shift, non-
sense, missense and splicing variants causing 
early termination are common in this gene 
[151]. Exactly how common mutations are in 
PTEN is an area of ongoing research. Germline 
(inherited) mutations in PTEN cause the prob-
lematic condition known as Cowden’s disease 
(or multiple hamartoma syndrome), in which 
patients develop many benign neoplasms 
called hamartomas throughout the body. 
Generally, these neoplasms cause no harm 
unless they grow in an organ where there is lim-
ited space like the spleen, kidney or hypothala-
mus. Later in life, however, once the natural 
aging process results in disruption of normal 
gene regulation and the accumulation of muta-
tions, Cowden’s disease patients are at a far 
greater risk for developing cancer [160].

Despite the available contradictory literature, it 
is clear that regardless of the type of mutation, 
a correlation exists between PTEN mutation 
and PCa severity. The seminal work on PTEN 
gene loss in PCa was published by Gray and col-
leagues in 1995 and 1998 [161, 162]. These 
studies established that the genomic region 
containing PTEN, 10q23.3, is deleted in 70% of 
PCas, and that loss of, or mutation in PTEN is 
responsible for the tumor suppressor activity of 
the region. Simultaneous with this work, anoth-
er group determined that PTEN/MMAC was 
responsible for the tumor suppressor activity of 
10q23.3 [152]. Since then, many groups have 
published analyses of the sequence of PTEN in 
PCa patients of various stages, grades and 
patient ethnicity. Vlietstra, et al., determined 
that 70% of PCa samples contained PTEN aber-
ration [163]. However, Gray, et al., found that 
only 13% of tumors contained PTEN mutation 
[161]. Further, in a small study of PCa patients, 
PTEN mutations were found in 12% of cancers 
with a clear bias towards higher GS [164]. 

These discrepancies are explained by the study 
design in many cases. For example, Gray, et al.,  
found 10q23.3 deletion at the level of either 
homozygous deletion, loss of heterozygosity or 
other, in up to 70% of patients using fluores-
cence-based allelotyping [165]. This technique 
will detect deletions (homozygous or heterozy-
gous) in addition to DNA base changes. Later 
work by the same group employed direct 
sequencing to analyze mutations in the coding 
sequence [161]. Clearly, this method would not 
detect deletions (which would yield no sequence 
information and therefore be considered 
“inconclusive”) or mutations in the lengthy pro-
moter sequence. Many publications are avail-
able which catalog the varying types of muta-
tions in PTEN and correlate them with disease 
stage and metastasis potential, most of which 
fall victim to the same problem: Deletions are 
not detected by the chosen analysis method. 
Despite these pitfalls, one unifying theme is 
present: Mutation in PTEN is correlated with GS 
and metastatic potential. It is also formally pos-
sible that there is another tumor suppressor at 
10q23.3 which contributes to the disparity 
between studies. Clearly, a definitive study is 
needed where a large number of patients 
including cohorts of low, medium and high GS 
are analyzed for PTEN coding mutations, pro-
moter mutations and homozygous deletion. 
Until then, PTEN is not an ideal biomarker for 
initial PCa diagnosis given its low percentage of 
penetrance in the PCa population.

Genomic aberrations in AR

AR is highly mutated in advanced PCa, but rare-
ly in localized primary tumors in CAs and euro-
peans. In normal prostate epithelium, AR is 
absolutely required for cell proliferation and dif-
ferentiation. A classic nuclear hormone recep-
tor, AR binding to DHT causes translocation to 
the nucleus where it has been shown to partner 
with a multitude of cofactors before binding to 
DNA to activate gene transcription. Genomic 
amplification of the entire AR gene is a well-
documented phenomenon that occurs in up to 
30% of advanced PCa’s [166]. Somatic muta-
tions are not common in localized primary 
tumors. In fact, less than 2% of primary PCa 
patients display AR mutation [167]. However, in 
AAs, up to 8% of primary PCa patients present 
with AR mutation [168]. The story is much dif-
ferent in advanced PCa. The relationship 
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between AR signaling and PCa progression is 
clear: Blockade of the receptor or androgen 
depletion results in tumor shrinkage and cell 
death at early stages, but as the disease 
advances in stage, it becomes hormone refrac-
tory (HR) and deprivation is no longer able to 
arrest growth and metastasis. Simultaneous 
with the loss of androgen sensitivity, AR muta-
tions are detected with much higher frequency. 
These mutations are most often gain-of-func-
tion changes, which allow the cell to bypass the 
scarcity of androgens during PCa therapy [154]. 
Base changes in the ligand binding domain are 
most commonly found, representing 49% of AR 
mutations in advanced PCa, while nuclear 
translocation domain mutations and DNA bind-
ing domain mutations represent 37% and 7% 
of the total, respectively. These data are pub-
licly available at McGill University’s Androgen 
Receptor Mutations Database (http://andro-
gendb.mcgill.ca/; [169]). Similar to the situa-
tion with the PTEN gene, studies detailing AR 
mutations in advanced PCa are commonplace. 
Unfortunately, this literature is also flawed by a 
lack of reproducibility and significant differenc-
es in analysis method and patient details such 
as disease stage, race, age, previous treat-
ment, etc.

