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Germline mutations and prostate cancer: is it time to change
treatment algorithms?
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Abstract: Prostate cancer is the most commonly diagnosed non-skin cancer in men. Although early
disease can be cured or remain indolent, advanced castration-resistant disease remains a significant cause of
morbidity and mortality. One approach to precision screening may be the use of germline genetic testing.
Mutations in high-risk genes such as BRCA 2 are rare however polygenic risk scores could potentially limit
screening to only those at higher risk, improving the benefit-to-harm ratio. The National Comprehensive
Cancer Network (NCCN) Prostate Cancer guidelines have recently recommended testing for germline
mutations in patients diagnosed with high-risk or metastatic prostate cancer, regardless of family history.
New therapeutic options are emerging for genomically-defined subsets of patients; germline or somatic
mutations in homologous recombination repair genes suggest potential susceptibility to PARP inhibitors and
platinum-based chemotherapy, whereas mutations in DNA mismatch repair genes may confer susceptibility
to immune checkpoint inhibitors. Current barriers to genetic testing include cost, limited access to
genetic counseling for those found to have germline mutations and lack of clear guidelines on the clinical
applicability of results. Work is ongoing in three key areas: Using germline genetic testing to improve
screening, establishing treatment algorithms for patients with known pathogenic germline or somatic
mutations diagnosed with localized disease, and the use of genomic biomarkers to define treatment-selection
for patients with advanced prostate cancer.
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Introduction more prevalent than previously recognized and may be

associated with aggressive prostate malignancies (2,3). As

The most commonly diagnosed non-skin cancer in men is . . .
¥y diag such, patients could benefit from stratified and personalized

prostate cancer (PCa), affecting approximately 1 in 9 men treatments derived from somatic or germline genetic testing
for specific mutations such as BRCA1/BRCA2 and ATM.

The National Comprehensive Cancer Network (NCCN)

during their lifetime in Western populations (1). Although
early disease can be indolent without threatening life

expectancy, advanced and metastatic castration-resistant
forms remain incurable. In fact, PCa is the second leading
cause of male cancer deaths in USA (1). One of the main
therapeutic challenges in PCa is the heterogeneity of the
disease in terms of clinical and molecular manifestations.
Genetic mutations, specifically in DNA repair genes, are
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Prostate Cancer guidelines recently proposed testing for
germline DNA repair gene (DRG) mutations in patients
with high-risk and metastatic PCa, regardless of family
history (4). Despite the many advances in the field, there are
currently no clear algorithms or guidelines related to the
use of germline genetic testing to guide treatment selection
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Table 1 Selected germline mutations associated with prostate cancer

Potential treatment/

Mechanism Gene clinical trials
Homologous BRCA1 Yes
recombination
Repair genes BRCA2 Yes
ATM Yes
CHEK2 Yes
PALB2 Yes
MSI and MMR genes MLH1 Yes
MSH2 Yes
MSH6 Yes
PMS2 Yes
Homeobox transcription HOXB13 No

factor

for patients with prostate malignancies. Work is ongoing
in three key areas: the use of germline genetic testing to
improve screening, establishing treatment algorithms
for patients with known pathogenic germline or somatic
mutations who are diagnosed with localized disease, and the
use of genomic biomarkers to define treatment-selection for
patients with advanced prostate cancer.

Genetic mutations in prostate cancer

The heterogeneity of PCa is partly attributed to genetic
factors, which make up 57% of the interindividual risk
variation (3). Several genetic mutations are implicated in
familial PCa, and these include defects in DNA repair
genes (DRGs) as listed in Table 1 (5,6). DRGs have an
important role in carcinogenesis, since mutations in these
genes will induce cells to continue replication without error
correction.

