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INTRODUCTION

Metastatic castration-resistant prostate cancer 
(mCRPC) is a latestage disease with an average survival of 
≤13 months [1]. Despite significant therapeutic advances, 
mCRPC still remains a lethal disease. Identification of 
specific novel predictive biomarker mutations in mCRPC 
is opening up new therapeutic targets. In this context, 
germline or somatic mutations in genes involved in 

DNA damage repair (DDR) through the homologous 
recombination repair (HRR) pathway have been identified 
in 15% to 25% of mCRPC [2].

Depending on the testing strategy and the genes 
being evaluated, the frequency of HRR mutations varies 
from 11.8% for germline mutations and 23% for somatic 
mutations to 33% for germline and somatic mutations 
together [3–6]. Recently, olaparib, a poly-ADP ribose 
polymerase inhibitors (PARPi) has been approved for 
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ABSTRACT
Patients with metastatic castration-resistant prostate cancer (mCRPC) have an 

average survival of only 13 months. Identification of novel predictive and actionable 
biomarkers in the homologous recombination repair (HRR) pathway in up to a quarter 
of patients with mCRPC has led to the approval of targeted therapies like poly-ADP 
ribose polymerase inhibitors (PARPi), with the potential to improve survival outcomes. 
The approval of PARPi has led to guideline bodies such as the National Comprehensive 
Cancer Network (NCCN) to actively recommend germline and or somatic HRR gene 
panel testing to identify patients who will benefit from PARPi. However, there are 
several challenges as genetic testing is still at an early stage especially in low- and 
middle-income countries, with cost and availability being major impediments. In 
addition, there are issues such as choice of optimal tissue for genetic testing, archival, 
storage, retrieval of tissue blocks, interpretation and classification of variants in the 
HRR pathway, and the need for pretest and post-test genetic counseling. This review 
provides insights into the HRR gene mutations prevalent in mCRPC and the challenges 
for a more widespread gene testing to identify actionable germline pathogenic 
variants and somatic mutations in the HRR pathway, and proposes a clinical algorithm 
to enhance the efficiency of the gene testing process.
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the treatment of patients with deleterious or suspected 
deleterious germline or somatic HRR gene-mutated 
mCRPC while rucaparib is approved for those with 
deleterious BRCA (germline and/or somatic) mutation-
associated  mCRPC for patients who have progressed 
(following prior treatment with enzalutamide or 
abiraterone) [7, 8]. Upon PARPi approval, the National 
Comprehensive Cancer Network (NCCN) updated 
guidelines (version 2, 2020) now recommend germline 
and/or somatic HRR gene panel and BRCA testing to 
identify pathogenic mutations for treatment with olaparib 
and rucaparib [9]. Though genetic testing for patients with 
mCRPC is strongly recommended, several challenges 
hinder its routine practice. This narrative review provides 
an overview of mCRPC epidemiology, elucidates the 
challenges in next-generation sequencing (NGS)-
based gene panel testing, and proposes an algorithm for 
genetic testing in patients with mCRPC. Furthermore, 
the impact of genetic testing on personalized medicine 
and the regional and global challenges related to genetic 
counseling of individuals carrying pathogenic HRR 
variants are also discussed.

Epidemiology of mCRPC

Several clinical studies have indicated that 10% to 
50% of prostate cancer (PCa) cases progress to mCRPC 
within 3 years [10, 11]. A recent systematic literature 
review reported the prevalence of mCRPC as 1.6-2.1 
per 100 PCa cases [12]. The incidence of mCRPC in 8 
European countries and Australia was found to be 76,200 
with mCRPC during 2013 to 2014 [13]. A United States 
(US) registry-based study forecasts the incidence of 
mCRPC to increase by 1.03%/year through 2025, with a 
rapid increase for 45–54 year (2.29%/year) and 55–69 year 
(1.53%/year) age groups [14]. Risk factors for mCRPC 
include high Gleason score (>7), higher prostate-specific 
antigen (PSA) values, and shorter time to PSA nadir [15].

HRR gene mutations in mCRPC

Genetic testing by NGS is often used to identify 
both somatic and germline mutations in cancer patients 
[9]. The mutations in HRR genes commonly investigated 
in mCRPC include BRCA1, BRCA2, ATM, ATR, CHK1, 
CHK2, DSS1, RPA1, NBSI, FANCD2, FANCA, CDK12, 
PALB2, BRIP1, RAD51B, RAD51C, RAD51D, and 
RAD54 [16]. The presence of pathogenic HRR mutations 
has been associated with an early onset of disease, 
aggressive tumors, higher recurrence, and poor prognosis; 
hence, timely identification by genetic testing becomes 
compelling [2–4].

Genetic aberrations of BRCA1/2 and ATM genes are 
significantly higher (19.3%) in patients with metastatic 
disease compared to those with advanced localized PCa 
(5%) [3, 17]. In an Australian study, germline pathogenic 

variants of HRR genes were reported in 32.1%(18/56) 
patients with mCRPC [18]. Table 1 provides an overview 
about the prevalence of HRR mutations reported in recent 
studies in patients with mCRPC [5, 19–23]. 