Significant controversy has surrounded the 
topic of trinucleotide repeat tract length in the 
AR gene. Within AR, two tracts of codon repeats 
exist, both of which are located in exon 1: poly-
glutamine is most proximal to the start site and 
poly-glycine is more distal (for a review on this 
phenomenon, see [170]). Given the importance 
of poly-glutamine repeats in neurodegenera-
tive disease, there are far more studies pub-
lished on this tract than on the poly-glycine 
tract. Racial disparity has been found in the 
number of CAG codon repeats, with CAs gener-
ally displaying more repeats than AAs [171]. In 
PCa, reduction in the number of glutamine 
codons in the polyglutamine (polyQ) tract has 
been correlated with increased PCa incidence 
and severity [172-174]. Shorter polyQ tracts 
were also associated with a likelihood of pre-
senting with more advanced disease [172]. 
Further, some studies indicate that reduced 
polyQ tract length is associated with increased 
AR transactivation [175]. Conversely, longer 
polyQ regions render AR inefficient at binding 
coactivators [176]. It follows, then, that a caus-
al relationship may exist between shorter polyQ 

tracts, and consequently more active AR, in AA 
patients and their propensity for more severe 
PCa. This theory is very attractive, as is polyQ 
as a biomarker for increased PCa severity. 
However, studies exist which do not find a sig-
nificant correlation between codon repeat 
length and disease progression [177, 178]. 
Moreover, the variations observed in polyQ 
tract length in PCa patient populations are not 
significantly different from those found in the 
general population [179]. Recently, studies with 
large cohorts of patient samples (normal and 
PCa) have disqualified any significance for 
polyQ tract length in PCa [180, 181].

Specific inherited base changes in AR are linked 
with greater PCa risk in AAs. In many cases, 
germline mutation in AR results in androgen 
insensitivity syndrome (AIS). AIS is an inherited 
condition characterized by abnormal male geni-
tal development and a lack of secondary sex 
characteristic differentiation at puberty [170]. 
One particular base change, A1675T has been 
associated with early-onset PCa in AA families 
with a strong history of PCa. This change is a 
missense mutation, resulting in a T to S substi-
tution in the DNA binding domain of AR [182]. 
Future studies will determine not only the 
mechanism by which this mutation leads to 
early-onset PCa, but also how penetrant this 
inherited mutation is in the AA population.

The discussed aberrations in the AR and PTEN 
genes are controversial due to the conflicting 
reports that can be found correlating each one 
with PCa risk and severity. It should be noted 
that the large GWAS that have been conducted 
on thousands of PCa patient samples com-
pared with normal samples have failed to iden-
tify SNP hotspots in either AR or PTEN. Perhaps 
this is due to the fact that most PTEN aberra-
tions are gene deletion, which wouldn’t be iden-
tified by SNP arrays. Given the high number of 
AR base changes that have been documented, 
the exclusion of the AR locus at X.q.11-12 in 
SNP array data is surprising, but may be 
explained by the experimental parameters. 

Research into the genomics of PCa have not 
yielded the “perfect” biomarker as of yet. 
However, some very important markers of dis-
ease progression and severity have been dis-
covered. Following the current trend towards 
personalized medicine, a diagnostic test for 
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SNPs at 8q24, TE fusion, AR and PTEN muta-
tion may be incredibly useful in determining 
treatment paradigms on an individual basis. 
The development of an inexpensive “panel” of 
tests for these markers would be very useful for 
this purpose.

Transcriptomics

The human transcriptome refers to the com-
plete set of RNAs produced from the human 
genome at any given time. The products of 
gene transcription can be of use in cellular pro-
cesses which are no longer limited to structural 
elements and protein translation. RNAs come 
in all shapes and sizes and their synthesis and 
destruction is extremely dynamic, unlike the 
relatively static genome. Some RNAs, such as 
microRNA (miRNA) and the previously dis-
cussed lncRNA are extremely influential at the 
level of protein or gene expression (respective-
ly) but do not code for proteins. Even though 
most cells contain the same exact genome, 
transcriptome profiles can be completely differ-
ent from cell-to-cell and account for the many 
varied shapes, sizes and functions of cells. 
Widespread and extensive gene expression 
changes are seen in cancer versus normal 
cells, a phenomenon which has been exten-
sively investigated in cancer research. In PCa 
specifically, a growing number of studies have 
begun to elucidate the most common pathways 
that are up- and downregulated in PCa versus 
normal prostate epithelium and in advanced 
metastatic PCa compared to primary PCa.

