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There is clinically relevant molecular heterogeneity in prostate cancer (PCa), but this biological diversity has had only a

minimal impact on clinical practice. Treatment outcomes in patients with localised PCa are often highly variable, even

among patients stratified to the same risk group or disease state based on standard clinical and pathological parameters.

In recent years, the development of gene panels has provided valuable data on the differential expression of genes in

patients with PCa. Nevertheless, there is an urgent need to identify and validate prognostic and predictive biomarkers that

can be applied across clinical scenarios, ranging from localised disease to metastatic castration-resistant PCa. The

availability of such tools would allow for precision medicine to finally reach PCa patients.
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1. Introduction

Prostate cancer (PCa) is the most common cancer in men—accounting for 19% of all cancers in males—and the second

leading cause of cancer-specific mortality in this population . The introduction of prostate-specific antigen (PSA) testing

and screening in the late 1980s doubled the incidence of PCa, which in turn reduced PCa-specific mortality rates .

However, routine PSA testing led to overdiagnosis and perhaps also overtreatment, particularly prostate biopsies . The

widespread use of diagnostic biopsies—a highly invasive procedure associated with a non-negligible increase in morbidity

and mortality—has increased the diagnosis of clinically-insignificant PCa . Given these circumstances, the main

question surrounding the optimal management of PCa is not the selection of the most appropriate active treatment, but

rather the diagnostic process itself, particularly due to the low specificity of PSA tests. Consequently, new biomarkers are

needed to better optimise the diagnosis of PCa, which would help to avoid unnecessary biopsies while simultaneously

increasing the probability of a positive biopsy. In turn, this would increase the proportion of biopsied patients diagnosed

with clinically-significant PCa.

Once a patient has been diagnosed with PCa, their disease is commonly classified according to clinical and pathological

criteria (e.g., the National Comprehensive Cancer Network (NCCN), D’Amico, AJCC Cancer Staging) , which stratify

patients into risk groups. These systems are largely based on intrinsic characteristics of the tumour (e.g., Gleason score;

GS), clinical parameters such as tumour stage (TNM), and pre-treatment prostate-specific antigen (PSA) values. Although

these stratification systems provide important prognostic information about the expected behaviour of the tumour, the

clinical reality is that the performance of these prognostic systems is suboptimal in discriminating biologically aggressive

tumours. Thus, some cancers currently classified as “intermediate” risk are actually more aggressive than “high” risk

tumors, thus leading to both over- and under-treatment.

In addition to changes pertaining to diagnosis and prognosis, true personalised medicine guided by predictive biomarkers

is largely absent in the current clinical management of PCa. At present, the optimal application and combination of the

available treatments—active surveillance, surgery, radiotherapy, androgen-deprivation therapy (ADT), next-generation

androgen receptor signalling inhibitors (ARSI), chemotherapy, immunotherapy, etc.—is not clear. Given the complexity of

therapeutic decision-making in these patients, we need to determine which patients are most likely to benefit from a given

treatment, establish the optimal sequence of treatments, and enrol appropriate and selected patients in clinical trials

involving targeted therapies .

2. Molecular Biomarkers in Localised Prostate Cancer

In recent years, the management of localised PCa has undergone a paradigm shift, starting with the premise that

localised disease is potentially curable. It is essential to use all available tools to identify the patients most likely to benefit

from a given intervention or, if appropriate, to closely monitor patients with indolent tumours. In addition, it is important to

determine whether the patient with localised PCa is a candidate for adjuvant radiotherapy (ART) or salvage radiotherapy
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(SRT), the indication for hormonotherapy (HT) after prostatectomy, and to quantify the impact of HT in non-surgical

intermediate-risk patients.

Several genetic tests have been validated for different clinical scenarios in recent years. These tests can improve

prognostic estimates for the likelihood that the prostatectomy specimen will present unfavourable pathological findings

and can also estimate the probability of biochemical control and metastasis-free survival. Note, however, that current

biomarkers and molecular assays are based on data from patients who underwent active treatment (radiotherapy and/or

prostatectomy). Consequently, the results of these tests in untreated patients must be interpreted cautiously, and any

prognostic estimate based on those results should be considered carefully.