Pathogenic germline variants and clinically 
significant somatic mutations of HRR genes render 
cancer cells vulnerable by the principle of synthetic 
lethality to the action of PARPi (Figure 1) and other 
evolving targeted therapies, paving the way for precision 
medicine [5, 6]. Testing for genetic variation in HRR 
genes is thus important for risk stratification and making 
treatment decisions. Several multigene testing panels are 
commercially available worldwide, depending on the 
laboratory offerings. However, the choice of testing panel 
depends on factors like gene-disease validity, clinical 
actionability, resource availability, sample type, economic 
considerations, and sample logistics.

Genetic testing in mCRPC

With the advancement of NGS technology, germline 
and somatic mutation testing has become more accessible 
and comprehensive. The NGS panel can detect different 
genetic aberrations, point mutations, indels, and copy 
number variations (CNVs) in a single test, in shorter 
turnaround times. In addition, NGS testing is easy to scale 
up to test a larger population. However, there are important 
questions that need to be addressed when considering 
genetic testing. The subsequent sections present individual 
challenges with possible solution(s).

Challenges in patient selection

Though the risk of family history is well established, 
prior to 2019, there were no clear guidelines specifying 
which patients should be considered for genetic testing. 
The European Association of Urology (EAU) 2019 
guidelines do not have a clear recommendation for 
genetic testing, while the American College of Medical 
Genetics and Genomics (ACMG) guidelines state that 
germline testing should be performed if ≥3 first-degree 
relatives or ≥2 first-degree relatives <55 years of age are 
diagnosed with PCa, or patients present with a high-risk 
PCa (Gleason score >7), or there is a family history of 
2 individuals with breast, ovarian, or pancreatic cancers 
[24]. The 2019 Philadelphia Prostate Cancer Consensus 
and the NCCN 2020 (version 2) guidelines (Table 2) also 
make clear recommendations on patient selection criteria 
for genetic testing in mPCa [9, 25].

Age should also be considered while selecting 
patients for genetic testing. Patients should be considered 
for genetic testing for early-onset disease, diagnosis of 
metastatic disease, and after failure of hormonal agents 
or previous therapies [9]. Although germline testing 
is recommended for high-risk patients, this might 
be challenging and not always be possible given the 
shortage of cancer genetic clinics and clinical cancer 
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geneticists and genetic counselors [26, 27]. This shortage 
is prevalent in low-and-middle income countries (LMICs) 
where cancer genetic testing and counseling is still in its 
infancy [28].

Challenges in gene selection: need for pragmatic 
testing in mCRPC

The NGS-based test generally consists of multiple 
genes, including several genes associated with cancer risk 
factors. Some Food and Drug Administration-approved 
NGS testing panels include the FoundationOne CDx, 
MSK-IMPACT, and Oncomine Dx with an ability to target 
324, 468, and 23 genes, respectively [29–31]. The NGS 
gene panels are customizable and provide flexibility to 
select therapeutically actionable genes for specific testing 
purposes of germline and tissue testing [32]. For example, 
NGS panel can be customized to identify the 14 qualifying 
HRR pathway genes in patients with mCRPC. Several 
epidemiological and genome-wide assays have reported 
a high frequency of alterations in the BRCA1/2 genes and 
ATM in patients with mCRPC [3]. In a consensus report 
on the role of genetic testing in mCRPC patients, experts 
agreed on the requirement for confirmatory germline 
BRCA1/2 (89% agreement) and ATM testing (61% 
agreement) when tumor sequencing is positive for the 
same genes [33]. In the PROFOUND study, a specialized 
15 predefined HRR gene assay based on FoundationOne 
CDx NGS assay was used [6]. In the recent PROFOUND, 
TRITON2, TRITON3, and GALAHAD studies, patients 
with deleterious somatic or germline HRR gene mutations 
were recruited (Table 1) [19, 21–23, 34].

NGS based testing although assisting in precision 
oncology has some limitations. Tumor heterogeneity either 
static (in the tumor tissue) or dynamic (in different time 
points of tumor biopsy-plasma sampling or of plasma 
sampling), or due to different sequencing techniques is 
a concern. Several NGS panels are available for testing 
of tumor samples. A careful consideration of the NGS 
panel after considering targetable mutations will lead to 
cost-efficient testing for mCRPC [35]. Cost-effectiveness 
of genetic testing is a concern, especially in the LMICs. 
The multigene panels include several genes, many of 
which are not required. Thus, targeted testing for genetic 
mutations in selected patients is a viable option. This 
is also consistent in breast and ovarian cancer where 
targeted testing of BRCA mutations in high-risk patients is 
conducted [36, 37].  Considering the frequency of BRCA 
and ATM mutations in mCRPC, targeted genetic testing 
for these mutations should be considered in the front-line 
followed by other mutation testing in case of negative 
results. 