RNA expression profiling by DNA microarray: 
challenges

One of the major challenges of transcriptome 
research in all fields has been the necessity for 
large quantities of RNA. Traditionally, most 
techniques required at least 5 µg of intact RNA 
to achieve robust expression analysis and pro-
files. In addition, retaining an undisturbed polyA 
tail was critical for cDNA synthesis since the 
universal primer used to complete the reaction 
binds specifically to this tail (oligo dT). 
Unfortunately, the use of an oligo dT primer for 
mRNA-to-cDNA library construction resulted in 
a clear 3’ bias in the resulting pool of cDNAs. 
The incorporation of random hexamers as the 
universal primer for cDNA synthesis has been a 
significant improvement on this technology, 

removing the issue of 3’ bias. Expanding on 
these improvements, whole-transcriptome 
amplification (WTA) techniques which boast a 
near zero bias and the need for miniscule 
amounts of input RNA are now common. RNA 
isolations from formalin fixed paraffin embed-
ded (FFPE) tissues, flow cytometry isolates, 
laser microdissection outputs and the like, 
which generally yield a few nanograms of total 
RNA are no longer problematic. These new RNA 
amplification techniques are either based on 
PCR which creates exponential amplification of 
the template, or T7 polymerase-assisted linear 
amplification. Although both methods have 
substantial drawbacks and strengths, many 
studies have shown them to be an acceptable 
way to analyze small amounts of RNA from pre-
cious and even partially degraded clinical sam-
ples [183-187]. In the end, RNA handling and 
quality is perhaps most critical to achieving 
robust, reproducible results and data which are 
comparable across many patient samples.

Studies which interrogate patient samples iso-
lated using differing methods and from varying 
sources can result in significantly divergent 
datasets. These differences are explained in 
most cases by modifications in sample prepa-
ration technique, RNA source and microarray 
platform. For most primary tumors, pathologist-
verified tumor tissue will never approach 100% 
malignant cells with no contaminating normal 
stroma and epithelium. Using a technically dif-
ficult and time consuming approach, some 
groups have used laser microdissection (LMD) 
or laser capture microdissection (LCM) to 
remove unwanted cell types that may be asso-
ciated with the cancerous glands. The major 
benefit of this approach is that there will be 
very little contamination from other cell types, 
however, this technique can introduce laser-
induced tissue damage. Yet another sample 
preparation technique involves removal of all 
contaminating cell types by culturing explants 
of PCa tumors in epithelial growth medium for 
several weeks before extracting RNA from the 
surviving primary cell culture. Clearly there are 
benefits and drawbacks of this technique: ex 
vivo culture can result in global changes in gene 
expression within a short period of time. Many 
groups have attempted to preserve the in vivo 
nature of the tissue, choosing not to culture the 
tissue for any length of time and to simply use 
gross dissection to remove uninvolved areas 
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before RNA and cDNA preparation. Samples 
treated in this way are often contaminated with 
normal prostate epithelium, stroma and endo-
thelium. It is important to note that DNA micro-
array data must be interpreted in the context of 
the experiment at hand. For example, Chandran, 
et al., note that four common stroma-associat-
ed markers are listed as strongly downregulat-
ed in metastatic PCa samples [188]. Most like-
ly, this phenomenon is attributed to 
contaminating stromal cells within the primary 
prostate or normal prostate comparison sam-
ples since no stromal cells are found in meta-
static PCa tumors. Artifacts such as these must 
be taken into consideration when interpreting 

the data. Aside from the sample preparation 
technique, DNA microarray technology has 
become very diverse and complex with arrays 
containing anywhere from ten of thousands to 
hundreds of thousands of DNAs. The amount of 
redundancy at the level of repetitive oligos and 
at the level of multiple oligos per gene varies 
between manufacturers as does the cDNA 
labeling, detection and analysis package for 
each platform.

Using DNA microarray paired with advanced 
RNA amplification techniques, whole transcrip-
tome analysis has been used to detect gene 
expression changes in prostate tumors as com-

Table 2. Genes showing aberrant expression in primary and/or advanced PCa compared to normal 
prostate. The selected genes are not all-inclusive, rather, they represent genes that were found in mul-
tiple DNA microarray or meta-analysis studies
Pathway or cellular 
function

Gene name Gene sym-
bol

Expres-
sion

REF

Cell cycle, cell prolif-
eration

cellular-Myelocytomatosis viral oncogene C-Myc Up [188, 190, 
193, 261]Cyclin dependent kinase 1, 10 CDK1, 10 Up

DNA topoisomerase 2A TOP2A Up
Myb-related protein B MYBL2 Up
Androgen receptor AR Up
Estrogen receptor 1 ESR1 Up

Extracellular matrix, 
cell migration, cell 
adhesion

Tumor-associated calcium signal transducer 1 TACSTD1 Down [188, 191, 
192, 197]Cadherin-1 CDH-1 Down

Hyaluronan-mediated motility receptor HMMR Down
Metalloproteinase inhibitor 3 TIMP3 Up
Matric metalloprotease 9 MMP9 Up

Fatty acid, andro-
gen, other metabo-
lism

Alpha-methylacyl-CoA racemase AMACR Up [195, 200, 
201]Fatty acid synthase FASN Up