Numerous gene panels have been developed for localised PCa, although only four are commercially available at present:

ProMark, Prolaris, Oncotype Dx Prostate and Decipher. All of these tests—despite variability in the methodological quality

of the validation studies—can predict the risk of clinically-significant disease to better characterise patients and improve

therapeutic decision-making.

2.1. ProMark

ProMark  (Metamark Genetics Inc., Waltham, MA, USA) is a gene profile assay that analyses the expression of eight

different protein markers. ProMark scores range from zero to one to indicate the probability of detecting adverse

pathology in the radical prostatectomy specimen. Patients are classified into risk groups that provide independent

prognostic data based on the initial prostate biopsy. ProMark was developed to reduce inconsistencies related to improper

biopsy techniques and subjectivity in grading tumour aggressiveness (as this is pathologist-dependent) . Higher risk

scores on this biomarker are correlated with a lower likelihood of favourable pathologic characteristics: for scores >0.8,

the predictive value for unfavourable pathologic characteristics after prostatectomy can be as high as 76.9% .

2.2. Prolaris

The Prolaris test (Myriad Genetics, Salt Lake City, UT), which was developed in 2010, is one of the most widely used

gene panels in PCa. Prolaris is based on the determination and combination of expression levels of 31 genes involved in

cell cycle progression and 15 housekeeper genes. This test has been validated in four different studies, which have

demonstrated that Prolaris adds prognostic value to traditional clinical models (i.e., risk groups) and to Ki-67 values;

importantly, this test was developed in a reference laboratory and is easily reproducible . The Prolaris test yields a

proliferation index expressed as the cell cycle progression (CCP) score, which measures the aggressiveness of PCa.

The first validation study involved tissue specimens obtained via transrectal/transperineal needle biopsy in a subgroup of

untreated patients to determine the probability of PCa-specific mortality . Two subsequent studies confirmed the value

of the test as a prognostic factor for biochemical recurrence and metastatic progression in patients treated with

prostatectomy . However, those conclusions were based on analysis of two different tissues—one study analysed the

prostatectomy specimen while the other analysed the pre-prostatectomy biopsy specimen . After prostatectomy,

each unit increase in the Prolaris score was associated with a doubling of the risk of biochemical recurrence; the score

was also shown to predict mortality after progression . Freedland et al. found that the Prolaris score was correlated with

biochemical recurrence and disease-free survival in patients treated with external radiotherapy . Another study

assessed the potential impact of the Prolaris test on routine clinical practice, concluding that the results of this genetic test

would have altered the original treatment recommendation in 65% of cases .

2.3. Oncotype Dx

In 2014, Cooperberg et al. described a new gene panel developed for men with intermediate or favourable risk PCa

known as the Oncotype DX Genomic Prostate Score (Genomic Health, Redwood City, CA, USA). Oncotype Dx is based

on quantitative RT-PCR tumour analysis of 12 genes associated with PCa and five internal reference genes across four

molecular pathways: androgen signalling, stromal response, cellular organisation, and cellular proliferation. The combined

expression of these genes evaluated through an established algorithm yields the Genomic Prostate Score (GPS), which

was initially validated by Klein et al., in prostatectomy specimens obtained from 395 patients with low and intermediate-

risk disease. Those authors found that the GPS was significantly associated with tumour grade and pathological stage

(OR: 2.1; 95% CI: 1.4–3.2; p < 0.001). Moreover, combining the GPS with the CAPRA (Cancer of the Prostate Risk

Assessment) score improved the AUC for favourable pathological findings versus the CAPRA score alone. Based on

those findings, the authors concluded that the Oncotype Dx test predicts the risk of more unfavourable PCa on histological

analysis or a higher T stage after prostatectomy. In practical terms, this test can be applied to determine if a candidate for

active surveillance could benefit from radical treatment . However, the first multicentre prospective study evaluating

the use of GPS after initial active surveillance has recently been published, without demonstrating an independent
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association of GPS with adverse pathology in these patients; GPS was not associated with upgrading in surveillance

biopsies and clinical variables (PSAD and percentage of positive biopsy cores) remained significantly associated with

upgrading .