Challenges in sample selection: blood vs. tumor vs. 
circulating DNA (ctDNA)

Selection of the sample for genetic testing is one 
of the major concerns, as viable biomaterial defines the 
success or failure of genetic test. Blood samples identify 
only germline mutations, whereas tumor or tissue 
samples or samples from metastatic tissues are essential 
for the identification of germline and somatic mutations 
together [38]. The prevalence of germline mutations in 
mCRPC is approximately 12%, while the TOPARP-A 

Table 1: HRR gene alterations (deleterious somatic or germline) tested in major trials in mCRPC
Study Genes tested Prevalence 

TOPARP-A [5] BRCA1/2, ATM, FANCA, CHEK2, PALB2 33%

TOPARP-B [20] BRCA1/2, ATM, CDK12,PALB2, CHEK1,CHEK2, ARID1A, 
ATRX, FANCA, FANCF,FANCG, FANCI, FANCM, MSH2, NBN, 

RAD50, WRN

15% (BRCA1/2), 
6% (ATM), 

28.3% (HRR)

PROFOUND [21] Cohort A: BRCA1, BRCA2, and ATM
Cohort B: BRIP1, BARD1, CDK12, CHEK1, CHEK2, FANCL, 
PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, and RAD54L

27.9% (HRR)

TRITON 2 [19] BRCA1, BRCA2, ATM, BARD1, BRIP1, CDK12, CHEK2, FANCA, 
NBN, PALB2, RAD51, RAD51B, RAD51C, RAD51D, RAD54

NA

TRITON 3 [22] BRCA1, BRCA2, ATM 25% (HRR)

GALAHAD [23] BRCA1, BRCA2, ATM, FANCA, PALB2, CHEK2, BRIP1, 
or HDAC2

NA

Abbreviations: ARID1A: AT-Rich Interaction Domain 1A; ATM: ataxia-telangiectasia mutated; BRCA: breast cancer 
gene; BRIP1: BRCA1 Interacting Protein C-terminal Helicase 1; CHEK2: Checkpoint kinase 2; CDK12: cyclin-dependent 
kinase 12; FANCA: Fanconi anemia complementation group A; FANCL: Fanconi anemia complementation group L; FANCF: 
Fanconi anemia complementation group F; FANCG: Fanconi anemia complementation group G; FANCI: Fanconi anemia 
complementation group I; FANCM: Fanconi anemia complementation group M; NA: not available; PALB2: partner and 
localizer of BRCA2; PPP2R2A: protein phosphatase 2 regulatory subunit B alpha.
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study identified 33% mutations (including germline 
and somatic) [3–5]. In the PROFOUND study, 27.9% 
(778/2792) of patients had somatic mutations in at least 
1 of the 15 prespecified genes of the HRR panel [6]. 
Genetic testing with tumor tissue is a proven, feasible, 
and reliable option in a clinical setting to detect both 
types of mutations [36–38]. Germline testing, though 
well established, has a disadvantage of missing patients 
who possess somatic mutations that could be treated with 
targeted therapeutic agents. Germline testing is important 
to confirm the hereditary nature of the disease, be 
vigilant for other cancers, and recruit related unaffected 
individuals, who may be at an increased risk, into active 
surveillance programs. Germline and somatic testing 
use different reporting formats and provide separate 
interpretations. Although tumor-based testing potentially 

identifies both germline and somatic mutations, it is 
unable to differentiate them. Some laboratories conduct 
additional testing with paired tumor-normal specimens, 
which enables reporting the presence of germline variants 
[39]. These results can then be discussed with the patient, 
and after appropriate counseling, germline testing of 
patient as well as high-risk relatives can be started using 
blood or saliva samples. Somatic testing with target 
genes (initiated with BRCA1/2 and ATM and followed 
by other genes) can be used as an initial screening test 
to provide personalized precision medicine to patients. 
This decreases the amount of time and resources spent on 
blood-based germline testing followed by tumor testing 
to identify a somatic mutation, in the absence of germline 
mutations. An algorithm for sequential testing of patients 
is provided in Figure 2.

Figure 1: Mechanism of action of PARP inhibitors.
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Circulating tumor DNA

Liquid biopsy is a minimally invasive method 
of testing, which evaluates ctDNA in blood, and is an 
important method for real-time evaluation of germline 
variants as well as somatic mutations [38]. In patients 
where tumor biopsies are not feasible, ctDNA-based 
genetic testing is becoming popular to identify genetic 
alterations. The ctDNA typically represents 0.01% to 
90% of the total cell-free DNA found in blood, and is 
usually found at a lower frequency in the plasma [40, 
41]. Quantification of tumor-specific mutations from 
ctDNA has been validated with almost 80% concordance 
(compared with tumor tissue) in colorectal, lung, and 
breast cancer. Likewise, ctDNA testing in mCRPC is an 
upcoming area of interest as availability of evaluable 
tumor tissue and performing a biopsy remain challenging. 
Evaluation of ctDNA was an exploratory endpoint in 
TOPARP-A and PROFOUND studies [5, 6]. TRITON 
was the first study program to screen patients using the 