Germline pathogenic BRCA1/BRCA? allele mutations
have been found in a higher percentage of patients with
various cancer types than previously anticipated and are
associated with younger age at cancer diagnosis (7). In
PCa, 11.8% of men with metastatic PCa harbor heritable
(germline) mutations, with BRCA2 being the most
common mutated gene (4,5,8,9). The prevalence of these
mutations might not be ethnicity-specific, as is the case
in breast cancer. Bhaskaran and colleagues sequenced 18
pathogenic mutations in Chinese and American patients
with PCa and found no statistically significant difference
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between the two cohorts (10). Similarly, Wei et al. analyzed
316 Chinese and American men and demonstrated that
germline mutations in metastatic as well as localized disease
were similar between the two populations (5). Pritchard
et al. found germline DRG mutations in a significantly
higher percentage of patients with metastatic PCa versus
localized disease (11.8% wvs. 4.6%, respectively) in a study
of 692 men (3). Moreover, the presence of DRG mutations
is associated with higher Gleason score 28 and higher
incidence of distant metastasis at diagnosis (6), in addition
to poorer treatment outcomes as reported in several
studies (3,6,11,12) and higher likelihood of having grade
reclassification during active surveillance (12). These studies
support the link between DRG mutations and the overall
poorer outcomes in PCa patients.

With the advent of genetic testing in PCa, several
essential questions have emerged: who to test, which genetic
assay to use, what sample to test on, and which therapy
to proceed with based on the results. Testing for these
mutations may be performed via commercially available
kits that typically use blood or saliva. However, there are no
standardized panels for genetic testing, and the examined
mutations differ between panels, which makes it challenging
to select the appropriate test. In addition, widespread
genetic testing for all patients diagnosed with PCa is
unlikely to be cost-effective at present and may create some
clinical confusion especially in early low-risk disease. Clear
guidelines for treatment options after genetic testing based
on validated results are lacking. For the purpose of this
review, we will divide patients into three distinct categories
based on their disease status.

Healthy men (with or without known germline mutations)

PCa is a heritable malignancy and men with first-degree
PCa relatives have an approximately two-fold increased
risk of PCa (13,14). Particularly, family history of cancers
associated with BRCA2 mutations (breast, ovary, pancreas,
bladder, melanomas) predisposes mutation-carriers to
2.5 to 8.6-fold higher risk of developing prostate cancer
by the age of 65 compared to those who do not have the
mutation (7,15,16). Effective screening measures can lead to
early detection, treatment, and even cure of PCa. Current
screening tools are comprised of digital rectal exam and
prostatic serum antigen (PSA). Although PSA screening has
decreased the proportion of men presenting with metastatic
disease since its introduction in the 1980s, it has also given
rise to a large portion of patients who are diagnosed with
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clinically indolent disease (17). Therefore, widespread PSA
screening has been discouraged by many due to concerns
regarding over-diagnosis, and many clinicians have
advocated limiting screening to high-risk patients, such as
those with a positive family history (4). The United States
Preventative Task Force have recently renewed guidance for
PSA screening in well-informed men age 55-69 as a grade
C recommendation (18).

Genetic testing can potentially guide PCa screening
by identifying men who have higher susceptibility more
effectively. Currently, there are no clear PCa screening
recommendations for carriers of pathogenic germline
mutations. Some studies have promising results, for
instance, the IMPACT study is an ongoing trial evaluating
the role of PSA testing in BRCA1/BRCA2 mutation
carriers and preliminary results so far support yearly
PSA screening in patients aged 40 to 69 (19). Cheng
et al. proposed an algorithm for prostate cancer screening
in high-risk patients. They suggest baseline PSA and a
digital rectal exam by the physician for men with known
pathologic germline mutations or who have first/second-
degree relatives with metastatic PCa regardless of genetic
testing (20).