2.4. Decipher

Decipher is a genome classifier (GC) developed by GenomeDx Biosciences (Vancouver, BC, Canada). It is based on the

analysis of the expression of 22 RNA biomarkers involved in multiple pathways related to the development and

progression of PCa. This GC involves a complete transcriptome analysis of a specimen (obtained via prostatectomy,

biopsy, or transurethral resection). The Decipher GC is currently considered to have the strongest level of scientific

evidence among the available gene panels. Unlike other GCs, Decipher does not require any clinical data. Decipher was

first validated in patients who underwent radical prostatectomy. The test results provide an estimate of the risk of

developing metastatic progression in patients whose surgical specimen presents unfavourable characteristics (stage pT3

and/or positive margins) . These initial findings were supported by subsequent studies that included

postoperative radiotherapy (PORT) . In that study of 139 patients treated with radical prostatectomy followed by PORT,

Decipher predicted both biochemical recurrence and metastasis after post-prostatectomy radiotherapy.

In 2017, Spratt et al.  published the first meta-analysis to assess the performance of the Decipher test. That meta-

analysis included data from five studies published from 2011–2016 involving 855 patients treated with radical

prostatectomy. The patients were classified by Decipher into low (60.9%), intermediate (22.6%), or high risk (16.5%). At a

median follow-up of eight years, the 10-year cumulative rate of metastasis by risk group was 5.5%, 15%, and 26.7% (p <

0.001), respectively. Decipher was an independent predictor of metastasis in all risk subgroups. The C-index for 10-year

distant metastases for the clinical model alone was 0.76, rising to 0.81 when Decipher was included. This analysis

confirmed the prognostic value of the Decipher score, which was independent from the standard clinicopathological

variables (Gleason grade, pT stage, surgical margins, and PSA). The findings of that meta-analysis show that a low

Decipher score is associated with long-term disease control after prostatectomy, regardless of when radiotherapy is

initiated (i.e., ART vs. early SRT). By contrast, high to intermediate Decipher scores were associated with a worse

prognosis; in these patient subgroups, PORT offers the greatest clinical benefit.

Other authors have also confirmed the value of the Decipher score to assess the expected impact of PORT. Dalela and

colleagues  evaluated 512 patients with PCa who presented adverse pathological factors (stage pT3a, positive margins

and/or positive nodes) after radical prostatectomy. At 10 years, patients with ≥2 poor prognostic factors who received

PORT had a lower clinical recurrence rate than patients with <2 risk factors initially assigned to observation (10.1% vs.

42.1%, P = 0.012). Based on these findings, the authors concluded that this model reduced the risk of clinical recurrence

in 25% of all patients with aggressive pathologic disease. The data provided by Decipher may improve decision-making

regarding the indication for ART, potentially reducing overtreatment .

In the PRO-IMPACT study, Gore et al.  prospectively evaluated 265 patients who underwent radical prostatectomy to

assess the influence of the Decipher score on the postoperative treatment decision (ART versus SRT). The initial

treatment decision—ART in 150 and SRT in 115 patients—was based on clinicopathological criteria. The aim was to

determine the impact of the Decipher test result on the clinical decision, which was changed in 18% and 32% of patients

in the ART and SRT groups, respectively.

In a similar study, Marascio et al.  prospectively assessed the impact of Decipher in the postoperative setting in terms

of clinical benefit (135 patients) and clinical utility (n = 3455). Clinical utility was quantified in terms of a change in the

recommended treatment (39% of patients), with only three tests needed to change one treatment decision. In patients

with a high risk Decipher score (61% of the sample) who received the recommended treatment (ART), the two-year

biochemical recurrence rate was 3% versus 25% in patients who did not receive the recommended treatment, a finding

that appears to confirm the clinical value of this test.

