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Abstract
Prostate cancer is the second most frequently diagnosed non-skin male malignancy worldwide, with over 1.1 million 

new diagnoses each year. Population screening based on serum prostate-specific antigen (PSA) has shifted the disease 

burden toward earlier stage, localized disease. However, clinical outcomes for localized prostate cancer are highly 

heterogeneous, despite the use of clinical prognostic factors (PSA, Gleason grade, and TNM stage). Recent advances in 

massively-parallel DNA sequencing and computational biology have permitted detailed genomic analyses of all major 

human cancer types, including prostate cancer. However, the long natural history of prostate cancer has largely precluded 

rapid translation of this knowledge into clinical practice. Herein, we provide a “state of the field” overview of prostate 

cancer genomics, with particular focus on localized, non-indolent disease. We discuss recurrent somatic aberrations, 

across multiple mutational classes, which characterize this disease state, and suggest strategies through which an 

improved understanding of these molecular aberrations may be utilized in the curative setting. Finally, we summarize 

the major outstanding questions in prostate cancer genomics, and discuss hypotheses and potential strategies to begin 

to address these questions.
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INTRODUCTION
Prostate cancer is the most frequently diagnosed non-skin male malignancy in Western countries, with over 
500,000 new diagnoses each year in North America and Europe alone. Since the introduction of prostate-
specific antigen (PSA) screening in the early 1990s, the vast majority of new cases are diagnosed as organ-
confined, potentially-curable disease, with very few diagnoses of primary metastatic disease in screened 
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populations[1]. Localized prostate cancer is triaged into groups that largely define treatment options, risk of 
disease progression and prostate cancer-specific mortality (PCSM). These risk groups (i.e., low, intermediate, 
high) are based primarily on three clinical prognostic factors: serum PSA concentration, Gleason/Inter-
national Society for Urological Pathology grade of the tumour biopsy, and clinical TNM stage[2]. Low risk 
disease can usually be effectively managed through active surveillance. Intermediate risk prostate cancer is 
generally treated with curative-intent radical prostatectomy or image-guided radiotherapy (IGRT; external-
beam and/or high dose-rate brachytherapy), while high risk disease is managed with IGRT and (neo)adju-
vant androgen-deprivation therapy (ADT) or radical prostatectomy, with or without adjuvant IGRT[3].

Despite these prognostic factors, clinical outcomes are highly heterogeneous across the risk spectrum. For 
example, 20%-25% of men on active surveillance for low risk prostate cancer will experience clinical or 
pathological progression, necessitating definitive therapy[4]. Similarly, 10%-15% and 30%-40% of men with 
intermediate or high-risk prostate cancer, respectively, will experience disease recurrence within 3 years fol-
lowing curative-intent therapy, portending a lethal clinical course[5]. As such, current prognostic factors do 
not accurately define the risk of disease progression for an individual man with prostate cancer. There is, 
therefore, an urgent need to define novel prognostic and predictive biomarkers to inform precision medicine 
protocols for localized prostate cancer. Such biomarkers would allow for more appropriate pre-treatment tri-
age, thus reducing over-treatment of indolent prostate cancer and intensifying treatment for men at high risk 
for progression to potentially-lethal metastatic disease.

THE PROSTATE GLAND
The prostate is an androgen-dependent tissue, involved in normal reproductive function. Chemical or physi-
cal castration of mice results in complete regression of the prostate, which is rescued by exogenous andro-
gen[6]. Testosterone is primarily synthesized from cholesterol in the Leydig cells of the testis (a small amount 
is synthesized in the adrenal gland), and is converted to 5-alpha-dihydrotestosterone (DHT) in androgen-
responsive tissues such as the prostate. DHT has a 2-5-fold higher affinity for the androgen receptor (AR) 
and a 10-fold higher effect on AR-induced gene expression than testosterone. AR is a prototypical steroid 
hormone receptor, which, when bound by androgen, translocates into the nucleus and interacts with andro-
gen-responsive elements (ARE) in the promoter and enhancer regions of target genes such as TMPRSS2 and 
KLK3, which promote proliferation and survival of prostate epithelial cells[7].