Polygenic risk scores (PRS)

PRS are calculated by combining multiple markers for
a complex disease, that individually do not have much
significance, into a final score that stratifies patients
into risk groups. Successful PRS applications were
achieved in several diseases including schizophrenia,
multiple sclerosis, cardiovascular risk and other complex
conditions with a polygenic component (21). Since 2007,
Genome-wide association studies (GWAS) have identified
germline mutations and more than 100 single nucleotide
polymorphisms (SNPs) associated with increased risk of
PCa. A single SNP alone has little contribution to PCa,
however, the combined effect of multiple SNPs can account
for a significant percentage to familial PCa risk (22). This
could potentially limit PCa screening to only those at
high risk with risk-stratified screening and could improve
the benefit-to-harm ratio of screening by reducing false-
positives, overdiagnosis and subsequent overtreatment of
low-risk disease (23). PRS research in PCa initially had
discouraging results, and Dudbridge ez /. derived a formula
and predicted that with larger sample sizes, researchers
could get more successful analysis, and recommended
researchers to make more informed decisions in planning
their study instead of performing it opportunistically as is
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the case in most current studies (21). Genetic prediction
only become relevant at very large sample sizes including
tens of thousands of subjects, which could be possible with
national biobanks and international gene consortia (21)
A large international consortium, the Prostate Cancer
Association Group to Investigate Cancer Associated
Alterations in the Genome (PRACTICAL) is currently
combining data which includes more than 120,000
patients from many studies on germline variants and is also
validating new findings (24).

The Stockholm-1 study assessed the usefulness of PRS in
determining prostate biopsy candidates for PCa diagnosis.
The investigators created a genetic risk score from 35
validated SNPs, and a non-genetic risk score based on
age, PSA, and family history, and applied both models to a
cohort of 5,241 patients undergoing prostate biopsy. They
found that the genetic model required 22.7% fewer biopsies
but at the cost of missing 3% of patients with aggressive
PCa (25). In another study, the calculated hazard score from
54 SNPs was a significant predictor of age at diagnosis of
aggressive PCa even when family history was excluded from
the model. Additionally, the positive predictive value of
PSA screening increased with increasing polygenic hazard
score (26).

Localized PCa

Genetic testing in select men diagnosed with localized PCa
can be clinically relevant for patients and family members.
The latest NCCN guidelines recommend germline
genetic testing for patients with a positive family history,
Ashkenazi Jewish ancestry, and intraductal histology (4).
Also, active surveillance without additional interventions is
strongly recommended for men with low-risk PCa and life
expectancy less than 10 years (4). Similarly, the American
College of Medical Genetics and Genomics (ACMG)
and the National Society of Genetic Counselors (NSGC)
recommend referral of patients to genetic counseling,
specifically those with strong history of PCa in first degree
relatives (27).

Risk prediction tools for BRCAI and BRCA2 are used in
breast and ovarian cancer patients to identify the individuals
who are more likely to carry a mutation. Oliva ez al. tested
two such mathematical risk calculation models (BRCAPRO
and the Manchester Scoring System) in PCa patients
based on personal and family history, age, and ethnicity.
The two models underperformed and are hence not
recommended (28).
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Advanced PCa

Despite the efficacy of androgen deprivation therapy in
metastatic PCa, patients often progress to castration-
resistant disease which is incurable and fatal. Moreover,
advanced PCa patients with germline pathogenic mutations
may have more aggressive disease and poorer outcomes, as
discussed above. As such, the NCCN guidelines recommend
all high-risk and advanced PCa patients to undergo
germline genetic testing. Germline DRG mutations are
emerging as predictive biomarkers for response to novel
targeted therapies. Defects in homologous recombination
repair genes suggest potential susceptibility to poly ADP
ribose polymerase inhibitors (PARPi) and platinum-based
chemotherapy; whereas microsatellite instability and
mismatch repair gene mutations could predict response to
immune checkpoint inhibitors and make patients eligible
for pertinent clinical trials. It is important to note that
somatic mutations may arise in the tumor tissue due to
genetic instability with disease progression and therapy, so
repeating genetic testing on tumor DNA in these patients
might be favorable (20). Genetic testing for somatic
mutations is outside the scope of this review.