The RTOG 9601 study  found that androgen-deprivation therapy (ADT; bicalutamide 150 mg/d for two years) plus SRT

improved overall survival (OS) at 12 years (HR, 0.77) while also reducing the risk of metastasis and cause-specific

mortality in patients with clinical and pathological risk factors who underwent radical prostatectomy. However, not all

patients benefit equally from hormonal treatment as outcomes depend on the PSA values prior to SRT. At the 2020

Genitourinary Cancers Symposium hosted by the American Society of Clinical Oncology (ASCO), the results of a post hoc

analysis of 352 tissue specimens from the RTOG 9601 study were presented. These samples were evaluated to calculate

the Decipher score, which was independently associated (as a continuous variable) with distant metastasis (HR, 1.19)

and OS (HR, 1.16) after statistical adjustment for adverse pathological factors; this was the first clinical trial where

treatment with ADT in patients with a low Decipher score had an estimated benefit on 12-year OS outcomes (2.4% versus
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8.9% for patients treated with ADT with a high Decipher score), leading the authors to conclude that the Decipher test can

improve decision-making to help prevent overtreatment with HT, a highly relevant finding given the adverse effects

associated with hormonal therapy and its negative impact on quality of life.

There is substantial heterogeneity in the quality and extent of evidence across the various commercial biomarkers. No

biomarker has strong evidence for the need for these tests currently in very low risk disease. Additional studies are

warranted to demonstrate that these tests improve active surveillance in low-risk PCa. Post-operatively, the strongest

evidence for the utility of Decipher testing is that it improves prognostication and discrimination: in a prospective trial and

multiple prospective registries, Decipher has been proven to alter patient management. A post hoc analysis of a

randomised phase III trial showed that Decipher can help to better select the patients likely to benefit from treatment

intensification. Thus, as the data continue to diverge for each test, it may no longer be appropriate to view them as a

uniform category, given their substantial differences in development, training, and validation.

Although many open questions remain, most of these are likely to be resolved in the coming years. Nevertheless, there is

sufficient moderate-strength evidence for certain clinical scenarios to recommend the use of molecular biomarkers. In

these cases, the results of gene assays, considered together with standard clinical and pathological factors, can

substantially alter treatment selection; some examples of this would include the decision to recommend ART vs. early

SRT, the advisability of concomitant ADT and radiotherapy, and the indication for active surveillance vs. radical treatment

in well-selected cases  (Table 1). Future work is necessary to continue to refine how to best use these biomarkers in

clinical practice.

Table 1. Tissue-based tests for localised prostate cancer prognosis and stratification.

Genomic
Test Reference Tissue Population (n) Treatment Outcome

Guidelines
Recommendations
***

DECIPHER

Spratt DE
et al. 
2018

Prostatectomy
Biopsy

Training
cohort (756)
RP
Validation
cohort (235)
ART

Radical
Prostatectomy DM→HiR/IR

PCSM→HiR/IR

Post biopsy: NCCN
very-LR/LR PCa in
patients with ≥10
years life
expectancy to
define which could
be candidates for
AS versus
definitive therapy
Post-RP: 1) pT2 +
positive margins;
2) pT3; 3) BF→To
determine
candidates for
ART/SRT

Adjuvant RT

Zhao SG et
al.  2016 Prostatectomy

Training
cohort ART
(196)
Validation
cohort (330)
RP

Adjuvant RT

DM (10y)→HiP EBRT
Radical
prostatectomy

Dalela D et
al.  2017 Prostatectomy

Adjuvant
radiotherapy
(112)
Initial
Observation
(400)
SRT if BF
(168) *

Adjuvant RT BF (10y)→GC
SCORE

Kim HL et
al.  2019

Prostatectomy
** Biopsy

Radical
Prostatectomy
(266)

Active
surveillance AP→LR/IR

Berlin A et
al.  2019 Biopsy Single Arm

(121) SRT +/− ADT BF→GC SCORE
5y DM→GC SCORE

ONCOTYPE

Eggener SE
et al. 
2019

Prostatectomy
Biopsy **

Initial AS
(1200)
Radical
Prostatectomy
(114)

