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Predicting high-risk disease using tissue
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Purpose of review
For men newly diagnosed with prostate cancer, there are limited tools to understand the risk of disease
progression and guide the treatment decision process. We will provide an overview of current prostate
cancer biomarker discovery and validation strategies that are geared toward identifying aggressive,
clinically significant disease at the time of diagnosis.
Recent findings
The prostate gland exhibits multiple genetic events leading to both latent and clinically significant prostate
cancer. Recent evidence from clinical translational studies has implicated the role of aneuploidy and copynumber variation as significant predictors of aggressive disease. Furthermore, the regulation of NKX3.1 by
Pim-1 has provided a novel mechanism for the balance between indolence and disease course. Although
promising, there are no routine clinically used tissue-based biomarkers for identifying risk of prostate cancer
progression at diagnosis. The TMPRSS2–ERG gene fusion has provided insight into the early development
of prostate cancer but has not been unequivocally associated with aggressive disease. Importantly, the
only platform relying on intact tissue profiles is the systems pathology analysis program that includes
histomorphometry and quantitative multiplex biomarker assessment (including the evaluation of the prostate
cancer stem cell) to construct prognostic algorithms for pretreatment and post-treatment assessment.
Summary
Our objective for this review was to explore the effective use of prostate tissue samples, including fluids,
to identify relevant markers of clinically significant disease. We believe that the inherent molecular
heterogeneity in prostate cancer requires a multimodal approach, in the context of a systems pathology
platform, to create the personalized tools for future diagnostic treatment algorithms.
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INTRODUCTION
The only biomarker clinically used for detecting
the presence of prostate cancer and monitoring
recurrence post-treatment is prostate-specific
antigen (PSA). Accepted as being prostate specific
but not prostate cancer specific, several modifications to serum PSA detection have been suggested
to improve its sensitivity for detecting aggressive
disease, notably PSA velocity/doubling time
and PSA density. Thus far, only PSA density [PSA
(ng/ml) divided by prostate volume] has been
incorporated into the 2012 National Comprehensive Cancer Network guidelines for defining
parameters of very low risk prostate cancer; however, this variable is rarely calculated for the
majority of patients and thus, only total PSA is
typically available. Of note, a study on a cohort of
men enrolled in active surveillance demonstrated
that PSA in the absence of other indicators for tumor

progression such as a positive repeat biopsy and
increase in Gleason grade was not sufficient to
initiate active treatment [1]. Similarly, early results
from the European prostate cancer research international: Active Surveillance trial suggest that
PSA kinetics and PSA density may be the most
appropriate tools for risk stratification and deferred
treatment [2]. Therefore, a variety of studies have
emphasized the combination of gene expression
and proteomic efforts to identify more efficacious
Department of Pathology, Mt. Sinai School of Medicine, New York City,
NY, USA
Correspondence to Michael J. Donovan, PhD, MD, The Mount Sinai
School of Medicine, Department of Pathology, One Gustave L. Levy
Place, Box 1194, New York City, NY 10029-6574, USA. Tel: +1 212 241
4868; e-mail: Michael.Donovan@mssm.edu
Curr Opin Urol 2013, 23:245–251
DOI:10.1097/MOU.0b013e32835f89cc

0963-0643 ß 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins

www.co-urology.com

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Active surveillance in prostate cancer

KEY POINTS
 The established molecular and clinical heterogeneity of
prostate cancer dictates that a multidimensional and
integrative systems pathology program is crucial for the
development of clinically efficacious treatment decision
algorithms.
 Employing novel fluid-based approaches through
exosomes and circulating tumor cells will provide
minimally invasive methods to guide enrollment and/or
monitor patients in Active Surveillance treatment
programs.
 The ability to identify and quantify cancer stem cells in
biopsy tissue will further enhance patient-risk
stratification and improve upon the final treatment
selection process.