GENOMIC DRIVERS OF PROSTATE CANCER TUMORIGENESIS AND PROGRESSION
An understanding of the molecular features of prostate cancer requires dissection of the differential biol-
ogy of primary, treatment-naïve, potentially-curable localized disease vs. incurable metastatic, castration-
resistant prostate cancer (mCRPC) that has evolved in the context of multiple rounds of ADT. Primary pros-
tate cancer is a C-class tumor[8], characterized by a paucity of driver single-nucleotide variants (SNVs) with 
recurrent driver structural variants, including DNA copy number aberrations (CNAs) and genomic rear-
rangements (GRs)[9-11]. Conversely, mCRPC is associated with increased genomic instability and mutational 
burden, and with enrichment of gene mutations which drive androgen-independent growth and metastatic 
dissemination[12-14]. This review will focus upon genomic aberrations associated with localized, potentially-
curable disease, with a particular emphasis on molecular aberrations that define novel disease subtypes and 
clinically-relevant biomarkers of aggressive localized disease. While epigenomic aberrations are highly rel-
evant driver events in localized prostate cancer and may have substantial value within prognostic signatures, 
a detailed discussion of prostate cancer epigenomics is beyond the scope of this review, which will focus pre-
dominantly on genomic aberrations that result in changes in DNA sequence or structure. Similarly, cancer 
evolves in the context of unique germline genotypes, which can fundamentally alter tumour somatic pheno-
types and aggression; a classic example is the unique somatic molecular profile of aggressive prostate cancer 
in men harbouring a germline mutation in the BRCA2 gene[15]. While this review will focus on somatic 
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aberrations, the influence of germline background is highly relevant, as evidenced by the preponderance of 
genomic loci linked to the onset and aggression of localized prostate cancer[16-21].

THE MOLECULAR LANDSCAPE OF PROSTATE CANCER
GRs 
The origins of our understanding of the molecular determinants of prostate cancer tumorigenesis and ag-
gression predates the current genomic era. The effectiveness of androgen ablation in the treatment of pros-
tate cancer has been recognized for decades[22], and this association strongly (and correctly) suggested a link 
between AR activity and prostate cancer progression[23]. Clinical studies revealed that AR mutations are 
common in advanced prostate cancer and arise during the course of ADT[24,25].

A major breakthrough came with the discovery that the ETS-family oncogene, ERG, is over-expressed in 
a large proportion of primary prostate cancers[26], and the subsequent finding that this is secondary to an 
androgen-dependent GR on chromosome 21q22.2-22.3 that results in a fusion between the 5’ regulatory re-
gion of the TMPRSS2 gene and the coding region of ERG[27] [Figure 1]. This fusion results from one of two 
independent-but-related processes: homozygous deletion of the intervening ~2.8 Mbp between the TMPRSS2 
and ERG genes (termed “edel”) or translocation of the intervening region to other chromosomal locations 
(termed “esplit”)[28]. These can be distinguished using three-colour fluorescence in situ hybridization (FISH) 
analysis, and edel fusions can also be inferred from copy number loss of the intervening genomic region (see 
below).

The TMPRSS2:ERG fusion (T2E) is present in ~45% of all localized prostate cancers, while another ~5%-10% 
harbor a fusion involving other ETS-family proto-oncogenes (e.g., ETV1, ETV4)[29]. Fusion of the TMPRSS2 
promoter, which contains a strong ARE, to the 5’ end of ERG leads to androgen-driven ERG overexpression, 
which can be detected in clinical specimens by immunohistochemistry against ERG[30,31]. The T2E fusion 
is also readily detectable using FISH and qPCR[28,32]. Molecular heterogeneity and subclonality studies have 
consistently demonstrated that the T2E fusion is one of the earliest molecular events in prostate tumori-
genesis[33]. Despite this, no clear picture has emerged regarding the precise function of T2E in this regard. 
Moreover, large studies have failed to establish a prognostic effect of T2E for differential clinical outcomes in 

Figure 1. Schematic of androgen-driven ERG  expression following TMPRSS2:ERG  fusion. Fusion of the 5’ regulatory region of the 
TMPRSS2 gene (21q22.3) - including an upstream androgen response element (ARE) - to the coding region of the ERG oncogene (21q22.2) 
results in a fusion product in which ERG  expression is induced in an androgen-responsive manner. This fusion can be detected using 
fluorescence in situ  hybridization[28] or indirectly through ERG immunohistochemistry



localized disease[34,35], although tumors harboring the fusion do show unique transcriptional programming 
resulting in a dependency on NOTCH signaling[36], which could make T2E a predictive biomarker for sensi-
tivity to NOTCH pathway inhibitors.

Similarly, recent evidence indirectly links T2E to resistance to ADT. In mCRPC treated with the second-line 
ADT agent abiraterone, patients whose disease harbored SNVs in the SPOP gene or deletions of CHD1 (see 
below) had significantly prolonged overall survival times, relative to patients without either aberration[37]. 
SPOP SNVs/CHD1 deletions were mutually exclusive from T2E fusions, as previously described[38,39], suggest-
ing that T2E may predict resistance to abiraterone-based ADT. Further studies of T2E in this context will be 
required to determine whether fusion-negative tumors have differential abiraterone sensitivity in the context 
of SPOP/CHD1 aberrations.