Radical
Prostatectomy
(114)

Independent
predictor of AP

Post-biopsy:
NCCN very-LR/LR
and favourable
intermediate-risk
PCa patients with
≥10 years life
expectancy to
define which could
be candidates for
AS versus
definitive therapy

Cullen J et
al.  2015 Biopsy Single arm

(431)
Radical
Prostatectomy

BF→NCCN risk
group/GPS
DM→GPS/GS biopsy
AP→GPS + GS, age,
NCCN risk group
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Genomic
Test Reference Tissue Population (n) Treatment Outcome

Guidelines
Recommendations
***

PROLARIS

Freedland
SJ et al. 
2013

Biopsy Single arm
(179) EBRT +/− ADT

BF→CCP after
EBRT/CF **
PCSM→CCP after
EBRT

Post-biopsy:
NCCN very-LR/LR
and favourable
intermediate-risk
PCa in patients
with ≥10 years life
expectancy to
define which could
be candidates for
AS versus
definitive therapy

Cuzick J et
al.  2011

Prostatectomy
TURP

Single arm
(410)

Radical
Prostatectomy

BF
PCSM→RP: CCP/
TURP: MVA CCP +
PSA

Cuzick J et
al.  2015 Biopsy Single arm

761
Active
surveillance PCSM→CCP+CAPRA

Cooperberg
MR et al.

 2013
Prostatectomy Single arm

(413)
Radical
Prostatectomy BF→CCP + CAPRA

Klein EA et
al.  2014

Biopsy
Prostatectomy

Biopsy (441)
Prostatectomy
(167)
Validation
cohort (395)
****

Radical
Prostatectomy
Active
surveillance

Adverse pathology
in RP
High Stage/HiR
biopsy→GPS

PROMARK
Blume-
Jensen P et
al.  2015

Biopsy

Training RP
(381)
Validation
cohort (276)

Radical
Prostatectomy
Active
surveillance

Adverse pathology
in RP
Gleason > 6

Post-biopsy:
NCCN very-LR/LR
PCa in patients
with ≥10 year life
expectancy to
define which could
be candidates for
AS versus
definitive therapy.

3. Molecular Biomarkers in Advanced Prostate Cancer

Multiple therapeutic options have been shown to improve survival in patients with advanced prostate cancer. PCa is a

highly heterogeneous disease , yet it is still managed as a single, homogenous disease, mainly due to the lack of

validated biomarkers needed to correlate the molecular biology of the disease with the expected clinical course. Although

the androgen receptor (AR) has long been a primary target of treatment, approximately 60% of patients present

alterations in other molecular pathways, representing potentially-actionable novel treatment targets . Numerous

candidate biomarkers have been identified as potential prognostic or predictive indicators, which—if validated—could be

used to guide treatment selection in clinical trials, potentially improving clinical outcomes in patients with advanced PCa.

3.1. DNA Repair Defects

In patients with metastatic castration-resistant PCa (mCRPC), approximately 25% of tumours present mutations in the

genes involved in DNA repair, known as DDR genes . From 12% to 16% of these are germline

mutations . In the studies published to date, BRCA2 is the most commonly mutated gene (both germline and

somatic) . The phase III PROFOUND trial included the largest number of prostate tumour specimens (n =

2792) screened for mutations in DDR-related genes. The findings of the PROFOUND trial demonstrated the efficacy of

olaparib in the treatment of mCRPC in patients who failed to prior chemotherapy and androgen signalling inhibitor (ARSi)

treatments . Moreover, 28% of the tumour samples presented alterations in at least one of the 15 genes involved in the

homologous recombination repair (HRR) pathway, with mutations detected both in primary tumours (27%) and metastatic

lesions (32%). These data, considered together with the findings recently described by Mateo et al.—who found that DDR

defects were present in a similar percentage of localised tumours (diagnostic biopsies) and in biopsied samples obtained

from men (n = 61) with mCRPC —confirm that alterations in the HRR pathway occur early in the course of disease in

certain prostate tumours. Although HRR alterations are an early event, their prevalence is markedly higher in castration-

resistant disease  compared to localised PCa , suggesting a correlation between HRR mutations and more

aggressive forms of PCa.