biomarkers (possibly to replace PSA); however, none
have advanced to routine clinical practice.
The prostate gland is the site of multiple genetic
events that give rise to both latent as well as
clinically significant prostate cancer. Recent evidence suggests that the latent cancerous foci either
do not undergo critical activating events or remain
under active suppression sufficient to maintain
in a subclinical state for the life of the individual.
The apparent temporal gap between the appearance
of incidental prostate cancer and the emergence
of clinically significant disease suggests that early
initiation/progression events may lead to the occurrence of cellular senescence as a means of tumor
suppression [3]. In particular, the downregulation of
the tumor suppressor gene NKX3.1 is an early and
consistent event in prostate cancer and associated
with increased proliferation of prostate epithelial
cells and poor prognosis [4–5]. Previous work
has shown that NKX3.1 inactivation leads to an
upregulation of the androgen receptor in the mouse
prostate representing a possible mechanism for disease progression. Recently, the oncogenic protein
kinase Pim-1 has been shown to stabilize NKX3.1
levels in prostate cancer cells (and normal epithelium), thereby creating a mechanistic approach
toward indolence [6]. Hypothetically, this link
between NKX3.1 modulation and the upregulation
of androgen receptor (AR) may be responsible for the
development of the TMPRSS2–ERG fusion gene as a
result of alterations in chromosomal proximity and
the increase in double-strand breaks secondary to
androgen receptor binding [7].
In principle, the molecular basis for the distinction between indolent and aggressive tumors might
include differences in the cell type of origin, the
genetic/epigenetic history of the tumor, immune
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www.co-urology.com

modulation and/or mechanism by which tumors
escape suppression like cellular senescence. Understanding these various molecular pathways that
drive the oncogenic program should provide key
insights into the identification of biomarkers useful
for guiding therapy and possibly the introduction
of chemoprevention. The current consensus is that
NKX3.1 loss followed by the TMPRSS2–ERG translocation represents early events for in-situ prostate
cancer. Subsequent loss or downregulation of
molecules such as PTEN (phosphatase and tensin
homolog), cyclin dependent kinase inhibitor
p27 (Kip), retinoblastoma tumor suppressor gene,
E cadherin, and TP53 are thought responsible for
early invasion and subsequent metastasis [8,9]. The
exact order of events and their importance with
regard to specific stages of disease progression is
not entirely understood; however, regardless of
temporal impact for promoting tumorigenesis, all
of the pathways described impact on the regulatory
activity and function of the androgen receptor
(see Fig. 1).
Various combinations of the above genes and/or
pathways have been evaluated using in-vivo mouse
models and human tissue cohorts. A recent study
utilized a series of transgenic models and protein
immunohistochemical assays to identify four proteins that together establish a phenotype of growth
and metastatic disease. In this study the combined
downregulation of PTEN and mothers against
decapentaplegic homolog 4 (SMAD-4), a member
of the TGFb/bone morphogenic protein signaling
axis, combined with upregulation of cyclin D1 and
the cell adhesion molecule osteopontin (secreted
phosphoprotein-1) was associated with biochemical
recurrence and lethal metastasis [10]. As with the
majority of prostate cancer biomarker studies to date,
confirmation and validation is necessary to understand the significance of this phenotype independent
of Gleason grade and PSA.
In addition to mutations and structural changes
to the genome including translocations, genes can
be influenced by epigenetic events that involve
reversible chemical modifications to DNA or associated proteins such as histones [11]. A well described
epigenetic event in prostate cancer involves
the methylation of the glutathione S-transferase
promoter region [12]. This enzyme is involved in
detoxification of xenobiotics and carcinogens; subsequent downregulation is thought to be an early
event in prostate cancer development and in some
reports, is associated with TMPRSS2 translocation
and early invasion. The epigenetic downregulation
of specific genes has also been shown to be
important in more advanced disease including
metastasis. One example is overexpression of the
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FIGURE 1. Prostate cancer progression from in situ to early invasion involves a series of complex molecular events that are
readily observed at the protein level with elevated Rmase, prostate specific membrane antigen (PSMA), and concomitant
androgen receptor (AP) dysregulation. Adapted with permission from [9].

histone methyltransferase EZH2, through DNA
methylation and histone modification, which
downregulates the tumor suppressor gene RAS
GTPase-activating protein gene DAB2IP that in turn
upregulates the expression of RAS and NF-kB promoting tumor growth and metastasis [13]. Understanding the importance of DAB2IP as a prognostic
(or therapeutic indicator) for lethal prostate cancer
at diagnosis is currently under investigation. Gene
methylation status will continue to be an important
part of biomarker discovery given the high methylation state of the prostate cancer genome.
Developing a more complete understanding of
the underlying biology of prostate cancer requires
the integration of multiple disciplines including
in-vivo models, tumor genomics, and clinical
outcomes. The following sections will highlight
some of the specific strategies currently underway
to identify the important drivers of disease and
elucidate pathways that in the future should prove
important in the appropriate management of
patients newly diagnosed with prostate cancer.