Ornithine decarboxylase ODC Up
Signal transduction, 
transcription

Transcription factor E2F1 E2F1 Up [190, 194, 
196, 198]Type I inositol-3,4-bisphosphate 4-phosphatase INPP4A Up

Mitogen activated protein kinase MAPK Up
Histone-lysine N-methyltransferase EZH2 Up
c-Fos FOS Up
Forkhead box protein M1 FOXM1 Up
Ubiquitin carboxyl-terminal hydrolase 13 USP-13 Up
Transcription factor jun-B JUNB Up
Nuclear factor-κB NFκB Up
Signal transducers & activators of transcription 6 STAT6 Up

Homeobox protein NKX3.1 NKX3.1 Up

Function unknown Hepsin HPN Up [188, 190, 
191, 193, 
196, 200]
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pared to paired normal samples. The general 
flow of such an experiment is as follows: RNA 
isolation from tumor and normal samples fol-
lowed by RNA amplification and cDNA synthe-
sis, hybridization to DNA microarray, data analy-
sis and finally, validation of these data by 
northern blot, qRT-PCR. In some cases, the pri-
mary literature or follow up studies include pro-
tein analysis by either western blot or immuno-
histochemistry. A plethora of publications can 
be found that follow this paradigm and gener-
ate large datasets which are often publicly 
available [188-202] In addition, a sub-field of 
meta-analyses exists where these data are 
interrogated using new statistical techniques 
[194-196]. A review of this literature can be 
daunting since each study was conducted using 

different experimental parameters, samples, 
array platforms and statistical analyses. We 
have classified these data into three groups. 
First, there are a number of genes which were 
found to be up- or downregulated in PCa com-
pared to normal samples in multiple (or even 
all) studies examined (Table 2). Second, sever-
al genes were highlighted in only one particular 
study—presumably due to the experimental 
parameters. These genes are not of lesser 
value, but are simply different from the more 
commonly identified genes (Table 3). Third, 
some genes were identified as robustly overex-
pressed particularly in metastatic castration-
resistant PCa (MCRPCa) (Table 4). Examples in 
each of these three groups will be discussed in 
the text and tables hereafter.

Table 3. Potentially important genes upregulated in primary PCa which were reported once
Gene name Gene symbol Function in PCa REF
Serotonin receptor 2B 5HTR2B unknown [192]
Histone 2A H2AX DSB repair [189]
Macrophage inhibitory cytokine MIC-1 pro-survival [200]
Mucin 1 MUC-1 Pro-migration/invasion [191]
Platelet-derived growth factor receptor β PDGFRβ Pro-proliferation/migration [199]
Proto-oncogene serine/threonine-protein kinase PIM-1 Proto-oncogene [198]

Table 4. Selected genes with aberrant expression in metastatic castrate-resistant PCa versus primary 
PCa
Gene name Gene symbol Expression REF
Aldo-keto reductase family 1, member C3 AKR1C3 Up [201]
Androgen receptor AR Up [188, 198, 201]
Annexin A11 ANXA11 Down [198]
Aurora A kinase STK15 Up [190]
Autocrine motility factor receptor, isoform 2 AMFR Up [197]
Eukaryotic translation initiation factor 1A E1F1AX Up [198]
c-Fos FOS Down [188]
Histone-lysine N-methyltransferase EZH2 Up [201]
Hydroxy-delta-5-steroid dehydrogenase HSD3B2 Up [201]
Transcription factor JunB JUNB Down [188]
Krueppel-like factor 5 KLF6 Down [201]
Matrix metalloprotease 9 MMP9 Up [201]
Metastasis-associated 1 MTA-1 Up [198, 202]
Mucin 1 MUC-1 Up [191]
Myb-related protein B MYBL2 Up [190, 191]
Steroid 5-alpha reductase 1 SRD5A1 Up [201]
WNT5A WNT5A Up [201]
WNT5B WNT5B Down [198]
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Group 1: frequently reported genes in PCa 
transcriptomics research

A number of transcripts have been document-
ed by multiple groups as aberrantly expressed 
in primary PCa. A portion of these gene prod-
ucts overlap with those found in comparison 
with MCRPCa samples. These genes are mem-
bers of commonly studied cellular functions or 
signaling pathways and are listed in Table 2. 
Many have been studied (previously or since 
the pioneering microarray study) for their role in 
PCa in particular, or in other cancers. Genes 
such as c-Myc, AR, EZH2 and cadherins have 
been discussed in this review in other sections. 
It is no surprise that genes involved in promot-
ing cell cycle progression and cell proliferation 
are upregulated in PCa. Likewise, extracellular 
matrix (ECM)-degrading proteins and those 
which play a prominent role in epithelial-to-
mesenchymal transition (EMT) are obvious can-
didates for upregulation during PCa progres-
sion. Signal transduction proteins and 
transcription factors are clear mechanisms 
whereby large groups of genes can be altered 
simultaneously to effect cellular transforma-
tion and disease progression. Cellular energy 
production including fatty acid metabolism has 
been an active topic of PCa research for 
decades. The increased demand for energy in 
tumor cells is met by upregulation of many 
genes involved in fatty acid metabolism includ-
ing the multi-enzyme protein, fatty acid syn-
thase (FASN) [203]. In addition to the well-stud-
ied genes and pathways described, genes with 
an unknown link to PCa have been discovered 
by this method. For instance, almost every DNA 
microarray study and meta-analysis on pros-
tate samples to date has uncovered overex-
pression of the hepsin (HPN) gene.

