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abstract

PURPOSE Guidelines recommend somatic and germline testing for men with advanced prostate cancer (PCa).
Barriers to widespread implementation result in underutilization of germline testing. Somatic testing alone risks
missing pathogenic germline variants (PGVs). We sought to determine whether the addition of germline testing to
tumor-only sequencing improves detection of PGVs inmen with advanced PCa. Secondarily, we sought to define
the added value of combining somatic and germline testing to optimize detection of clinically actionable
alterations.

PATIENTS AND METHODSWe analyzed results of independent germline testing and tumor-only sequencing from
100 men with advanced PCa from a prospective clinical trial (ClinicalTrials.gov identifier: NCT03328091). The
primary outcome was the proportion of PGVs not reported with tumor-only sequencing. The secondary outcome
was the association of locus-specific loss of heterozygosity for PGVs in homologous recombination genes with
clinical-genomic features.

RESULTS In the 100men who underwent germline testing and tumor-only sequencing, 24 PGVs were identified, 17
of which were clinically actionable, in 23 patients. Tumor-only sequencing failed to report four (17%) of the PGVs.
One additional PGV (4.2%) had variant allele frequency on tumor-sequencing below the threshold for follow-up
germline testing. When integrating tumor-only sequencing with germling testing results, 33% of patients harbored
clinically actionable alterations. Rates of locus-specific loss of heterozygosity were higher for BRCA2 PGVs in
castration-resistant PCa than PGVs in other homologous recombination genes in hormone-sensitive PCa (P = .029).

CONCLUSION Tumor-only sequencing failed to report more than 20% of PGVs in men with advanced PCa. These
findings strongly support guideline recommendations for universal germline and somatic testing in this population.
Combining tumor and germline sequencing doubled the chance of detecting a clinically actionable alteration.

JCO Precis Oncol 6:e2200329. © 2022 by American Society of Clinical Oncology

INTRODUCTION

Molecular testing has transformed clinical management
of advanced prostate cancer (PCa). Somatic tumor se-
quencing identifies clinically actionable alterations in
20%-25% of men with metastatic PCa, approximately
half of which are pathogenic germline variants (PGVs).1,2

Consequently, the National Comprehensive Cancer
Network (NCCN) and European Society of Medical
Oncology (ESMO) PCa guidelines recommend germline
and somatic testing for men with metastatic PCa.3,4

Germline testing identifies heritable mutations associ-
ated with increased cancer risk. Somatic testing iden-
tifies nonheritable acquired alterations as well as some,
but not all, germline variants. Several limitations of tumor-
only sequencing can result in under-reporting of PGVs,
including (1) filtering of germline variants on the basis of

population frequency, (2) somatic deletion of a gene
harboring a germline variant, (3) incomplete coverage of
genes that may harbor a germline variant, and (4) limited
ability to detect certain germline variants, such as exon-
level copy-number alterations and variants in high-
homology regions.5-7 Furthermore, without a paired
normal sample, tumor-only sequencing cannot defini-
tively classify variants as germline versus somatic. Ac-
curate reporting of PGVs is important to identify inherited
cancer risk for patients and their family members.8

Despite guideline recommendations, germline testing
is underutilized in PCa. Barriers to widespread
implementation include a shortage of genetic coun-
selors, inefficient workflows, gaps in insurance, in-
sufficient educational materials, and concerns about
genetic discrimination.8,9 Differences in access and
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mistrust of the health care system compound underutili-
zation in minority and underserved populations.10,11 Pro-
vider education is critical as well. A recent survey reported
that nearly 40% of academic genitourinary oncologists do
not offer universal germline testing for men with metastatic
PCa.9 Further data are needed to demonstrate the value of
complementing tumor-only sequencing with germline
testing in men with advanced PCa.

In this study, we analyzed a subset of subjects enrolled in
ProGen (ClinicalTrials.gov identifier: NCT03328091), a
prospective randomized clinical trial that evaluated pretest
video education with post-test genetic counseling com-
pared with in-person pretest genetic counseling in men
with advanced PCa.12 ProGen demonstrated that video
education resulted in similar uptake in germline testing as
in-person genetic counseling. All consenting subjects un-
derwent germline testing as part of the ProGen trial; a
subset also underwent independent tumor-only sequenc-
ing during routine care. This cohort provided an opportunity
to evaluate the added value of germline testing to tumor-
only sequencing in men with advanced PCa. We hypoth-
esized that the addition of germline testing to tumor-only
sequencing would improve detection of PGVs. Secondarily,
we assessed the complementary value of germline and
somatic testing to identify clinically actionable alterations.

PATIENTS AND METHODS

ProGen Trial Enrollment and Selection of Patients

for Study

Patients analyzed herein are a subset of those enrolled in
ProGen.12 Only patients enrolled and treated at the Dana-
Farber Cancer Institute (DFCI)/Brigham and Women’s
Hospital (BWH) were included. Eligible patients underwent
tumor-only sequencing using the DFCI/BWH OncoPanel
test as part of routine care,13 and had either localized

unfavorable intermediate- or high-risk hormone-sensitive
prostate cancer (HSPC) by NCCN criteria,3 (2) metastatic
HSPC (mHSPC), or (3) metastatic castration-resistant
prostate cancer (mCRPC; Appendix Fig A1). Written in-
formed consent was obtained for all study participants. This
study was approved by the DFCI IRB (Protocol 17-409).