While ETS-family fusions represent the largest single class of prostate cancer-associated GRs, other aber-
rations have been described and may impact prostate cancer biology and clinical outcome. For example, a 
recurrent genomic inversion on chromosome 7q23 containing the PTEN tumor suppressor gene is associ-
ated with a significant reduction in PTEN mRNA abundance and PTEN function, similar to that observed 
in tumors harboring PTEN deletions[10]. A similar effect was also observed on a region of chromosome 3, 
suggesting that this is a relatively common mechanism of mRNA abundance regulation. PTEN displays the 
behavior of a haploinsufficient tumor suppressor, whereby inactivation of a single PTEN allele by deletion (see 
below) or point mutation is sufficient to drive PTEN-mediated tumourigenesis[40]. However, this effect may, 
in fact, be explained by a copy-neutral loss of the second allele through methylation-induced silencing or ge-
nomic inversion. As the number of tumors profiled continues to increase (thus increasing statistical power), 
it will be important to evaluate if and how different classes of aberration interact to dysregulate PTEN.

Additional non-ETS gene fusions have been identified in prostate cancers in non-Caucasian populations, in-
cluding fusions between the USP9Y and TTTY15 genes on chromosome Y and a CTAGE5:KHDRBS3 fusion 
resulting from a chr14:chr8 translocation[41]. In Chinese prostate cancer patients, these fusions are present at 
rates that exceed that of TMPRSS2:ERG, which strongly suggests that ethnicity and environmental factors 
play a key role in the molecular progression of prostate tumorigenesis.

It is now clear that GRs, including (but not limited to) ETS family fusions, are key drivers of prostate cancer 
development and progression. However, if and how rearrangements contribute to patient-specific clinical ag-
gression remains unclear.

CNAs
Several genomic loci are recurrently amplified or deleted in localized prostate cancer [Table 1]. Among the 
most frequent CNA is the deletion of a locus on chromosome 10q containing the PTEN tumour suppres-

Table 1. Recurrent copy number aberrations in localized prostate cancer

Gene Aberration Chromosomal locus Frequency in localized prostate cancer[10,29,87]

PTEN Deletion 10q23.31 10%-20%
FOXO1 Deletion 13q14.11 5%-15%
RB1 Deletion 13q14.2 5%-15%
CHD1 Deletion 5q15-q21.1 8%-10%
MYC Amplification 8q24.21 6%-10%
NBN Amplification 8q21.3 5%-7%
TP53 Deletion 17p13.1 4%-7%
CDH1 Deletion 16q22.1 4%-5%
NKX3-1 Deletion 8p21.2 2%-5%
BRCA2 Deletion 13q13.1 3%-5%
CDKN1B Deletion 12p13.1 2%-5%
BRCA1 Deletion 17q21.31 1%-2%
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sor[9,10,29]. This CNA is present in roughly 20% of all localized cancers and is distributed equally between 
tumour phylogenetic trunks and branches[9]. PTEN-/- mouse embryonic fibroblasts are sensitive to poly-ADP 
ribose polymerase (PARP) inhibitors[42-45], possibly through decreased homologous recombination-mediated 
DNA repair via transcriptional down-regulation of RAD51[45,46]. However, correlative studies have failed to 
establish any link between PTEN status and RAD51 expression in prostate cancer[47], and it is likely that 
this effect is tissue-specific[43-45], since follow-up clustered regularly interspaced short palindromic repeats 
(CRISPR)-based screens for PARP inhibitor sensitivity have failed to recapitulate the importance of PTEN 
in this regard[48]. Other recurrent somatic deletions include NKX3-1 (8p21.2), CHD1 (5q15-q21.1; see below), 
CDH1 (16q22.1), RB1 (13q14.2), CDKN1B (12p13.1), BRCA2 (13q13.1) and TP53 (17p13.1)[9,10,29], and several of 
these may have significant prognostic value for adverse outcomes in localized disease[49].

The most frequently amplified region of the somatic prostate cancer genome is chromosome 8q. Several 
significant amplification peaks exist on this chromosomal arm, the most prominent of which (8q24.21) har-
bours the MYC oncogene. This region is amplified in 8%-10% of localized cancers[9,10,29], and is prognostic of 
adverse clinical outcomes following definitive therapy[10,50-52]. Interestingly, the rate of MYC amplification is 
substantially increased in localized prostate cancers in men who harbour a deleterious germline mutation 
in the BRCA2 gene[15,53]. Consistent with a role for MYC amplification as a determinant of poor clinical out-
come, these familial cancers have an extremely aggressive clinical course, with 5-year overall survival rates 
approaching 50%[54].

Recurrent amplifications of chromosome 8q - outside of those affecting the MYC gene[29] - are also com-
monly observed and may have important biological and clinical relevance[29]. For example, amplification of 
the NBN gene (8q22.1), which encodes the DNA damage sensor protein NBS1, is predictive of poor response 
to external beam radiotherapy in low/intermediate risk prostate cancer[55]. Similarly, the PCAT1 long non-
coding RNA gene, which is implicated in aggressive localized and metastatic prostate cancer, is located on 
a frequently-amplified region of chromosome 8q immediately upstream of the MYC locus[56]. Intriguingly, 
PCAT1 lies within a common fragile site (FRA8C)[57], which may help to explain the recurrent instability at 
this locus.