ctDNA plasma testing panel. The ctDNA burden was 
significantly higher (P < 0.0001) in patients who had 
progressed on prior androgen deprivation therapy (ADT) 
and taxane-based chemotherapy (TRITON2) vs. ADT 
alone (TRITON3). This study successfully identified 
mCRPC patients with HRR mutations [34]. In a study 
on de novo metastatic castration-sensitive PCa patients, 
those with prior ADT treatment had significantly lower 
ctDNA fractions than ADT-naïve patients (P = 0.009) 
[42]. Although promising, the technique involves several 
challenges and lacks reliability as the amount of ctDNA 
released in blood might vary depending on the disease 
stage, prior therapies, extent of metastases, amount of 
time sample is stored, and genes being evaluated. Thus, 
in mCRPC testing, ctDNA can be considered as a good 
complementary approach. The challenges associated with 
ctDNA analysis are elaborated in the subsequent sections. 
The advantages and disadvantages of the different gene 
testing strategies are summarized in Table 3 [9, 43].

Table 2: NCCN version 2; 2020 recommendations for genetic testing and treatment strategies [9]
Germline testing Somatic testing
Recommended Recommended Considered

• Strong positive family history
• High-risk or very high-risk localized PCa or 

metastatic PCa regardless of family history
• Intraductal histology
• Ashkenazi Jewish ancestry

• Patients with localized or 
metastatic PCa

• Patients with low and favorable 
intermediate risk PCa and life 
expectancy ≥10 years

NA

• Regional (Any T, N1, M0) NA • Regional (Any T, N1, M0)
• Tumor test for HRR, MSI, and 

dMMR
• Metastatic (Any T, any N, M1) • Metastatic (Any T, any N, M1)

• Tumor test for HRRm
• Metastatic (Any T, any N, M1)
• Tumor test for MSI or dMMR

Recommendations for specific HRR gene testing
• Testing should include BRCA1/2, ATM, 

PALB2, and CHEK2 HRR genes
• Testing should include BRCA1/2, ATM, PALB2, CHEK2, FANCA, 

RAD51D, and CDK12 HRR genes
• If somatic HRR mutations are identified, patients should be referred 

for genetic counseling
Treatment strategy
• Olaparib is a treatment option (category 1 recommendation) for patients with mCRPC and a pathogenic mutation 

(germline and/somatic) in a HRR gene (BRCA1/2, ATM, BARD1, BRIP1, CDK12, CHEK1, CHEK2, FANCL, PALB2, 
RAD51B, RAD51C, RAD51D, or RAD54L), who have been treated with androgen-receptor directed therapy. Patients with 
PPP2R2A mutations in the PROFOUND trial experienced an unacceptable risk-benefit profile. Therefore, olaparib is not 
recommended in patients with PPP2R2A mutations. 

• Rucaparib is a treatment option (category 2A recommendation) for mCRPC and a pathogenic BRCA1/2 mutation 
(germline and/or somatic) who have been treated with androgen receptor-directed therapy and a taxane based 
chemotherapy. If the patient is not fit for chemotherapy, rucaparib can be considered even if taxanebased therapy has 
not been given.

Abbreviations: ATM: ataxia-telangiectasia mutated; BRCA: breast cancer gene; CHEK2: checkpoint kinase 2; dMMR: 
mismatch repair; DNA: deoxyribonucleic acid; FANCA: Fanconi anemia complementation group A; MSI: microsatellite 
instability; NCCN: National Comprehensive Cancer Network; PALB2: partner and localizer of BRCA2; PCa: prostate cancer; 
PPP2R2A: Protein Phosphatase 2 Regulatory Subunit Balpha.
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Challenges in tissue processing

Tumor tissue is the gold-standard sample type for 
biomarker testing, as it can be used to identify germline 
and somatic mutations. However, isolation of evaluable 
quantity and quality of nucleic acid from tissue samples 
may be an issue due to improper tissue processing or 
storage of formalin-fixed paraffin-embedded (FFPE) 
blocks. Molecular pathologists can provide information 
at the molecular level, in the shortest possible time, and 
with high reliability, enabling the oncologists to make 
therapeutic decisions. The three main phases of sample 
flow include pre-analytical (sample collection, transport 
to the laboratory, and sample processing), analytical 
(laboratory test), and post-analytical (data analysis, 
interpretation of results, archival of sample for further 
use) [44].

Challenges in pre-analytical and analytical phases

In the PROFOUND study, FFPE tumor tissue 
samples were used for genetic testing. Of the 4047 
samples available, the reasons for test failure in 31% 
of samples were pathology review failure (6.8%), 
DNA extraction failure (13.2%), and failure after DNA 
extraction (6.9%); 4.1% of patients failed in more than 1 
category. Samples were mainly derived from the archived 
primary tumor tissue (89.9%). Though a higher prevalence 
of HRR mutations was obtained from the metastatic 
tissue samples, less than 5% of metastatic samples were 
from bone tissue, emphasizing inaccessibility of bone 
metastatic tissue [6].