PARP inhibitors

DNA damage repair pathways prevent replication collapse
in cells exposed to endogenous and exogenous DNA
damage. The nuclear enzyme poly ADP ribose polymerase
(PARP) plays a key role in this pathway. More specifically,
PARP complex binds to DNA with single-strand breaks and
initiates repair by using the contralateral DNA strand, and
if the repair is unsuccessful, programmed cell death ensues.
PARP inhibitors (PARP1) trap the PARP complex blocking
repair and eventually leading to a double-strand break and
cell death. PARPi have emerged as attractive therapies and
are FDA-approved for ovarian and breast cancers since they
ensue cellular toxicity in cells deficient in BRCA1/BRCA2.
Usually, bi-allelic loss is required for sensitization. In recent
years, several PARPI1 have been under study in patients with
prostate malignancies.

Available PARPi such as olaparib, niraparib, and
rucaparib are taken in a tablet form by mouth, and they are
generally well tolerated. The most common side effects
of olaparib include hematologic toxicity (anemia), fatigue,
nausea and vomiting. Side effect profile of niraparib is
similar to olaparib, with hematologic toxicities such as
anemia and thrombocytopenia being the most common.

Mateo et al. conducted two phase II clinical trials on the
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use of the PARPi olaparib in metastatic CRPC (mCRPC)
patients who had progression of disease after at least one
regimen of chemotherapy. In TOPARP-A, which was
reported in 2015, fifty patients with mCRPC received
olaparib as monotherapy, with 33% having a statistically
significant response. The investigators conducted
biomarker studies for both somatic and germline DNA
on fresh tissue biopsy samples and 33% of patients had
DRG mutations, 88% of which had a response to olaparib.
Radiographic progression-free survival was 9.8 months in
patients with DRG mutations versus 2.7 months in patients
without (11). In TOPARP-B, patients with mCRPC who
had progression of disease after at least one chemotherapy
regimen underwent DNA sequencing on tumor biopsies,
and patients were eligible to participate if DRG mutations
were detected. The results indicate that olaparib has the
greatest effect against heavily pretreated mCRPC with
DRG mutations, the highest response being in tumors with
BRCAL1/2 aberrations (29).

PCa is a BRCA-associated cancer and studies have shown
the clinical benefit of PARPi in BRCA-associated cancers,
with similar response in both somatic and germline BRCA1/
BRCA?2 mutations (7). Regarding AT'M mutations, Marshall
et al. reported that mCRPC patients harboring ATM
mutations had inferior outcomes to olaparib compared to
those with BRCA1/BRCA2 mutations (30). Similarly, in
TRITON?2, the investigators found that AT'M mutation
carriers did not respond to rucaparib. This is in contrast to
the TOPARP-A trial in which four out of six patients with
ATM mutation initially responded to olaparib, although
only two of these patients maintained a PSA response at
week 12 (11).

The majority of current PARPI trials focus on mCRPC
(Table 2), and it is not yet clear if patients with earlier stages
of disease may benefit from PARPi treatment. The phase
III PROfound trial which was recently published with
positive results for olaparib in men with mCRPC with
BRCA1/2 or ATM gene mutations. Trial data showed
a statistically-significant and clinically-meaningful
improvement in the primary endpoint of radiographic
progression-free survival with olaparib compared to
enzalutamide or abiraterone (31). This led olaparib
to be granted FDA approval for mCRPC with germline
and somatic homologous recombination repair gene
mutations (32). Similarly, rucaparib was recently granted
FDA approval for BRCA-associated mCRPC (33).