Beyond chromosome 8q, recurrent amplifications have been identified on chromosome 3q26, 11q13, and 
the entirety of chromosome 7[10,29]. Because these amplifications involve megabase stretches of the genome, 
identification of the putative driver genes in each region has proven difficult. However, it is clear that at least 
some of these large-scale amplifications have prognostic value in localized prostate cancer; indeed, amplifi-
cation of chromosome 7 defines a unique CNA-based cluster of prostate cancer, and is associated with de-
creased time to biochemical relapse in men treated with IGRT for intermediate risk prostate cancer[58].

The prognostic importance of somatic CNAs is now well-established. CNA burden - the proportion of the 
genome affected by a CNA - is associated with reduced time to biochemical relapse in men with localized 
prostate cancer[58,59]. Moreover, unbiased, machine learning-based approaches have identified CNA-based 
gene signatures that accurately classify patients for risk of biochemical and metastatic relapse following de-
finitive, curative-intent therapy for localized prostate cancer[10,58,60]. These signatures significantly outperform 
RNA-based classifiers[58] as well as established clinical prognostic factors such as Gleason grade and pre-
treatment PSA. Moreover, CNA-based classifiers can be derived from pre-treatment biopsy specimens and 
are readily adapted for clinical implementation via clinical laboratory improvement amendments-compatible 
platforms such as NanoString[60].

Single nucleotide variants
In contrast to other solid tumour types such as serous ovarian and pancreatic cancers, localized prostate 
cancer harbours a paucity of recurrent driver somatic SNVs. Indeed, several well-powered studies have 
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identified very few genes mutated at rates exceeding 5%. The most frequently mutated gene in localized 
prostate cancer in SPOP, which encodes a transcriptional regulator implicated in the DNA damage response, 
maintenance of genome integrity, and inactivation of signaling pathways involved in cell proliferation and 
survival[10,38,61,62]. SPOP mutation frequently co-occurs with CHD1 deletion and both events are mutually 
exclusive from TMPRSS2:ERG fusion. While the understanding of the molecular mechanism for these as-
sociations is incomplete, recent data suggest that impairment of androgen signaling in cells lacking CHD1 or 
SPOP is likely a major contributor. CHD1 is required for androgen-dependent TMPRSS2:ERG fusion[63] and 
SPOP inhibits androgen signaling via ubiquitylation of the AR steroid receptor coactivator-3 and of AR it-
self[64]. Recent evidence suggests that SPOP mutation is subject to negative selection during the development 
of mCRPC, perhaps reflecting the reduced dependence on androgen signaling in this disease state. From a 
therapeutic standpoint, SPOP mutation (and CHD1 deletion) are predictive of improved response to the anti-
androgen abiraterone[37].

Mutations in TP53 are also relatively common in localized prostate cancer (3%-5% recurrence), and these 
tend to cluster in the central DNA binding domain of p53[10], suggesting an important functional contribu-
tion of this canonical tumour suppressor pathway. Similarly, mutations in the ATM gene, while somewhat 
rarer than those in TP53 (~2% recurrence), are strongly associated with rapid biochemical relapse in localized 
disease[10]. The mechanisms underlying this clinical aggression are unclear, since the majority of these muta-
tions do not map to established hotspots or functional domains within the ATM protein. Nevertheless, the 
finding that ATM is frequently mutated in the germline in patients with mCRPC[65,66] underlies the impor-
tance of this pathway as a determinant of prostate tumourigenesis and progression. Moreover, ATM mutant 
cancers may be uniquely sensitive to PARP inhibitors[67], suggesting a potential role as a predictive biomarker 
for these mutations.

Other genes affected by recurrent SNVs include MED12[38], which is implicated in the clinical aggression of 
hereditary prostate cancer in men who carry a germline BRCA2 mutation[15], and FOXA1, which encodes a 
Forkhead family transcription factor and is associated with poor outcomes in ER+ breast cancer[68].

One intriguing category of SNVs are those that occur in non-coding regions of the genome (ncSNVs). Sev-
eral ncSNVs are recurrent at rates that approach those of non-synonymous SNVs (i.e., 2%-4%)[10]. These likely 
represent true hotspot mutations because they occur recurrently at the same nucleotide. While the precise 
role of these ncSNVs remains unclear, it is possible that they interfere with transcriptional regulation, either 
through cis-mediated effects on nearby genes or via alterations in three-dimensional genome structure. 
CRISPR-based knock-in models will greatly enhance our understanding of the biology of these recurrent 
aberrations.