One of the critical challenges during the pre-
analytical phase is obtaining an appropriate and adequate 
tumor sample by biopsy. The quality of samples varies 
depending on the biopsy route (trans-rectal or trans-
perineal route with trans-rectal ultrasound guided) and the 
technique (fine-needle aspiration or core needle). Although 
a higher prevalence of mutations is observed in metastatic 
tissue, obtaining a sample from a metastatic site is difficult 
in mCRPC as the most frequent site of metastasis is bone. 
Isolation of DNA from bone requires modified isolation 
protocols involving a decalcification process, which can 
have a negative impact on the quality of the DNA. When 
bone metastasis samples are to be used for genetic testing, 
decalcification should preferably be performed using 
ethylenediaminetetraacetic acid (EDTA) as EDTA does 
not degrade DNA integrity [45]. Heterogeneity within the 
tumor tissue is also a limitation, as the sample obtained 
may not be completely representative of the tumor biology, 
and hence may not represent the entire genomic mutation 
profile of the tumor. Thus, amplification of genes through 
PCR or isothermal DNA amplification-based processes is 
required to get adequate samples for mutation detection. 
However, these processes can cause a representation bias 
[46]. 

Improper fixation of tumor samples poses specific 
challenges for the integrity of DNA. Fresh frozen samples 
are a feasible sample type for genetic analysis. However, in 
clinical settings, it may not always be possible to perform 
a re-biopsy, and determination of tumor content may also 
be a challenge before proceeding for NGS-based HRR 
gene testing. In such cases, archived samples are often 

Figure 2: Clinical algorithm for genetic testing.
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used, with FFPE samples being the most preferred option 
[47–49]. The tumor content evaluation of FFPE samples 
is critical to identify successful genetic alterations through 
NGS gene panel testing. If tumor content is inadequate, 
it is advisable to obtain micro-dissected target tissue by 
a trained pathologist to enrich the tumor content [50]. To 
ensure good quality FFPE samples, it is recommended that 
tissue fixation be performed with 10% neutral buffered 
formalin for 1 day (8–24 hours), with time to fixation 
being not more than 20 minutes, and heat treatment of 
tissue lysates at 95°C for 30 minutes. The thickness of 
the section should be 5–10 µm. FFPE sections for DNA 
extraction should be derived from a single representative 
block per case and contain 30–50 μm depth tissue sections 
containing at least 100 ng of DNA corresponding to 
15,000 cells.

Another challenge is the yield from archived vs. 
fresh samples. In a systematic analysis of tissue samples, 
the effect of storage period was evaluated on the quantity/
quality of the extracted nucleic acids and proteins from 
the FFPE blocks of malignant tumors of lung, thyroid, and 
salivary gland stored over several years. No significant 
difference was found between macromolecules extracted 
from blocks stored over 11–12 years, 5–7 years, or 1–2 
years in comparison with blocks from the current year 
[51]. Although the study did not report any significant 
difference, the quality of the FFPE samples and the storage 
conditions did affect the overall quality of the blocks. 

Extraction and analysis of nucleic acids requires specialty 
laboratories where stringent processes need to be followed 
to avoid cross-contamination and where quantification of 
samples is performed with validated instruments providing 
high specificity and accuracy [52]. 

The ctDNA shed in blood can provide a 
comprehensive view of tumor heterogeneity. The pre-
analytical challenges associated with ctDNA testing 
include: low yield during initial phases and high yield but 
interpersonal variations in metastatic stage [53]. Hence, 
the actual amount of ctDNA may vary. Another important 
consideration is the detection of large gene rearrangements 
like those found in BRCA1/2 genes and ATM. The usual 
size of circulating DNA fragments in blood ranges from 
185 to 200 base pairs. Larger gene deletions or duplications 
may not be efficiently screened by ctDNA testing [54]. 
The concentration of ctDNA is also affected by other 
pre-analytical factors like blood collection tubes, sample 
type (plasma preferred to serum), and processing time. 
The time interval between collection and centrifugation is 
critical. Delay in processing (> 4 hours) can cause dilution 
of tumor DNA by normal DNA due to leukocyte lysis. 
Blood collection tubes with nucleic acid stabilization fluid 
that prevent cross-linking (Streck tubes) are preferred 
for sample storage conditions if sample processing time 
is more than 4 hours. Proper centrifugation at low speed 
followed by high speed is important for isolation of 
ctDNA. Currently, ctDNA is used mainly in a research 

Table 3: Comparison of gene testing strategies [9, 43]
Method 
of testing

Sample 
required Advantages Limitations

Germline 
Testing

Blood or 
saliva

• Germline mutations detected reliably
• Large panels of tests available which can 

detect germline mutations in mCRPC

• Unable to detect somatic mutations 
relevant to treatment selection

Somatic 
Testing

Tumor 
Tissue/
metastatic 
tissue

• Can detect germline and somatic mutations, 
which might be relevant for initiating targeted 
therapies

• Provides information about translocations 
and amplifications

• A multigene panel of tests available with 
testing for >300 genes possible

• Tumor heterogeneity might result 
in missing late somatic mutations 
especially if testing is conducted on 
archival sample

• Somatic testing is less sensitive, and 
thus robustly validated somatic testing 
is required 

Circulating 
Tumor DNA 
(ctDNA)

Plasma • Can identify germline and somatic mutations 
relevant for targeted therapies

• Minimally invasive process for sample 
collection as the biomaterial required is blood

• Provides insight into the subclonal population 
that may be more relevant to current disease 
state

• Not enough evidence about shedding 
pattern of ctDNA in blood circulation 
in mCRPC

• Availability of robustly validated HRR 
gene panel test

• Panels may not have nonactionable 
genes still relevant for PCa 

• Chance of missing a germline variant if 
not sequencing the whole gene due to 
small size of ctDNA

Abbreviations: mCRPC: metastatic castration-resistant prostate cancer; ctDNA: circulating tumor DNA; PCa: prostate 
cancer.
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setting and its applicability in real-world genetic testing 
needs to be further evaluated [55].