Another area of growing research is the combination

of PARPi and androgen receptor (AR) blockade. PARP
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Table 2 Clinical trials in PCa with relevance for germline genetic eligibility criteria
Study title Abbreviation  Clinicaltrials.gov Phase Disease state Drugs tested
Nivolumab in PCa With DNA Repair Defects ~ ImmunoProst NCT03040791 2 mCRPC Nivolumab
Olaparib Before Surgery in Treating NCTO03570476 2 Localized Olaparib
Participants With Localized PCa
A Study of Rucaparib in Patients With TRITON2 NCT02952534 2 mCRPC Rucaparib
mCRPC and Homologous Recombination
Gene Deficiency
A Study of Rucaparib Versus Physician's TRITON3 NCT02975934 3 mCRPC Rucaparib
Choice of Therapy in Patients With mCRPC
and Homologous Recombination Gene
Deficiency
An Efficacy and Safety Study of Niraparib in ~ GALAHAD NCT02854436 2 mCRPC Niraparib
Men With mCRPC and DNA-Repair Anomalies
Testosterone and Olaparib in Treating NCT03516812 2 mCRPC Olaparib &
Participants With mCRPC Testosterone
Olaparib and Radium Ra 223 Dichloride in NCT03317392 1/2 mCRPC Olaparib & Radium
Treating Men With mCRPC That Has Spread Ra 223
to the Bone
Study of Talazoparib, a PARP Inhibitor, NCT01286987 1 mCRPC Talazoparib
in Patients With Advanced or Recurrent
Solid Tumors
Olaparib With or Without Cediranib in Treating NCT02893917 2 mCRPC Olaparib Cediranib
Patients With mCRPC
Abiraterone/Prednisone, Olaparib, or BRCAaway NCT03012321 2 mCRPC Olaparib
Abiraterone/Prednisone + Olaparib in Patients
With mCRPC With DNA Repair Defects
Niraparib Before Surgery in Treating Patients NCT04030559 2 Localized Niraparib Niraparib
With High Risk Localized Prostate Cancer and Tosylate Monohydrate
DNA Damage Response Defects
Trial of Rucaparib in Patients With mHSPC TRIUMPH NCT03413995 2 mHSPC Rucaparib
Harboring Germline DNA Repair Gene
Mutations
Docetaxel and Carboplatin for Patients With ~ V-ABCD NCT02985021 2 mCRPC Carboplatin &
mCRPC and DNA-Repair Deficiencies Docetaxel
The Use of Genetic Profiling to BARCODE 2  NCT02955082 2 mCRPC Carboplatin

Guide PCa Treatment

PCa, prostate cancer; mMCRPC, metastatic castration-resistant prostate cancer; mHSPC, metastatic hormone-sensitive prostate cancer.

has been associated with a protumor effect by promoting
AR transcription in AR-positive prostate cells (34). Also,

AR blockade upregulates PARP, and high PARP activity

is observed in men treated with androgen deprivation
therapy. This has led to studies investigating the role of the
combination in PCa, with one phase II trial favoring the
combination. The median progression-free survival was
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8.2 months with abiraterone alone (35).

Platinum-based chemotherapy
Platinum-based chemotherapies are currently being

13.8 months with olaparib and abiraterone compared with

investigated as concurrent therapies with PARPi They have
a similar mechanism of action to PARPI by causing double-
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strand DNA breaks, and the combination could potentially
increase tumor cell death. A study used the cisplatin-
olaparib combination in breast and ovarian tumors carrying
BRCA1/BRCA2 mutations with promising results, however
significant hematologic toxicities limited the further use
of this combination (36). So far, FDA has not approved
platinum-based chemotherapies for PCa, and further studies
are needed to explore their possible clinical benefit.