THE WHOLE-GENOME LANDSCAPE OF PROSTATE CANCER
The first deep analysis of the prostate cancer genome [Table 2] emerged in 2011. Garraway and colleagues 
sequenced the whole genomes of seven localized prostate cancers (and patient-matched normal specimens) 
to a mean depth of ~30x, sufficient to detect most clonal mutations[69]. This group demonstrated that local-
ized prostate cancer harbours an intermediate SNV burden, relative to other solid tumour types. While this 
study lacked sufficient statistical power to detect all but the most recurrent mutations, several genes, includ-
ing SPTA1 and SPOP, were altered above the expected background rate. This report also identified a unique 
pattern of GR in prostate cancers in which closed loops of rearrangements occur in a copy-neutral manner 
to generate complex fusion products that dysregulate numerous genes, including cancer-associated genes 
such as TP53, ABL1, and TBK1. These rearrangements were enriched in ChIP-seq peaks associated with open 
chromatin, active transcription and both AR and ERG binding. GRs were also identified in other prostate 
cancer-associated genes, such as PTEN[70].
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A subsequent study from the same group[71] showed that these complex closed-loop chain rearrangements 
occur through a process termed “chromoplexy”. Using simulated genome data, the authors demonstrated 
that chromoplexy is an important mechanism of tumour suppressor gene inactivation in prostate cancer, 
and further demonstrated that chromoplexy occurs throughout the subclonal evolution of prostate cancer in 
a “punctuated equilibrium” of tumour evolution.

The Cancer Genome Atlas (TCGA) program sequenced the whole exomes of 333 primary prostate cancers, 
with whole-genome sequencing of 19 cases of low mutational burden[29], representing the first well-powered 
survey of protein coding variants in localized prostate cancer. Using associated CNA, RNA expression, DNA 
methylation, and protein phosphorylation arrays, the TCGA team identified several consensus clusters of 
localized prostate cancer, including tumours harbouring an ETS fusion (~60%) and SPOP, FOXA1, or IDH1 
mutation (~15%, collectively). Approximately 25% of localized prostate cancers did not sort into one of these 
clusters, perhaps suggesting the existence of additional molecular subtypes that could not be detected given 
the statistical power of the TCGA study and the relatively low mutational burden in localized prostate can-
cer. While TCGA identified molecular aberrations in several clinically-relevant pathways (e.g., PI3K, DNA 
repair, and other), the putative effects of these aberrations on clinical outcome could not be assessed due to 
the limited clinical follow up associated with the genomic findings. One potential clinical utility of Weisch-
enfeldt et al.[72] surveyed the whole genomes of eleven prostate cancers arising in men 50 years of age or 
younger and compared these with seven propensity-matched prostate cancers of elderly-onset. While rare, 
these cancers in younger men represent a unique clinical challenge, and both the long natural life expectan-
cy of these men and the increased clinical aggression of these early-onset cancers necessitates definitive local 
therapy. Interestingly, these cancers harbour a lower overall burden of structural variation, perhaps owing to 
the reduced time for acquisition of mutations, but possess a strong bias toward androgen-induced GRs - such 
as T2E - relative to cancers arising in older men. This was associated with increased AR mRNA abundance 
in early-onset prostate cancer. These findings suggest a unique biology of early-onset prostate cancer and 

Table 2. Summary of whole genome sequencing studies of localized prostate cancer

Ref. Number and type of whole 
genomes sequenced

Major significance

Berger et al .[69], 2011 7 primary high risk tumours First whole-genome sequencing of localized prostate cancer. Identification of 
closed-loop chain rearrangements

Baca et al .[71], 2012 55 primary tumours, 2 neuroendo-
crine metastases

Characterization of temporal changes in prostate cancer structural variation 
(“chromoplexy”)

Weischenfeldt et al .[72], 2013 11 early-onset primary tumours
7 elderly-onset primary tumours

Androgen-dependent structural variation enriched in prostate cancers aris-
ing in men < 50 years of age

Cancer Genome Atlas Re-
search Network[29], 2015

19 primary tumours Molecular subclasses of localized prostate cancers

Boutros et al .[49], 2015 23 malignant foci from 5 primary 
tumours

Spatial heterogeneity of localized prostate cancer

Cooper et al .[77], 2015 12 malignant foci from 3 primary 
tumours

Spatial-temporal heterogeneity of localized prostate cancer. Identification of 
aberrations in morphologically-normal prostate epithelium

Fraser et al .[10], 2017 200 intermediate risk primary 
tumours

Largest study of prostate cancer whole genomes to date. Identification of 
recurrent driver aberrations linked to adverse clinical outcome

Taylor et al .[15], 2017 19 disease foci from 14 germline 
BRCA2 mutation carriers

Tumour genomes of BRCA2  mutation carriers closely resemble those of 
castration-resistant metastatic disease. MED12/MED12L pathway as driver 
of clinical aggression

Camacho et al .[88], 2017 103 primary tumours Assessment of somatic genome-wide copy number aberrations and mecha-
nism of copy number loss

Ren et al .[89], 2018 65 primary tumours from Chinese 
men

Low frequency of TMPRSS2:ERG  fusion in Chinese prostate cancers. Identifi-
cation of novel tumour suppressor genes

Espiritu et al .[9], 2018 93 intermediate risk primary 
tumours

Analysis of the temporal evolution of prostate cancer. Development of a 
clonality-aware multi-modal biomarker of adverse clinical outcome

Wedge et al .[79], 2018 87 primary tumours, 20 metastatic 
lesions

Temporal evolution of prostate cancer. Identification of potential druggable 
targets in localized disease

Su et al .[84], 2018 17 nuclei from 2 primary tumours First report of single nucleus whole-genome sequencing in prostate cancer. 
Significant spatial heterogeneity within the same gland
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pave the way for future studies to define the precise molecular mechanisms through which these cancers de-
velop and evolve.