HPN was detected in transcriptome expression 
analysis comparing primary PCa with normal 
prostate or BPH samples in a remarkable num-
ber of studies to date [188, 190, 191, 193, 
196, 200]. Located at 19q11-13.2, many SNPs 
have been associated with HPN, however, the 
data do not clearly indicate whether or not spe-
cific SNP alleles lead to greater PCa risk or 
severity. Racial bias may contribute to the con-
tradiction noted amongst these studies. For 
example, a study within the Korean population 
suggested that SNP allele rs1688030 was not 
associated with greater PCa risk, while another 

study indicated that rs1688030 did impart 
greater risk amongst Americans of European 
descent [204, 205]. Similarly conflicting, Pal, et 
al., and Kim, et al., found increased risk associ-
ated with rs2305745 and rs2305747 in 
Europeans and Koreans, but Holt, et al., did not 
associate rs2305747 with increased risk in 
CAs or AAs [206, 207]. It seems that a definitive 
consensus on whether or not SNPs in HPN con-
fer a greater risk of PCa development and pro-
gression has yet to be determined, but it is 
clear that HPN overexpression is specifically 
associated with PCa.

HPN expression is strongly associated with PCa 
at various stages during the natural history of 
PCa—from the pre-cancerous level of high-
grade prostatic intraepithelial neoplasms 
(HGPIN) to the moderate-grade of localized PCa 
(reviewed in [208]). First documented in the 
prostate by Dhanasekaran, et al., HPN overex-
pression is detected at the RNA and protein lev-
els from low to moderate-grade PCa, not at all 
in normal prostate, and at very low levels in 
MCRPCa [198]. These data have largely been 
confirmed by further studies, however some 
contradictory data exist which suggest contin-
ued overexpression of HPN in MCRPCa [209, 
210]. Additional work has characterized HPN 
expression in prostate and other cancers with 
similar results; HPN upregulation as compared 
to normal tissues was found in ovarian, breast 
and kidney cancer [211-213].

The function of HPN in PCa remains unclear. 
The gene encodes a transmembrane serine 
protease with high homology to the pancreatic 
serine protease, trypsin [214]. HPN has been 
proposed to play a critical role in differentia-
tion, since inhibition of expression and function 
with antisense oligonucleotides and antibod-
ies, respectively, resulted in decreased prolif-
eration and a loss of characteristic cell mor-
phology in hepatoblastoma cells [215]. Other 
cell-surface proteases clearly play a role in cell 
migration by literally clearing a path through 
ECM. Transgenic mouse overexpression of HPN 
in the prostate indicates that too much HPN 
activity in the epithelium results in weakening 
of the adhesion between stroma and epitheli-
um [216]. It is clear that HPN’s role in cell mor-
phology and growth is much more complex, 
although a detailed mechanism for how this 
protein contributes to PCa progression is still 
unknown.
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A number of intriguing studies have investigat-
ed HPN’s potential as a PCa biomarker and 
imaging agent. First, Kelly, et al., employed 
phage display technology to identify peptides 
that bind with high affinity to HPN in vivo. Using 
iterative rounds of phage display, they have 
characterized a number of labeled peptides 
which bind to LNCaP xenografts, and they are 
currently looking to expand these studies to the 
clinic with the long-term goal of improving live 
imaging of the prostate [217]. Further, a study 
examining prostate biopsies for HPN protein 
expression by IHC found that HPN expression 
was clearly associated with a cancer diagnosis. 
Of the 90 samples that were queried, 100% of 
the PCa samples were positive for HPN while 
only 11% of BPH samples were positive. 
Interestingly, the 11% of BPH samples showing 
HPN expression contained regions of HGPIN 
[218]. These and other data highly suggest that 
HPN is a promising PCa biomarker.

Group 2: potentially important genes which 
are reported once

Of the genes that were highlighted in only one 
PCa transcriptomics study to date, many have 
been characterized further in follow up studies, 
or even studied previously in a different con-
text. For example, the mucin genes have a long 
history in cancer research. Mucin proteins line 
epithelial surfaces and their overexpression 
has been documented in lung, breast, ovarian, 
pancreatic, colon and now prostate cancers 
(for a review, see [219]). Similarly, metastasis-
associated protein-1 (MTA-1) has been widely 
studied for its role in PCa. MTA-1 expression is 
highest in MCRPCa [220]. Recent work has 
suggested that MTA-1 overexpression leads to 
more invasive and migratory behaviors in cul-
tured cells, as well as increased expression of 
VEGF, a fact which may suggest that MTA-1 
plays a role in vascularization of the progress-
ing tumor [221].