Challenges in post-analytical phase

One major post-analytical challenge is the ability 
to detect genetic alterations in the archived and fresh 
FFPE tissue samples. In mCRPC, archived FFPE blocks 
obtained at initial diagnosis are preferred as re-biopsy 
may not be feasible for most patients. In addition, 
metastasis occurs in bone, which is not an ideal sample 
for genetic testing. Improper storage of archived FFPE 
tissue blocks results in a lower yield of quality DNA to 
proceed for NGS test [49]. Since the time gap between 
initial PCa diagnosis and mCRPC setting may be several 
years, retrieval of the archived FFPE tissue blocks may 
pose a critical challenge. Many regulatory authorities 
recommend the FFPE tissue blocks to be stored for 
5–10 years [56, 57]. The National Accreditation Board 
For Testing & Calibration Laboratories (NABL-India) 
and College of American Pathologists (CAP) guidelines 
recommend storage of FFPE tissue blocks for 10 years. 
However, countries like Brazil and Japan do not have any 
set guidelines regarding the storage timelines. Thus, long-
term storage and retrieval of FFPE tissue blocks is critical 
for successful genetic testing in mCRPC setting. 

Reporting of genetic test results should follow the 
ACMG guidelines for germline mutations and A Joint 
Consensus Recommendation of the Association for 
Molecular Pathology (AMP), American Society of Clinical 
Oncology (ASCO), and CAP for somatic variants [58].

In general, test reports must include the following: 
patient demographic data; classification of results into 
pathogenic/likely pathogenic or likely non-pathogenic/
non-pathogenic (germline), strong-clinical significance/
potential clinical significance or likely benign/benign 
(somatic); and variant of uncertain significance (VUS) when 
interpreting results regarding the functional and therapeutic 
impact of the genetic variants, following Human Genome 
Variation Society (HGVS) nomenclature for variant 
calling [39, 59]. To facilitate the increasing information on 
genome sequencing and genetic mutations, several global 
public databases and cancer-specific databases have been 
established, which can be used to identify genetic variants 
and guide management. Other sources for identifying 
whether a mutation is pathogenic, benign, or VUS include 
data repositories, such as reference sequence information, 
population databases, and germline variant databases. These 
databases help in identifying causal relationship between 
genetic variant and patient health status [39, 60]. These 
tools should be used during development of the report for 
including information on pathogenicity of the mutations.

Additionally, reports must include the percentage of 
neoplastic cell content, test methodology, test limitations, 
and genetic counseling recommendations. This can facilitate 
appropriate communication to the patient by the treating 
physician and inclusion of genetic counselors in to the 
multidisciplinary team, to streamline specific treatment 
strategies [52]. Figure 3 provides a brief overview of the sample 
flow for molecular testing and the pre- and post-analytical 
challenges associated at each stage, especially in LMICs.

Figure 3: Flow of sample during genetic testing and challenges associated with each stage in LMICs.
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Genetic counseling

As the role of genetic evaluation with NGS testing 
in mCRPC treatment increases, the need for genetic 
counseling will also increase. Genetic counseling for 
ovarian and breast cancer patients is well established as 
the role of genetics in these cancers was revealed over two 
decades ago. However, genetic counseling in mCRPC is 
in a nascent stage. Traditionally, genetic counseling is 
conducted by in-person visits in a dedicated genetic 
clinic, but other methodologies like telehealth discussions, 
online counseling, and group discussions are required to 
overcome geographic barriers [61]. Along with post-
test genetic counseling, pre-test genetic counseling is 
an important aspect as it helps patients prepare for the 
genetic tests, and allows them to make informed decisions 
about the same [62]. However, in many countries, having 
dedicated genetic clinics is considered unmanageable 
because of the time and resources required; an alternate 
practical approach involves tumor testing to identify 
pathogenic variants and providing counseling before 
germline testing in the case of positive results for a 

somatic mutation [63]. This alleviates the pressures 
involved in up-front counseling, in case of insufficient 
counselors or clinical geneticists (especially in countries 
with limited resources) and ensures it is provided to only 
those who require it [63]. 

Clinical implication of genetic testing

Over the past few years, the treatment for 
mCRPC has seen an exponential evolution, with many 
chemotherapeutic drugs and hormonal treatments being 
approved. With the advent of new discoveries in the field 
of biomarkers and genetic testing for mCRPC, precision 
medicine for patients with a positive mutation status 
is now within reach. Patients with somatic or germline 
HRR mutations become eligible for treatment with 
targeted agents like PARPi. Additionally, there are larger 
implications such as implementation of risk reduction 
strategies for second cancers, testing of first- and second-
degree family members to identify mutation carriers, and 
active surveillance of family members to allow screening 
for the high-risk of related cancers.