Clinico-genomics in localized prostate cancer
Well-powered, clinically-focused studies of the localized prostate cancer genome have proven difficult, rela-
tive to other solid tumour types, because of both the paucity of high tumour content tissue, particularly in 
low burden disease. Moreover, the development of clinically-meaningful endpoints (i.e., distant metastasis-
free survival, overall survival, etc.) in localized prostate cancer can take upward of 10-15 years. However, re-
cent advances in computational algorithms and decreases in sequencing costs have allowed for far more in-
depth analyses than have previously been possible. Moreover, recent work has established reliable surrogate 
endpoints of aggressive disease.

Fraser et al.[10] performed a deep meta-analysis of prostate cancer whole-genome (n = 200) and whole-exome (n 
= 477) sequences published to date, with long-term clinical follow-up available for 130 patients with homo-
geneously staged disease. Using parallel array-based indices, the team identified a 6-feature clinico-genomic 
signature of adverse clinical outcome[10]. This signature is composed of a GR (a translocation on chromo-
some 7), two DNA methylation aberrations (TCERG1L hypomethylation, ACTL6B hypermethylation), SNVs 
in ATM, copy number amplification of MYC, as well as clinical T stage. This signature accurately predicts 
overall biochemical relapse and, importantly, also predicts relapse within the first 3 years following curative-
intent treatment, which is a surrogate for lethal disease[5,73]. Despite these promising insights, much larger 
numbers of patients - with well-annotated long-term clinical follow-up data - will be required to both vali-
date these findings and to establish the clinical implications of aberrations occurring below the 1%-5% recur-
rence threshold.

Spatio-temporal heterogeneity, tumour evolution, and clinical outcomes approximately 75%-80% of prostate 
cancers are multi-focal, as assessed at prostatectomy[74,75]. While multiple foci do not necessarily portend a 
more aggressive clinical course[74], the index lesion does not always correspond to the malignant clone that 
gives rise to distant metastases[76]. As such, an understanding of if and how inter-focal heterogeneity af-
fects prostate cancer progression is of paramount importance. To that end, Boutros et al.[49] sequenced the 
genomes of eighteen spatially-distinct disease foci from five patients with intermediate-risk prostate cancer, 
with an additional sixty-nine cases evaluated using array-based assessment of genome-wide CNAs. Inter-
focal heterogeneity was extremely high for all mutational classes. For example, in one patient, the total 
number of CNAs varied by nearly 2 orders of magnitude across five tumour foci, while the percentage of 
the genome affected by CNAs (percentage of genome altered; a metric of genomic instability and an inde-
pendent prognostic factor[58,59]) varied by over 10-fold. Importantly, the index lesion was not universally 
associated with the highest burden of structural variants or SNVs, consistent with reports showing that me-
tastases do not always arise from the index tumour[76]. Moreover, several aberrations with established links 
to progression and adverse outcomes (e.g., TP53 and PTEN deletion) were heterogeneous across tumour foci 
from the same patient, and one patient showed strong evidence of multiple independent tumours. Likewise, 
Cooper et al.[77] sequenced the whole genomes of twelve cancer foci from three patients, along with tumour-
adjacent normal prostate epithelium from all three. The team showed compelling evidence of intermixing of 
cancer clones within a single cancer focus and identified a significant burden of tumour-associated mutation 
in morphologically normal prostate epithelium, consistent with a global “field defect” within the gland as a 
whole. These findings of extensive heterogeneity have subsequently been recapitulated in larger, independent 
cohorts. Løvf et al.[78] recently sequenced the exomes of 153 foci from 41 patients, including both malignant 
and putatively-normal prostate epithelium, and demonstrated that there is significant inter-focal heterogene-
ity, including genes with established prognostic importance or enrichment in metastatic or aggressive local-
ized prostate cancers (e.g., NKX3-1, MED12, TP53).
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Prostate cancer also shows evidence of substantial clonal divergence during tumourigenesis. Indeed, 
Espiritu et al.[9] recently demonstrated that only ~25% of localized, non-indolent prostate cancers are com-
posed of a single clonal population (“monoclonal”) within the index lesion. Conversely, 75% of cancers 
showed strong evidence of two or more clonal populations (“polyclonal”), which diverged into unique clonal 
“branches” early in the process of tumourigenesis and share very few driver aberrations (shared “trunk” mu-
tations). Interestingly, patients who harbor monoclonal tumours almost never experienced disease relapse. 
Moreover, polyclonal tumours were more aggressive, and this aggression was synergistic with established 
molecular predictors of adverse outcome, such as the Fraser 6-feature signature (see above) and percentage 
genome alteration. These data strongly support the hypothesis that clonal evolution is a key determinant of 
clinical aggression.