The histone 2A gene, H2AX, was identified by 
Nanni and colleagues in their ex vivo culture 
and DNA microarray study. In this work, one of 
the H2AX was highly underexpressed in recur-
rent but localized PCa cultures when compared 
to normal prostate epithelial cultures [189]. 
H2AX encodes one of the H2A histone family 
proteins which make up about 10% of H2A his-
tones in the nucleosome of human fibroblasts 

(reviewed in [222]). Interestingly, H2AX is phos-
phorylated in situations where DNA double-
strand breaks (DSB) occur, and this modifica-
tion is thought to open the chromatin to allow 
for the repair machinery to access the DNA 
damage. Downregulation of this key damage 
repair sensor could be indicative of a more 
global phenomenon whereby DNA damage 
genes are transcriptionally silenced in advanced 
PCa—a concept which has been documented 
by other groups [223, 224]. In addition, Nanni, 
et al., showed that phospho-H2AX, also known 
as γ-H2AX, is detected at high levels in primary 
PCa while displaying little-to-no detection in 
advanced PCas. A paradox exists in relation to 
DSB: Many groups have documented that they 
are cancer-causing and still others note that 
they are an effective anti-cancer treatment 
since DSB accumulation triggers apoptosis. For 
this treatment paradigm to be effective, how-
ever, the DSB sensing pathway must be para-
lyzed, a situation which seems to occur natu-
rally as PCa advances. An intriguing study 
suggests that, in fact, the DSB sensory path-
way may be an excellent target for drug therapy 
since the pathway may already be crippled in 
advanced PCa. Combination drug therapy 
against the ataxia telangiectasia mutated 
(ATM) kinase which is responsible for phos-
phorylation of H2AX may increase double 
strand breaks and render cells hypersensitive 
to DSB and apoptosis during standard chemo-
therapy [225]. The DSB detection and repair 
pathway is a well-known player in tumorigene-
sis in other cancers such as breast and non-
Hodgkin lymphoma [226, 227]. Although more 
studies are necessary to confirm and extend 
the findings presented here, if γ-H2AX expres-
sion continues to distinguish PCas with poor 
prognosis, it may become an important bio-
marker and treatment target in PCa as well.

Group 3: differentially expressed genes in 
primary versus metastatic PCa

DNA microarray has also been used to compare 
the transcriptome of MCRPCa with primary PCa 
(Table 4). A number of key observations have 
been made using this approach. First, meta-
static PCas display heterogeneous transcrip-
tome expression profiles. For example, even 
within the same patient, some metastatic foci 
express high levels of PSA while others express 
less. Importantly, this indicates that AR trans-
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activation remains intact at some level. Indeed, 
AR RNA levels vary considerably, but absolute 
levels compared to primary PCa are high. 
Second, organ-specific transcriptome profiles 
were not found. This suggests that the meta-
static site does not influence gene expression 
in the distant tumor [188]. Third, key pathways 
previously implicated in metastasis and dis-
ease progression were also identified by this 
method; a fact which validates the procedure. 
Such pathways or cellular functions include cell 
adhesion, transcription, cell cycle and metabo-
lism. Similar to primary PCa samples, the HPN 
gene maintains stable high levels of expression 
in metastatic samples in many studies, while 
c-FOS and transcription factor JUNB (JUNB) are 
detected at low levels [188, 228]. The signifi-
cance of c-FOS and JUNB reduction is clear: 
Both are implicated in EMT [229, 230]. Genes 
such as WNT5A, EZH2, MAPK pathway mem-
bers, AR and various androgen metabolism 
genes appear on most lists of those overex-
pressed at high levels in metastatic PCa [188, 
190, 201, 228].

Despite the heterogeneity between metastatic 
samples, AR itself and androgen metabolism 
genes are one of the few gene clusters that dis-
play almost global upregulation as shown by 
Stanbrough, et al., [201]. Specifically, aldo-keto 
reductase family 1, member C3 (AKR1C3) may 
play an interesting role in metastatic PCa. 
AKR1C3 normally catalyzes the conversion of 
androstenedione, an adrenal androgen, to tes-
tosterone; an event which has long been postu-
lated to be the source of residual androgens in 
PCa patients undergoing androgen deprivation 
therapy (ADT) [231-233]. AKR1C3 is not the 
only enzyme for which this holds true: Steroid 
5-alpha reductase 1 (SRD5A1), an enzyme 
responsible for converting T to DHT is similarly 
overexpressed in metastatic PCa. Moreover, 
hydroxy-delta-5-steroid dehydrogenase/3 beta- 
and steroid delta-isomerase 2 (HSD3B2) which 
catalyzes the conversion of 
Dehydroepiandrosterone (DHEA) to andro-
stenedione, a critical step in producing DHT 
from adrenal androgens, is also overexpressed 
at high levels [201]. Taken together, these data 
suggest a mechanism for how MCRPCa cells 
can continue to upregulate genes that require 
AR transactivation. The most obvious argument 
against this model is that the combination of 
ADT and anti-AR drugs are palliative and not 

curative. Undoubtedly, more research is need-
ed into both the role that androgen metabolism 
enzymes play in the progression of MCRPCa 
and into the development of more effective 
drugs that block AR signaling.