Genetic susceptibility and integrative
genomics of prostate cancer
Deciphering the underlying mechanism(s) responsible for prostate cancer progression requires a
multidisciplinary approach that includes clinical–
molecular pathology, integrative genomics, and
functional molecular imaging. This section will
highlight some important developments in prostate
cancer tumor genomics and discuss the impact of
clinical–tumoral heterogeneity and complex tumor
genetics on the discovery of relevant genes, and

pathways associated with disease progression.
Despite the increased diagnosis and stage shift of
prostate cancer as a result of PSA screening, overall
mortality has not changed substantially suggesting that many indolent, subclinical cancers are
being diagnosed and treated [14–18]. As a result
the traditional genetic-risk susceptibility studies in
prostate cancer have shifted their emphasis toward
disease aggressiveness over early diagnosis and to
identify a molecular signature of lethal prostate
cancer. Several studies have attempted to identify
discriminating risk variants; however, the results
thus far have been mostly inconclusive. Of relevance, a recent meta-analysis of genome-wide
association studies has identified the carcinoembryonic antigen gene family as being useful for
determining those men with clinically significant
prostate cancer [19].
We will review some of the more promising
examples arising from recent DNA-based studies
including a novel integrative genomics platform
that employs exome sequencing and copy number
to generate a sub-group classification scheme for
prostate cancer that is independent of traditional
pathologic variables.

TMPRSS2–ETS family gene translocation:
role in clinically significant disease
The previous identification of a chromosomal
rearrangement leading to a fusion of the androgen-regulated TMPRSS2 gene (21q22) with ETS
transcription factor family members, either ERG or
ETV1, has provided new insight into the underlying
biology of prostate cancer [20]. The TMPRSS2–ERG
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gene fusion has since been identified fairly consistently in approximately 50% of all PSA screened
prostate cancers in several well characterized
prostatectomy series [21,22]. Histologically, the
translocation has been identified in both highgrade prostatic intraepithelial neoplasia and
invasive cancer suggesting a role in early prostate
cancer development; however, mouse transgenic models evaluating aberrant expression of
ERG under control of the prostate-specific promoter
probasin found that ERG was insufficient to produce
a cancerous phenotype. It was only when ERG
was combined with haplo-insufficiency of PTEN
that a phenotype of rapid cancer development
was observed [23–24]. The authors hypothesize that
ETS gene rearrangements may represent progression
events as opposed to initiation of prostate tumorigenesis.
Some studies have linked the translocation
to a more aggressive disease phenotype although
this has not been confirmed in more recent
studies evaluating ETS alterations and clinical
outcome with the possible exception of ERG
duplication and aneuploidy [25,26]. In a comprehensive prostatectomy series by Gopalan et al. [27],
the TMPRSS2 translocation was associated with
lower grade and not biochemical recurrence,
metastasis or death. In this study, a DNA index
assessment revealed that the majority of tumors
with copy-number increase of TMPRSS2–ERG had
generalized aneuploidy and the aggressiveness
was not related specifically to a rearranged chromosome. There is evidence to suggest that the presence
of the TMPRSS2 translocation in urine, especially
in conjunction with PCA3 gene, improves
the sensitivity to detect prostate cancer; however,
whether it is important for identifying highrisk disease has not yet been confirmed [27–29].
Additional multicenter studies evaluating this
prognostic marker in well-defined patient cohorts
are required to better understand the importance
of TMPRSS2 translocation with clinically significant disease.
A recently described LNCaP (prostate cancer
cell) model has identified a novel mechanism for
the development of a TMPRSS2 translocation in
prostate cancer [7]. In this cell-based assay the
androgen receptor, acting together with a number
of key enzymes induced by androgens and genotoxic stress, is able to create double-stranded breaks
that allowed for translocations to occur suggesting
that the translocation is an early event in the genesis
of prostate cancer. The ability to temporally understand and then effectively measure these ‘oncogenic
drivers’ will no doubt be critical for deciphering
the underlying biology that is high-risk, in spite
248
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Oncogenes and tumor suppressors in
prostate cancer
Although no single genetic lesion has been
identified as the hallmark of prostate cancer, there
have been a number of significant candidates
including the transcription factor (oncogene)
androgen receptor and the tumor suppressor
genes PTEN, retinoblastoma gene (RB), and TP53,
as mentioned previously [8,9]. Noteworthy has
been the lack of a specific mutation profile for these
genes in early-stage tumors and that the mutation
incidence increases in metastatic and hormoneresistant disease. It seems more likely that the
cumulative effect on prostate tumor growth is more
a reflection of gene loss and gain of function either
directly through overexpression (e.g. androgen
receptor) or ubiquitination (e.g. p27) that impacts
on cell-cycle regulation and other drivers of tumor
growth [4–6]. We believe that efforts designed
to measure and integrate multiple intersecting
genomic and protein pathways, such as with a
systems-based pathology platform (see below), will
be able to unravel this complexity and ideally create
a more relevant disease phenocopy than isolated
mutational investigative studies.