Wedge et al.[79] similarly identified extensive subclonal heterogeneity and evolutionary divergence in both 
localized and metastatic prostate cancer. In particular, this group found that ETS-fusion status was a signifi-
cant predictor of somatic CNAs at several loci, including amplification of 8q and deletion of the PTEN locus 
on chromosome 10. Conversely, tumours lacking a truncal ETS fusion were enriched for CHD1 deletion - 
consistent with the previous finding that T2E and CHD1 deletion are mutually exclusive - as well as CNAs at 
several driver loci, including BRCA2, RB1, and FOXO1. Intriguingly, subclonal analyses revealed that meta-
static tumours are significantly less molecularly heterogeneous than primary tumours, consistent with selec-
tion of a small number of aggressive subclones during metastatic spread.

These findings of subclonal divergence have important potential consequences for the clinical use of molecu-
lar biomarkers. While no study has comprehensively evaluated the rates of metastatic seeding from the index 
lesion vs. independent foci, there is evidence that the highest-grade focus does not always seed the “lethal 
clone”[76]. As such, clinical biomarkers based on single disease foci - such as would be obtained from an in-
dex lesion-derived biopsy - may not accurately reflect the aggressive potential of the entire prostate. Despite 
this, biomarkers based on single tumour foci have shown excellent prognostic accuracy (AUCs of 0.85 or 
higher). While this may reflect a deficiency in the biomarker itself, it is also possible that biomarker accuracy 
is capped at ~85% due to inadequate profiling of multiple tumour foci. This is a major outstanding question 
in translational cancer genomics, and a robust understanding of the effects of heterogeneity will be required 
to optimize any tissue-based biomarker that ultimately achieves clinical implementation. One potential solu-
tion is the use of liquid-based biomarkers to complement tissue biomarkers, since these may better reflect the 
global mutational profile across tumour foci.

Toward clinical implementation of somatic tumour genomics in prostate cancer localized prostate cancer 
is associated with a very low level of recurrent non-synonymous mutation. Prostate cancer lacks the type 
of near-ubiquitous driver aberrations - frequently seen in other cancers such as chronic myeloid leukemia 
(BCR-ABL fusion), pancreatic cancer (KRAS mutation), or serous ovarian cancer (TP53 mutation) - which 
would suggest potential novel therapeutic targets. TMPRSS2:ERG fusion is present in ~40% of all localized 
prostate cancers, and peptidomimetic inhibitors of ERG have been developed[80], although none have yet 
moved beyond the pre-clinical stage and the potential for deleterious effect of ERG inhibition on non-pros-
tate tissues may limit their therapeutic potential.

Moreover, traditional hypotheses regarding the utility of cancer genomics to identify potential drug targets 
may not be as relevant to localized prostate cancer as in other cancer types or, indeed, in metastatic prostate 
cancer. As noted, in PSA-screened populations, virtually all new cases of prostate cancer are diagnosed as 
localized disease, with no evidence of extra-prostatic spread by bone scintigraphy and are thus potentially 
curable. While 10-year prostate cancer-specific survival for localized disease approaches 99% irrespective of 
treatment modality[81], biochemical and metastatic relapse-free rates are more variable. These endpoints are 
established surrogates of PCSM[5,73], and the heterogeneity of outcome based on these endpoints has been 
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borne out in longer-term studies[82]. Moreover, these endpoints represent points of clinical intervention, 
which can result in significant, life-long morbidities secondary to salvage therapy and chemical castration. 
Thus, given the curative potential of local therapy and the significant adverse effects of long-term salvage 
therapy after treatment failure, it is imperative that techniques be developed to better classify risks of treat-
ment relapse in the localized setting. To that end, the potential utility of intrinsic tumour genomics as pre-
dictive or prognostic biomarkers has been explored by several groups.

CNA burden is an established independent prognostic factor for biochemical relapse[58,59], although recent 
evidence suggests that multi-omic profiling may more accurately classify aggressive disease than assessment 
of individual analytes alone[83]. To that end, a novel clinico-genomic signature, based on a CNA (MYC gain), 
two aberrantly methylated genomic loci (TCERG1L and ACTL6B), an SNV (ATM), an inter-chromosomal 
translocation (chr7:61Mbp), and clinical T stage, dramatically outperformed CNA burden for predicting rap-
id biochemical relapse in intermediate-risk disease[10]. Moreover, the performance of this signature is further 
enhanced by inclusion of tumour subclonality as a prognostic factor[9]. These signatures compare favourably 
to existing, FDA-approved classifiers based on mRNA abundance[58], and can be called based on tissue avail-
able in routinely-available, pre-treatment needle core biopsies[9,10,49,58,60].