Table 4: Clinical studies of PARP inhibitors in mCRPC with HRR mutations
Study Agent Patients Enrolled Key Findings
TOPARP-A [5] Olaparib Olaparib 49 Overall RR: 33% (16/49)

RR in HRR positive subgroup: 88% (14/16)
PFS: HRR+ve: 9.8 vs. HRR-ve: 2.7 months; P < 0.001
OS: HRR+ve: 13.8 vs. HRR-ve: 7.5 months; P = 0.05

TOPARP-B 
[20]

Olaparib 400 
mg vs. Olaparib 
300 mg
(randomized 1:1)

Olaparib 400: 49
Olaparib 300: 49

RR: Olaparib 400 mg group: 54.3% vs. olaparib 300 
mg group: 39.1% PFS: Olaparib 400 mg 5.5 months vs. 
olaparib 300 mg 5.4 months
OS: Olaparib 400 mg 14.3 vs. olaparib 300 mg 10.1 months

PROFOUND 
[6]

Olaparib 300 mg 
vs. enzalutamide 
or
Abi (pcNHA; 
randomized 2:1)

Cohort A+B: Olaparib: 
256 vs. pcNHA: 131
Cohort A: Olaparib: 
162 vs. pcNHA: 83

Cohort A+B
RR: olaparib 22.0% vs. ADT 4.0%
PFS: olaparib 5.8 vs. ADT 3.5 months
OS: olaparib 17.5 vs. ADT 14.3 months
Cohort A
RR: olaparib 33.0% vs. ADT 2.0%
PFS: olaparib 7.4 vs. ADT 3.6 months
OS: olaparib 18.5 vs. ADT 15.1 months

TRITON2 
(preliminary 
results) [19]

Rucaparib 600 
mg

136 RR: 44% in patients with BRCA1/2 mutations
Confirmed PSA response in 51.1% patients in BRCA1/2 
group, 1 patient with a CDK12 alteration, 1 patient with a 
BRIP1 alteration, and 1 patient with a FANCA alteration

GALAHAD 
(preliminary 
results) [23]

Niraparib 300 mg Total: 81;
BRCA 1/2: 46
non-BRCA: 35

RR: BRCA 1/2 41% vs. Non-BRCA 9%
PFS: BRCA 1/2 8.2 vs. Non-BRCA 5.3 months
OS: BRCA 1/2 12.6 vs. Non-BRCA 14

Clarke et al. 
2018 [64]

Abi with 
Olaparib 300 
mg or placebo 
(randomized 1:1)

Abi+Olaparib: 71
Abi+placebo: 71

RR: Abi+Olaparib 27% vs. Abi+placebo 32%
PFS: Abi+Olaparib 13.8 vs. Abi+placebo 8.2 months
OS: Abi+Olaparib 22.7 Abi+placebo 20.9 months

Abbreviations: Abi: abiraterone; HRR: homologous recombination repair; OS: overall survival; pcNHA: physician choice 
novel hormonal agent (abiraterone or enzalutamide); PFS: progression-free survival; RR: response rate.
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Therapeutic implications for patients carrying HRR 
gene mutations 

Recently, PARPi have achieved significant 
response rates in mCRPC patients harboring HRR 
mutations including BRCA1/2 (Table 4) [5, 6, 19, 20, 
23, 64]. Though both olaparib and rucaparib have been 
approved for treatment of patients with mCRPC, there 
are differences in the approval based on the genetic 
mutations as well as the approval differing across 
countries (Table 5) [7, 8, 65–67]. Also, though olaparib 
is approved for patients with HRR mutations, the highest 
benefit was observed in patients with BRCA1/2 mutated 
tumors.

Implications if tested negative for mutations/VUS

When mCRPC patients test negative for clinically 
significant somatic or pathogenic germline mutations, 
the results are interpreted as inconclusive for therapeutic 
implications since there may be other genetic factors that 
are not tested [68]. Genetic tests also include the reporting 
of VUS, which are reported in almost 30% of cases [69]. 
Clinical decisions should not be based on a VUS report. 
Caregivers, patients, and family members should wait for 
the reclassification of the VUS, as it is an ongoing process 
and may be reclassified to benign or pathogenic [70]. 
Global public and cancer specific databases can be useful 
in identification of genetic variants and are also useful in 
management [39, 60]. 