THE ROLE OF NEW TECHNOLOGIES
Advancements in various high-throughput molecular technologies including genome-wide association, array comparative genomic hybridization
(aCGH), and high-throughput exome sequencing
have made considerable advances toward understanding the biology of prostate cancer but have
yet to yield a consistent phenotype of aggressive
disease. Interestingly, a recent genome-wide association study surveying 196 lethal cases and 368
long-term survivors was not able to identify genetic
variants associated with prostate cancer mortality,
further emphasizing the challenges facing these
types of analyses [30]. At the DNA level, a number
of aCGH studies have identified recurrent aberrations that have been selectively confirmed. Some of
the more important changes include deletions
at 5q21, 6q15, 8p21 (NKX3.1), 21q22 (TMPRSS2–
ERG fusion), 10q23 (PTEN), and 13q (retinoblastoma
tumor); gains at 8q24 (CMYC) and 16p13; and haploinsufficiency for TP53, PARP1, ATM, and DNAdependent protein kinase catalytic subunit [31].
The evidence suggests that prostate cancer proceeds
along a limited number of genetic pathways that
may serve to create subtypes of prostate cancer
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comparable to what has been identified in other
solid malignancies including breast cancer.
Interestingly, a complete whole genome
sequencing of seven prostate cancer specimens
identified a series of chromosomal breaks and
rearrangements that were associated with chromosomal alterations including histone methylation
[32]. In this analysis abnormalities were identified
in the PTEN gene and a gene that encodes a
PTEN-interacting protein [membrane associated
guanylate kinase, WW and PDZ (protein protein
binding region) domain-containing protein 2,
MAGI2]. The data supports a role for employing
such global sequencing efforts in an attempt
to identify potentially relevant pathways driving
tumor progression. In this approach, the identification of a driver pathway may aid in identifying
those tumors likely to progress as well as guiding
selective therapy, that is, the use of PI3K/mammalian target of rapamycin/AKT inhibitors [33]. The
categorization of prostate cancer based on pathway
abnormalities may help guide future treatment
decisions including surgery vs. radiation vs. selective targeted agents.
Unfortunately, many of the reported expression
studies have been limited owing to modest cohort
size, short follow-up time, and surrogate end-points
such as PSA recurrence and the use of heterogeneous
(i.e. multi-cell type) tissue samples in the selected
analysis platform. As a result, these approaches
have not been able to reliably identify robust
subtypes of prostate cancer with discriminating
prognoses. A genomic study by Taylor et al. [34]
has provided the perfect template for future genebased discovery programs through an integrative
profiling platform that incorporates DNA copynumber, mRNA expression, and focused exon
resequencing to identify disease relevant signatures.
The study found three specific pathways important
for prostate cancer progression including PI3K, RAS/
RAF, and androgen receptor. In addition, copynumber alteration from primary tumors appeared
to play a very significant role in prostate cancer
subgroups with respect to outcome and risk
state, independent of Gleason. This was especially
noteworthy for the TMPRSS2 translocation group in
which loss of both PTEN and TP53 was identified.
Interestingly, using curated mRNA microarray
signature profiles, Markert et al. [35], were able to
molecularly classify prostate cancer into three
prognostic groups, one subset with very poor outcome exhibiting stem-cell signatures coupled with
inactivation of PTEN and TP53, another group with
intermediate survival outcome and the TMPRSS2–
ERG translocation and a third, heterogeneous group
with a more benign clinical course.

Although using fresh frozen tissue is preferred,
the ability to identify a reasonable source of highquality material with comprehensive clinical
follow-up is limited. This has been especially
challenging for prostate cancer in which only a
few studies have screened reasonable numbers
of patients with extended follow-up to identify
relevant signatures for disease course. The Taylor
et al. [34] study described above serves to illustrate
several relevant points including the necessity of
using high-quality material for assessing tumor
genomes and the importance of relying on integrative analytic approaches (i.e. mutation detection,
copy-number alteration, and expression changes),
especially relevant for tumors that exhibit a high
degree of both molecular and clinical heterogeneity
like prostate cancer.