Immunotherapy

The anti-PD1 immune checkpoint inhibitor,
pembrolizumab, is FDA-approved for several solid
tumors with microsatellite instability (MSI). Impaired
DNA mismatch repair (MMR) predisposes the DNA to
genetic hypermutability which leads to an MSI phenotype
and can be the result of germline or somatic mutations.
Le er al. reported favorable responses to anti PD-1
immunotherapy in different tumors with MMR deficiencies
in a phase II clinical trial. 53% of patients achieved
objective radiographic response, and 21% of patients had
complete response. These data suggest that hypermutability
in mismatch repair—deficient cancers make them sensitive
to immune checkpoint blockade, regardless of the cancers’
tissue of origin (37). This has important implications in
PCa as a good percentage of patients demonstrate such
mutations. Pritchard et al. reported that 12% of advanced
PCa patients have a hypermutated subtype which are
associated with MMR mutations (MSH2, MSHG6) (3). Abida
and colleagues recruited 1,033 patients who underwent
tumor molecular profiling, 3.2% (33 patients) carried a
mutation for MSI-H/dMMR, and 11 patients received
pembrolizumab with promising results (38). The NCCN
now recommend pembrolizumab therapy as a second-line
therapy for patients with metastatic disease found to have

the MSI-H/dMMR phenotype regardless of histology (4).

Genetic counseling and barriers to genetic
testing

Genetic counseling should ideally be provided to all
individuals undergoing germline genetic testing. Counseling
can aid patients understand the medical, legal, ethical
and psychological aspects of genetic testing and make
informed decisions regarding treatment options. “Cascade
genetic testing” is the systematic process which ensures
appropriate education and testing of family members, and,
if positive, enhanced cancer screening or risk-reduction
strategies (20). Genetic testing performed without proper
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genetic counseling by qualified physicians or specialists can
lead to misinterpretation of results, psychological distress,
and inappropriate management.

Barriers to genetic testing have been described in
several familial malignancies including breast and ovarian
cancers, the most common barriers being technical issues
(referral to counselors, access, cost and insurance coverage);
physician knowledge and comfort with the process; patients’
lack of awareness (39). The Germline Genetics Working
Group (GGWG) of the Prostate Cancer Clinical Trials
Consortium (PCCTC) was established in June 2017 in
order to collaborate with clinicians and researchers to
guide and better inform physicians of genetic testing in
PCa. In June 2018, the GGWG introduced a framework
to address challenges related to germline testing in patients
with advanced PCa. The GGWG developed a survey to
which 26 genitourinary oncologists in 19 US institutions
responded. Similar to genetic testing in other malignancies,
the three most common barriers were found to be: limited
access to genetic counseling, lack of effective workflow
systems, and no insurance coverage (40). More than half
of the participating oncologists reported taking personal
responsibility for some or all genetic assessment (40) and
only 10 of 26 oncologists (38%) reported referring patients
to a separate department for this matter. A worsening
shortage of genetic counselors is being recognized, which
is paving way for oncologists to pursue further subspecialty
training in genetics. Assessing physician practice patterns
and barriers regarding genetic testing is fundamental
in order to make gene assays a part of everyday clinical
practice, and appropriate patient education may allow
patients to be more interested in pursuing testing. Rigorous
efforts are needed to ensure that genetic counseling and
testing is available to underserved populations, including
ethnic and racial minorities, people of low income, and in
limited resource environments.

Conclusions

DRG mutations are present in a significant minority
of PCa patients and cannot be predicted from clinical
features. Gene assays in everyday clinical practice have
the potential to stratify patients into defined subgroups,
aiding therapeutic decision-making in the era of precision
medicine. To date, the tailored therapies that are being
studied in prostate cancer include PARPi, immunotherapy
and platinum-based chemotherapy among many others.
Response rates to PARPi and other novel treatments differ
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between subgroups, and currently no specific genomic assay
can be recommended over another. Large-scale multi-
center studies are needed, in addition to head-to-head
comparisons of the different available treatment options.
The positive results of the phase III PROfound study
showing the benefit of olaparib in PCa patients with BRCA
and ATM mutations has changed treatment algorithms
and expanded treatment options for a defined subgroup
of patients. Close collaboration between oncologists,
urologists, clinical geneticists, researchers, and patients
along with their families, will ensure the best long-term
management of PCa.
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