In conclusion, transcriptome profiling using 
DNA microarray is a field plagued by inconsis-
tencies and technical difficulties. However, 
many important discoveries have been either 
confirmed or made de novo using this technol-
ogy. HPN is by far the most notable primary PCa 
marker which has great potential as a drug tar-
get and diagnostic. As PCa advances to 
MCRPCa, HPN biomarker utility is still question-
able, as is its role in PCa progression. Future 
research on this gene is of great interest to the 
field.

microRNAs and PCa

As part of the transcriptome, miRNA has gained 
rapid acceptance as an important epigenetic 
regulator of protein expression with a clear role 
in cancer development and progression [234-
237]. For a detailed review of miRNA biogene-
sis including processing and mature miRNA 
function, see [238]. miRNAs are small, non-
coding RNA molecules which bind to compli-
mentary sequences in the 3’ untranslated 
region (3’-UTR) of mRNA. These small RNAs do 
not work alone: they are part of a large complex 
called the RNA-induced silencing complex 
(RISC). Binding of complimentary sequences 
suppresses translation simply by blocking 
access to the ribosome, or marks the target 
mRNA for degradation through cleavage of the 
message by the RNase III family member Dicer 
– both of which effectively silence the gene. 
Genes encoding miRNAs are found within 
introns of other genes, within repetitive genom-
ic elements or within transposable element 
sequences. miRNA transcripts, called miRs, are 
structurally similar to mRNAs, with a polyA tail 
and 5’ cap like protein-coding RNAs. Biogenesis 
of the mature miRNA is as follows (Figure 4): 
First, the primary miRNA (pri-miRNA) is tran-
scribed which can be several kb in length and is 
characterized by a classic “hairpin” or “stem-
loop” structure. The pri-miR is cleaved by the 
RNase III, Drosha, to form the pre-miRNA. The 
pre-miR represents a long (60-70 bp) interme-
diate form which is transported to the cyto-
plasm by the Exportin-5 complex where it is 
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cleaved a final time by Dicer, creating the short-
er (on average, 22bp) mature form [239, 240]. 
Finally, RISC proteins such as Argonaute (Ago) 
aid in the uncoiling of the mature miR duplex, 
creating the active RISC complex. The tech-
nique of using labeled miRNA to probe oligonu-
cleotide arrays has been very informative in 
determining the extent of post-tanscriptional 
regulation by this mechanism: recent estimates 
predict that up to 1/3 of human mRNAs are 
modulated by miRNAs. Since each miRNA can 
bind and affect multiple mRNAs, the magnitude 
of the list of targets of this form of epigenetic 
gene regulation is growing rapidly.

In general, aberrant miRNA expression has 
been found in PCa, however, these studies 
have not been fully validated. Questions such 
as whether improper miRNA expression is a 
cause or consequence of cancer remain unan-
swered. The literature on miRNA levels in PCa 
patients is clouded by inconsistencies which 
are most likely due to both the immature tech-
nology used to capture and quantitate miRNAs 
in bulk tissue, and the presence of normal cells 
in so-called “tumor” samples. The contamina-
tion of the sample with normal epithelium cre-
ates a significant background when assaying 
for the relatively low abundance miRNA expres-

the regulation of protein expression in PCa. A 
compelling story is emerging from studies on 
miR-34a and its regulation of tumor cell growth 
and migration via modulation of p53 and c-myc 
[243, 244]. It has been demonstrated that miR-
34a expression is down-modulated in PCa 
patients. In agreement with this, miR-34a over-
expression in PC3 cells results in suppressed 
cell migration, colony formation in soft agar and 
reduced c-Myc, c-Met and E2F1 proteins [244]. 
Further, miR-34a is a potent inhibitor of AR pro-
tein expression in cell lines, making it a poten-
tial therapeutic target. Indeed, restoration of 
miR-34a in PCa cell lines leads to AR suppres-
sion and prevention of AR nuclear translocation 
[243]. miR-34a repression in PCa cell lines is 
reversed by administration of Bio Response- 3, 
3′-diindolylmethane (BR-DIM), a phytochemical 
found in cruciferous vegetables such as broc-
coli, cabbage and kale [245]. A diet rich in these 
vegetables has long been associated with 
decreased cancer risk and evidence is mount-
ing that BR-DIM administration can reduce the 
risk of cancer recurrence after radical prosta-
tectomy (for a review of the effects of BR-DIM 
on cancer, see [246]). Although the mechanism 
is unknown, BR-DIM appears to stimulation 
demethylation at the promoter of the MiR-34a 
gene. Reduced methylation results in reestab-