In patients with mCRPC, the presence of DDR alterations has been identified as a biomarker of response to poly ADP-

ribose polymerase (PARP) inhibitors , and to platinum-based chemotherapy . Multiple clinical

trials are currently underway to evaluate the efficacy of these drugs at different stages of the disease (Table 2).
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Nonetheless, the findings described above suggest that screening for these mutations could provide data that are

valuable both for genetic counselling and to guide treatment selection.

Table 2. Ongoing clinical trials to evaluate poly ADP-ribose polymerase (PARP) inhibitors in patients with mCRPC.

PARP
Inhibitor Trial Phase Regimen Patient Population

Rucaparib

TRITON2
(NCT02952534) II Rucaparib monotherapy

Post-abiraterone/enzalutamide and post-
chemotherapy with DNA-repair
abnormalities

(NCT03442556) II Rucaparib
Patients who are responding after
docetaxel + carboplatin with DNA-repair
abnormalities

TRITON3
(NCT02975934) III Rucaparib vs. abiraterone or

enzalutamide or docetaxel
Patients with DNA-repair abnormalities (2L
mCRPC)

Niraparib

BEDIVERE
(NCT02924766) I Niraparib + apalutamide or

abiraterone + prednisone Post AR-targeted therapy and post-taxane

QUEST
(NCT03431350) I/II Niraparib + abiraterone or JNJ-

63723283 Post AR-targeted therapy

GALAHAD
(NCT02854436) II Niraparib monotherapy Post-chemotherapy with DNA-repair

abnormalities

MAGNITUDE
(NCT03748641) III Niraparib + abiraterone vs.

placebo + abiraterone
Patients with or without DNA-repair
defects

Talazoparib

TALAPRO-1
(NCT03148795) II Talazoparib monotherapy

Post-abiraterone/enzalutamide and post-
chemotherapy with DNA-repair
abnormalities

TALAPRO-2
(NCT03395197) III Talazoparib + enzalutamide vs.

placebo + enzalutamide First line mCRPC

Olaparib

(NCT01972217) II Olaparib + abiraterone vs.
placebo + abiraterone Post docetaxel mCRPC

PROpel
(NCT03732820) III Olaparib + abiraterone vs.

placebo + abiraterone First line mCRPC

PROfound
(NCT02987543) III Olaparib vs.

abiraterone/enzalutamide
Post-abiraterone/enzalutamide mCRPC
with HRR gene alterations

KEYLINK-010
(NCT05834519) III Olaparib + pembrolizumab vs.

abiraterone/enzalutamide Post AR-targeted therapy and post-taxane

The TOPARP-B trial evaluated the efficacy of olaparib in patients (n = 98) with mCRPC and DDR gene aberrations who

had been previously treated with one or two taxane chemotherapy regimens. Patients were randomised to receive either

400 mg or 300 mg of olaparib twice daily, with a higher overall response rate (54.3% vs. 39.1%) in the higher dose group.

However, due to treatment-related toxicity, 37% of patients in the 400 mg group required a dose reduction to 300 mg.

Patients with BRCA1/2 mutations presented the best treatment response, with radiological and biochemical response

rates of 52% and 77%, respectively, versus only 5% and 11.3% for other DDR gene mutations .

Preliminary results from the phase II TRITON2  and GALAHAD trials  in patients with treatment-refractory mCRPC

confirm the efficacy of two other PARP inhibitors, rucaparib and niraparib, respectively. Although both trials included

patients with DDR defects, they used different gene panels and techniques to determine the presence of these defects.