Systems-based (precise) pathology for
identifying high-risk disease
A recently described mechanism for helping
to bridge these various investigational studies
with clinical medicine has been through the introduction of an analytic modeling platform known as
systems pathology [36,37,38 ,39]. The derived systems-based pathology models utilize the patient’s
own clinical data and intact tissue specimens
to construct a baseline phenotype for defining
a clinical-risk state. These biological-quantitative
models also provide a biomarker profile that can
be linked to treatment and outcome. Systems pathology represents a major advance in the standard
practice of tissue-based pathology through its integration of molecular and imaging data with the
patient’s clinical history. These dissimilar data sets
are effectively analyzed with machine learning
analytics that select features based on their association with a clinical event. This results in a highly
accurate multivariate predictive model that identifies an individual’s probability of experiencing a
specific outcome over time. The working hypothesis
was that by using this approach and expanding
the clinical–pathological variables to include
standardized and objective morphometric features
and molecular biomarkers, one could develop a
more robust tool for predicting patient outcome.
The systems pathology program was able
to produce clinically effective models to predict
outcome both at the time of diagnosis (using the
patient’s own biopsy tissue, Pxþ biopsy test, [40 ]) or
postsurgery (Px prostatectomy test, [41 ]). The
quantitative and standardized assessment of specific
biomarkers such as androgen receptor and Ki67
(utilizing quantitative multiplex immunofluorescence, image analysis, and morphometry) have
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proven quite successful in stratifying patients and
guiding treatment decisions including enrollment
in active surveillance programs, brachytherapy þ/
hormones, salvage radiotherapy, and surgical
approach (i.e. incorporation of a lymph node
dissection and extent of surgical margin) [39].
Most recently the biopsy Pxþ model was applied
on a large cohort (n ¼ 181) of men enrolled in
an active surveillance program and successfully
predicted time to treatment (i.e. exit from active
surveillance) with a concordance index (CI), of 0.65,
(hazard ratio 3.6, P < 0.0001) [42 ]. Furthermore,
these multiplex strategies should prove especially
useful for identifying and quantifying (i.e. counting) complex rare-cell events such as the cancer
stem cell load (i.e. individual cells that are:
CK18 – /HLA1 – /GLI1 – 2þ/Notch2þ)
characterized
by Domingo–Domenech et al. [43 ]. Being able
to evaluate this cell population in biopsy tissue
sections will further identify those men most likely
to have lethal (e.g. de-novo chemoresistant) disease.
Finally, the future of tissue biomarker analysis
in prostate cancer will undoubtedly involve a
combination of the approaches outlined in this
review including quantitative biomarker thresholds
coupled with morphometry (systems pathology),
RNA expression profiles, and genomic changes
represented as single-nucleotide polymorphisms
or methylation signatures. In addition, there are
several promising fluid-based methodologies that
will add a further level of complexity for improving
patient-risk stratification. One novel technology
includes the gene expression signature found within
urine and/or serum isolated exosomes. It is now
fairly well established that the tumor exosome
population contains almost the entire transcriptome including a broad representation of long
noncoding transcripts [44]. For patients presenting
for a biopsy, the identification of nondigital rectal
exam urine-derived exosomal PCA-3, TMPRSS2, ERG
and other relevant prostate cancer-specific genes
will provide the next generation of fluid-based
tests for both early diagnosis and treatment [45].
An additional approach will include the isolation
and characterization of circulating tumor cells
(CTC). There are a variety of new nanotechnologies
that have improved upon yield and specificity,
thereby making the CTC accessible for further
interrogation and at earlier time points in the
disease process [46].
&

regimen (e.g. surgical margins, nerve-sparing,
radiation field, dose, and bimodal therapy) or
procedure and/or therapeutic choice (i.e. targeted
therapy) based on likelihood of response. As this
review has illustrated, the underlying biology of
prostate cancer is complex, host and tumor driven,
and requires a more comprehensive assessment as
supported through a systems approach. We believe
that the prostate cancer test of the future will
be multidimensional and temporal, combining
tissue-derived attributes (morphometry/protein)
with genomic and RNA expression patterns, and
then incorporating a series of fluid-based exosome
and/or CTC profiles during the course of the disease
to provide a complete systems-based, precise, and
patient-centric algorithm that drives management
decisions.

&

CONCLUSION
One of the crucial roles for any given biomarker
is to provide information that has clinical utility,
efficacy, and is actionable; adjusting a treatment
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