Figure 4. miRNA processing. This schematic illustrates the bio-
genesis of a mature RNA-induced silencing complex (RISC). 
First, the pri-miR is transcribed and clipped by Drosha. After 
translocation to the cytoplasm, the pre-miR is again processed 
by Dicer before unwinding by Argonaute (Ago) and binding to 
other complex members to form the RISC.

sion profile. Approaches such as laser 
microdissection, flow cytometry and the 
like may prove useful in removing this 
significant element of inconsistency 
from the literature and these studies. 
For an excellent summary of the litera-
ture on miRNA expression in PCa sam-
ples, see [234, 235, 241]. Watahiki, et 
al., have used a novel approach to char-
acterize miRNA levels in PCa samples: 
pathologist-validated tumor samples 
are transplanted to the sub-renal cap-
sule in immune compromised mice and 
the resulting xenografts are used in 
Next Generation sequencing experi-
ments to quantitate the levels of com-
mon miRNAs in each sample. In this 
way, the heterogeneity of prostate tumor 
tissues is avoided since only truly trans-
formed tumor samples grow in the envi-
ronment of the renal capsule [242].

By focusing on specific miRNAs instead 
of the entire collection, progress has 
been made in determining their role in 
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lishment of miR-34a levels and subsequently, 
AR protein levels are abolished. Consistent with 
this, treatment of LNCaP cells in vitro with 
BR-DIM results in downregulation of AR and 
PSA as well as causing increased apoptosis 
and reduced tumor size in LNCaP xenografts in 
vivo [245]. In this way, BR-DIM acts as an anti-
androgen therapeutic, but is not an AR antago-
nist nor does it affect DHT levels. Phase I dose 
escalation studies are complete and later-
Phase trials are ongoing to establish this com-
pound as a standard PCa therapy [247].

miRNA research is admittedly in its infancy. As 
discussed above, the literature is complicated 
by inconsistencies and studies of specific 
miRNA genes are preliminary in most cases. 
Despite these obvious issues, there is great 
potential in miRNAs as biomarkers. Secretion 
of miRNAs through a ceramide-dependent 
pathway has been documented. Furthermore, 
secreted miRs that are packaged into exo-
somes remain functional, implying that they 
can be an important mechanism of communi-
cation between tumor and surrounding normal 
epithelium or stroma [248]. Given these data, 
secreted miRs are an attractive biomarker, pro-
vided that specificity for PCa and clear tumor/
normal delineation can be demonstrated for 
each proposed miR biomarker. Future studies 
should be aimed at fulfilling these goals.

Conclusion

A number of molecules or modifications 
involved in gene expression regulation have 
emerged as potential biomarkers for primary 
and/or advanced PCa. From the field of epi-
genetics research, GSTP1, EZH2, p300 and 
PCA3 are of interest for further study. In addi-
tion to the classic genomic PCa markers PTEN 
and AR, the 8q24 locus is also an important 
area to pursue. Finally, HPN expression in PCa 
is an area of great importance. Although these 
new markers all have their own strengths and 
weaknesses, many of which were discussed in 
this review, none fit every characteristic of the 
“ideal” biomarker. For example, EZH2 seems 
an excellent diagnostic tool, but it lacks speci-
ficity since it is also a marker for advanced 
breast cancer [249]. HPN overexpression in pri-
mary PCa certainly possesses the necessary 
convincing preliminary data, but its expression 
in advanced PCa is controversial. PSA, on the 

other hand, is extremely prostate-specific in its 
expression, but is not reliable as a primary PCa 
marker. Therefore, a combined assay for EZH2, 
HPN and PSA may provide more specificity for 
PCa and better predictive capability at both 
early and late stages of PCa. So far, a study 
investigating these three markers together is 
not available.

Combined biomarker testing is not a new idea 
given the current migration of clinical oncology 
towards more personalized medicine. In fact, a 
panel of markers (some of which were dis-
cussed in this review) selected by Talesa and 
colleagues were included in a PCR-based com-
bined assay. Urine samples were collected from 
both PCa patients and normal males after pros-
tate massage/DRE and the extracted RNA was 
subjected to qRT-PCR for PSA, PCA3, prostate 
specific membrane antigen (PSMA) and HPN. 
Interestingly, this group found that PSA in com-
bination with PSMA was the best predictor of 
PCa diagnosis and severity, followed by PCA3 
alone. HPN was not a good marker in urine RNA 
isolates [250]. Although there are several 
issues associated with this study (the method 
of sample collection, the assay platform cho-
sen, for example), it is an excellent illustration 
of the power of combining biomarkers into one 
possibly more predictive diagnostic. More stud-
ies of this nature are being published on a regu-
lar basis. Unquestionably, the field of PCa bio-
markers is ever-expanding and the next several 
years of research will be very interesting.
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