For example, the GALAHAD trial only enrolled patients with biallelic mutations. The preliminary data show that the highest

objective response rate was obtained in patients with BRCA1/2 mutations, especially BRCA2. The data from these two

trials suggest that response does not appear to be conditioned by the type of mutation, since response was similar among

patients with somatic, germline, monoallelic, and biallelic mutations  a finding that was confirmed in the recent study

by Jonsson et al. , who evaluated the role of BRCA1 and BRCA2 mutations in more than 17,000 patients (including

1042 with PCa). That study showed that, in certain tumours such as PCa, the clinical benefit of PARP inhibitors is similar,

regardless of the type of mutation (germline, somatic, monoallelic, or biallelic).

A prospective analysis of 78 patients included in the TRITON2 trial with mutations in DDR genes other than BRCA1/2

showed that the presence of these alterations—particularly ATM, CDK12 and CHEK2—was associated with poor
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radiological and biochemical response rates (<11%) . These results underscore the need for more studies to better

elucidate how mutations in genes other than BRCA1/2 influences the activity of PARP inhibitors in PCa.

The phase III PROFOUND trial  was performed to evaluate patients with mCRPC and DDR mutations who had failed

previous treatment with an ARSi (either abiraterone acetate or enzalutamide). Patients were randomised to receive

olaparib 300 mg b.i.d. versus the ARSi that they had not previously received. Patients were stratified into two cohorts

according to the type of gene mutations (Cohort A: BRCA1/2 and ATM vs. Cohort B: BARD1, BRIP1, CDK12, CHEK1,

CHEK2, FANCL, PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, and RAD54L). In cohort A, radiological progression-

free survival (the primary endpoint) was 7.4 months with olaparib versus 3.9 months for patients treated with abiraterone

or enzalutamide (HR 0.34; 95% CI 0.25–0.47, p < 0.001). An exploratory analysis carried out to evaluate the individual

effect of each gene found that BRCA2 seems to be the best predictor of response to olaparib. Importantly, 28% of the

samples were, for various reasons, not suitable for sequencing  which is why alternative approaches, such as

circulating DNA analysis, are being used in some studies with promising early results .

The presence of DDR gene alterations may have clinical implications not only for treatment with PARP inhibitors, but also

for response to current treatments for mCRPC, such as taxanes or ARSi. The available retrospective evidence is

controversial due to conflicting results . PROREPAIR-B is the only prospective trial  to date to evaluate patients

with mCRPC (n = 419) with germline DDR mutations (16% of the sample). In that study, the presence of a germline

mutation in BRCA2 (gBRCA2) was confirmed as an independent prognostic factor of cause-specific survival (CSS).

Moreover, the findings of that study also suggest that patients with gBRCA2 have worse CSS when treated with first-line

taxanes followed by ARSi (10.7 vs. 28.4 months, p < 0.001), but not when the sequence is reversed (ARSi followed by

taxanes: 24 vs. 31.3 months, p = 0.901). Those data, if confirmed, could position gBRCA2 as the first biomarker to guide

first-line treatment selection in patients with mCRPC.

In other DNA repair pathways, such as DNA mismatch repair (MMR), the presence of a mutation (generally in MSH2,

MSH6, MLH1, and PMS2) has been associated with microsatellite instability (MSI). Depending on the study, these

alterations have been detected in 3%–12% of patients with mCRPC . Abida et al. evaluated more than

1000 patients with PCa, finding that the most commonly altered gene was MSH2. Moreover, in 22% of patients with MMR

alterations, the MSH2 mutation was present in the germline .

The presence of MSI is associated with genetically unstable tumours that have a tendency to accumulate mutations. This,

in turn, leads to a higher burden of neoantigens, which may increase (hypothetically) the probability of response to

immunotherapy . In 2017, the Food and Drug Administration (FDA) approved pembrolizumab for the treatment of

patients with alterations in this pathway (deficient-MMR or MSI), regardless of the tumour origin. However, a recent

exploratory analysis of data from the phase II KEYNOTE-199 trial (performed to evaluate the role of pembrolizumab—an

anti-programmed death receptor-1 (PD1)—in patients with mCRPC) was unable to find a clear association between the

presence of alterations in DDR or MMR genes and response to pembrolizumab .