Thus, while prospective validation of these biomarkers is required, it appears highly likely that genomic clas-
sifiers will vastly outperform clinical prognostic factors and have the potential to revolutionize treatment 
stratification for localized prostate cancer. Most prostate cancers are multi-focal[49,77], and there is substantial 
genomic heterogeneity associated with separate disease foci[49,77,79,84], including in genes with established 
prognostic value (e.g., MYC gain)[49]. Nevertheless, genomic signatures derived from the largest (index) lesion 
can predict disease aggression with accuracy of at least 85%[10], far exceeding the performance of established 
clinical prognostic factors. As such, whatever the influence of spatial heterogeneity on prognosis, it is largely 
accounted for within a single disease focus, although there are clearly cases where this relationship does not 
hold[76]. Thus, the question arises whether enhancements to prognostic signatures based on intrinsic genom-
ics of single loci will further improve biomarker performance- due to inclusion of novel analytes, deeper 
profiling of rare variants, or both. It is likely that for a subset of prostate cancers, clinical aggression cannot 
be accurately predicted from the index lesion[76], and thus profiling of additional foci will be required for ac-
curate triage. One possible solution to this problem is a movement toward the so-called liquid biopsy, which 
would reflect the aggregate of all cancer-associated aberrations and thus would, in theory, overcome genomic 
heterogeneity. Indeed, extra-prostatic extension can be accurately identified based on proteomic analysis of 
post-digital rectal examination urine[85], supporting the viability of this approach.

Ultimately, clinical trials are required to validate the ability of these tools to improve treatment outcomes 
for localized prostate cancer. One potential model is to provide a “signature score” for all patients; patients 
whose signature score portends a favourable clinical outcome would receive standard of care therapy, while 
those with adverse signature scores would be randomized to receive either standard of care or intensified 
therapy [Figure 2]. While the specific intensification strategies to be employed are beyond the scope of this 
review, they may involve additional therapies that are already approved for treatment of localized prostate 
cancer. For example, a man with intermediate risk disease who would ordinarily be treated with IGRT alone 
might instead receive radiotherapy plus neoadjuvant androgen deprivation.

CONCLUSION
The rapid improvement of second-generation sequencing technologies - and the concomitant reduction in 
sequencing prices - have dramatically improved our understanding of the molecular underpinnings of pros-
tate cancer. Indeed, in the next 2-3 years, it is anticipated that discovery of somatic driver mutations in local-
ized prostate cancer will saturate at the 0.5%-1% recurrence level. Unfortunately, very little of the currently-
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available genomic data are associated with long term clinical follow-up, thus potentially limiting the clinical 
applicability of these well-powered datasets and meta-analyses. As such, there is a need to develop novel 
patient cohorts - both retrospective and prospective - to facilitate biomarker discovery and validation, re-
spectively.

Similarly, there is an urgent need to expand upon our current understanding of the molecular link between 
the primary tumour and distant metastases. In particular, it will be important to elucidate the effects of 
spatial heterogeneity and to identify features that accurately identify the lethal focus (and, indeed, the lethal 
subclone) from a prostate harbouring multi-focal disease.

While the genome-wide CNA and SNV landscape is well-established, improvements in long-read and linked-
read sequencing will permit a more robust understanding of the nature of recurrent, large-scale structural 
variation in prostate cancer. Indeed, recent data have revealed heretofore occult structural variation of the 
non-coding genome that may, in part, help to explain the uniquely aggressive biology of mCRPC[86]. Ap-
plication of these technologies will revolutionize our understanding of the complex structural variation that 
underlies prostate cancer, but which has been difficult to ascertain using traditional 2 × 150 bp paired-end 
sequencing.

These and other molecular tools will continue to revolutionize our understanding of the basic biology of 
prostate cancer. Moreover, as analysis costs continue to fall, the number of patients whose tumours can be 
comprehensively profiled will only continue to increase. It will, therefore, be possible to develop clinico-
genomic portraits of patients across the disease spectrum, and thus to develop, validate, and implement mo-
lecular biomarkers of prostate cancer diagnosis and clinical outcome.

Figure 2. A model for clinical trials of prognostic biomarkers in localized, non-indolent prostate cancer. All patients newly diagnosed with 
localized prostate cancer receive a test to establish risks of disease relapse following local therapy, in addition to traditional stratification 
based on existing clinical prognostic factors. Patients whose test suggests a low likelihood of adverse clinical outcome receive standard of 
care therapy (i.e., precision radiotherapy or surgery). Patients whose test suggests a likelihood of disease relapse significantly higher than 
expected from clinical prognostic factors are randomized to standard of care or standard of care plus intensification, which may include 
(neo) adjuvant androgen deprivation (ADT), chemotherapy, or molecular targeted agents
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