Table 6: Recommendations for HRR testing in mCRPC
• Obtain an appropriate and adequate tumor sample 
• Although fresh samples are recommended, FFPE tissue blocks stored in appropriate storage conditions as per CAP 

guidelines can be utilized for genetic testing
• Comprehensive genomic profiling of mCRPC for HRR genes at presentation
• NGS-based test to identify deleterious/suspected deleterious somatic mutations, and if identified, proceed for qualifying 

germline HRR mutations identification
• Prioritize BRCA1/2 and ATM (somatic and or germline) testing in the HRR pathway
• Reporting of germline results should follow ACMG guidelines and somatic results should follow A Joint Consensus 

Recommendation of the AMP, ASCO, and CAP 
• Incorporate pre-test and post-test genetic counseling 

Abbreviations: ACMG: American College of Medical Genetics; AMP: Association for Molecular Pathology; ASCO: American 
Society of Clinical Oncology; ATM: ataxia-telangiectasia mutated; BRCA: breast cancer gene; CAP: College of American 
Pathologists; FFPE: formalin-fixed paraffin embedded; HRR: homologous recombination repair; NGS: next generation 
sequencing; mCPRC: metastatic castrate-resistant prostate cancer.

Table 5: Approval status of olaparib and rucaparib for prostate cancer
Indications for Olaparib
United States: Treatment for adult patients with deleterious or suspected deleterious germline or somatic homologous 
recombination repair (HRR) gene-mutated CRPC who have progressed following treatment with enzalutamide or abiraterone.
United Kingdom: As monotherapy for the treatment of adult patients with metastatic castration-resistant prostate cancer 
(mCRPC) and BRCA1/2-mutations (germline and/or somatic) who have progressed following prior therapy that included 
a new hormonal agent.
Canada: As monotherapy for the treatment of adult patients with deleterious or suspected deleterious germline and/or 
somatic BRCA or ATM mutated mCRPC who have progressed following prior treatment with a new hormonal agent. BRCA 
or ATM mutations must be confirmed before olaparib treatment is initiated.
India: Treatment of patients with mCRPC and HRR gene mutations (germline and/or somatic) who have progressed 
following a prior new hormonal agent.

Indications for Rucaparib
United States: Treatment of adult patients with deleterious BRCA mutation (germline and/or somatic)-associated mCRPC 
who have been treated with androgen receptor directed therapy and a taxane-based chemotherapy. This indication is 
approved under accelerated approval based on objective response rate and duration of response.

Abbreviations: BRCA: breast cancer gene; HRR: homologous recombination repair; mCPRC: metastatic castrate-resistant 
prostate cancer.
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CONCLUSIONS

mCRPC management has significantly advanced 
over the past 5 years owing to the continuously evolving 
knowledge on actionable genetic mutations. However, 
in countries with limited resources, HRR testing in 
mCRPC is still at its inception, and patients may not 
opt to test because of a lack of reimbursement by way 
of insurance. In addition, on most occasions, the tissue 
available for genetic testing is from archival samples, 
which poses multiple challenges. Thus, testing for the 
three predominant genes (BRCA1/2 and ATM) as an initial 
step and then proceeding by an elimination method can 
improve the efficiency of genetic testing in mCRPC in 
countries with limitations on genetic testing resources. 
While ctDNA is a promising approach for genetic testing, 
it has several limitations, such as inavailability of robust 
testing strategies for PCa and lack of knowledge about 
the DNA shredding pattern in PCa. We have proposed 
an algorithm for genetic testing of HRR mutations in 
LMICs considering the prevalence of mutations in 
mCRPC, which focuses on testing for BRCA1/2 and ATM 
mutations initially followed by other HRR mutations in 
case BRCA1/2 and ATM are negative. Along with the 
algorithm, we have proposed recommendations for HRR 
testing strategy in mCRPC (Table 6). Recent studies on 
patients with mCRPC and HRR mutations have reported 
significant response and improvement in progression-free 
survival and overall survival with PARPi. Thus, inclusion 
of genetic testing and counseling for these mutations will 
be critical for improving patient outcomes in mCRPC.

Abbreviations

ACMG: American College of Medical Genetics; 
AMP: Association for Molecular Pathology; ARID1A: AT-
Rich Interaction Domain 1A; ASCO: American Society 
of Clinical Oncology; ATM: ataxia-telangiectasia mutated; 
BRCA: breast cancer gene; BRIP1: BRCA1 Interacting 
Protein C-terminal Helicase 1; CAP: College of American 
Pathologists; CDK12: cyclin-dependent kinase 12; 
CHEK2: Checkpoint kinase 2; ctDNA: circulating tumor 
DNA; dMMR: mismatch repair;  DNA: deoxyribonucleic 
acid; FANCA: Fanconi anemia complementation group 
A; FANCF: Fanconi anemia complementation group 
F; FANCG: Fanconi anemia complementation group 
G; FANCL: Fanconi anemia complementation group 
L; FFPE: formalin fixed paraffin embeddded; HRR: 
homologous recombination repair; mCRPC: metastatic 
castration-resistant prostate cancer;  MSI: microsatellite 
instability; NCCN: National Comprehensive Cancer 
Network; NGS: next generation sequencing; OS: overall 
survival; PALB2: partner and localizer of BRCA2; 
PARPi: poly (ADP-ribose) polymerase inhibitors; PCa: 
prostate cancer; PCR: polymerase chain reaction; PFS: 
progression-free survival; PPP2R2A: protein phosphatase 

2 regulatory subunit B alpha; VUS: variants of unknown 
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