The phase III IMbassador250 trial (NCT 03016312) compared atezolizumab plus enzalutamide versus enzalutamide

alone in patients with mCRPC. The trial, however, was discontinued early due to lack of efficacy, underscoring the need

for more specific studies to determine the role of immunotherapy in advanced PCa.

3.2. PTEN Loss and PI3K/AKT Activation

Loss of PTEN is one of the most common molecular alterations in PCa, present in approximately 40% of patients with

castration-resistant disease . PTEN loss occurs early in the course of disease, with several studies showing a high

correlation between PTEN loss in the primary tumour, metastatic lesions, plasma, and circulating tumour cells (CTC) 

. Given that PTEN loss can occur through multiple mechanisms, including gene deletion, point mutations, or promoter

methylation , the best technique to determine PTEN loss is quantification of protein expression by

immunohistochemistry . Loss of PTEN function leads to overactivation of the PI3K/AKT pathway, which is associated

with increased AR signalling and worse prognosis . This provides the rationale for the development of combined

therapies in patients with mCRPC involving AR-targeted therapies and PI3K/AKT inhibitors.

A randomised phase II trial found that abiraterone plus ipatasertib (an AKT inhibitor) improves radiographic progression-

free survival in patients with mCRPC and loss of PTEN . Although these data are pending validation in a phase III trial

that is currently underway (NCT03072238), the results demonstrate the clinical importance of molecular alterations as

predictive biomarkers of response.

3.3. Androgen Receptor
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Other common alterations observed in patients with PCa are those directly associated with AR signalling. Several studies

have demonstrated the prognostic—and potential predictive—value of AR amplification, which is present in more than

50% of patients with castration-resistant PCa . An exploratory analysis performed by Conteduca et al. found a

lower risk of death for patients with AR amplification who received first-line docetaxel versus patients treated with ARSi,

leading the authors to hypothesise that this alteration may be associated with resistance to ARSi, but not to taxanes in the

first-line treatment of mCRPC . Mutations in AR are common in castration-resistant disease, but not in early stage

disease  The vast majority of these mutations appear after exposure to treatments that inhibit androgen signalling

(T878A, F877L, among others), or after prolonged exposure to corticosteroid treatment (L702H) . The presence of

these alterations in liquid biopsy has been linked to resistance to treatments involved in androgen signalling, such as

abiraterone and enzalutamide . Similarly, numerous studies have found that the AR splice variant 7 (AR-V7) may

also be important , as AR-V7 expression has been associated with worse clinical outcomes in patients treated

with ARSi (both first- and second-line), but not with taxanes . The PROPHECY trial (NCT02269982) is a

prospective, multicentre study in patients with mCRCP treated with abiraterone/enzalutamide. That trial compared the two

most important platforms for detecting AR-V7 in CTC: AR-V7 mRNA (AdnaTest) or AR-V7 nuclear localisation protein

(Epic Sciences). The results of that trial showed that men with AR-V7–positive mCRPC had shorter PFS and OS

outcomes, as well as fewer confirmed treatment responses (PSA and soft tissue) . Although the prognostic value of this

biomarker seems clear, its predictive value has not yet been clearly demonstrated and thus cannot be relied upon for

clinical decision-making. Other alterations such as TP53 mutations have also been associated with poor clinical outcomes

in mCRPC patients treated with ARSi .

In recent years, research into the biology of advanced PCa has helped us to better understand this disease. In this

setting, several studies have identified the prognostic and/or predictive role of different biomarkers. For example, AR

aberrations, including AR-V7, PTEN loss and/or TP53 mutations have all been associated with poor clinical outcomes in

advanced PCa (prognostic biomarker). DDR alterations, particularly BRCA2 mutations, have also been correlated with

more aggressive disease; more importantly, recent studies have shown that patients with these alterations may benefit

from PARP inhibitors and platinum-based chemotherapy (prognostic and predictive role). Ideally, in the near future,

several of the biomarkers described here will be incorporated into routine clinical practice, thereby improving the clinical

management of patients. Until then, more research is needed to better elucidate the molecular biology of PCa.
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