Germline and Tumor Sequencing and Variant Curation

Germline DNA was isolated from buffy coat using the QIA-
GEN DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA).
Germline DNA was sequenced using a next-generation
sequencing panel in a laboratory with Clinical Laboratory
Improvement Amendments certification (CancerNext Ex-
panded 67-gene panel, Ambry Genetics, Aliso Viejo, CA).
Germline variants were annotated by Ambry Genetics and
classified in accordance with the American College of
Medical Genetics and Genomics and the Association for
Molecular Pathology as pathogenic (P), likely pathogenic
(LP), variant of unknown significance, likely benign, or
benign.14 Only P/LP variants were included in this analysis.

Tumor samples were sequenced by the Center for Ad-
vanced Molecular Diagnostics, a Clinical Laboratory Im-
provement Amendments–certified clinical laboratory at
BWH, using OncoPanel, a custom hybrid-capture se-
quencing assay.13 Sequence variants, copy-number al-
terations, and structural variants were identified as
previously described.15,16 The lower limit of detection for
sequence variants was 10% allelic fraction at 50× cover-
age. Likely polymorphisms and artifacts were filtered by
comparing variant calls to in-batch normal controls, a panel
of normal samples, and variants found in gnomAD data-
bases at . 0.1% frequency in any subpopulation and/or
the NHLBI Exome Sequencing Project. Variants flagged for
filtering that were present in the COSMIC database at least
twice were subsequently rescued. Three versions of
OncoPanel were used during the study period, namely

CONTEXT

Key Objective
Despite guideline recommendations to perform both somatic and germline testing in all men with advanced prostate cancer,

germline testing remains underutilized. The implications of relying on tumor-only sequencing, and the added value of
germline testing to tumor-only sequencing, are not well-defined.

Knowledge Generated
Tumor-only sequencing failed to identify one in five pathogenic germline variants in men with advanced prostate cancer.

Obtaining paired somatic and germline sequencing increased the likelihood of detecting a clinically actionable alteration by
two-fold.

Relevance
Herein, we highlight the strengths and limitations of tumor-only and germline-only sequencing in men with advanced prostate

cancer. These findings strongly support the guideline recommendation that clinicians obtain both somatic and germline
testing for all men with advanced prostate cancer. This approach maximizes detection of clinically relevant alterations to
inform therapeutic decision making and facilitate cascade testing to identify affected family members of patients with
germline alterations.
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POPv1 (275 genes), POPv2 (300 genes), and POPv3 (447
genes). Only the 49 genes common to all three versions of
OncoPanel and the Ambry CancerNext Expanded germline
panel were included in this analysis (Appendix Fig A2).

For purposes of this analysis, mutations from OncoPanel
were considered to be pathogenic if they were nonsense,
splice site, small insertions or deletions, or missense
substitutions predicted to be probably damaging by
Polyphen-2 or deleterious by SIFT.17,18 Among the 49
genes included in the analysis, the following alterations
were considered clinically actionable in PCa (Appendix
Fig A2): deleterious alterations in homologous recombi-
nation (HR) genes included in the FDA approval for olaparib
in mCRPC (ATM, BRCA1, BRCA2, BRIP1, CHEK2, and
PALB2)19 and deleterious alterations in mismatch repair
(MMR) genes (MLH1, MSH2, MSH6, and PMS2), which
predict response to pembrolizumab across solid tumors.20

Clinical Outcomes

Patients in the cohort treated with olaparib for mCRPC were
identified through chart review. Best prostate-specific an-
tigen (PSA) response to olaparib was measured as the
lowest on-treatment PSA relative to baseline PSA. Radio-
graphic progression-free survival on olaparib was defined
as time from treatment initiation to radiographic progres-
sion or death determined by a clinician blinded to patients’
genomic status. For time-to-event analysis, patients without
events were censored at the date of last imaging or death.

Statistical Analysis

Differences between groups were compared using Fisher’s
exact test for categorical variables andMann-Whitney test for
continuous variables. All P values were two-sided, with P ,
.05 considered statistically significant. The distribution of
time-to-event was estimated using the Kaplan-Meier method.

RESULTS

Patient Characteristics

Among the 662 patients enrolled in the ProGen clinical trial,
100 met all eligibility criteria for inclusion in this analysis
(Appendix Fig A1). Patient characteristics are listed in
Table 1. At the time of Oncopanel, 29% had localized
HSPC, 15% had mHSPC, and 56% had mCRPC. Therapy
before OncoPanel included abiraterone and/or enzaluta-
mide (48%), taxane chemotherapy (8%), and carboplatin
or poly (ADP-ribose) polymerase (PARP) inhibitor (6%).

Prevalence of Germline and Somatic Alterations

In the 100 patients who underwent germline testing, 23%
harbored P/LP germline variants (Table 2). The most fre-
quently altered gene was BRCA2 (9%). Additional variants
were present in ATM (3%), CHEK2, FH, MUTYH, and
PMS2 (2% each), and BRCA1, FANCC, MITF, and SDHC
(1% each). One patient harbored variants in PMS2 and
SDHC. All variants were heterozygous. Consistent with prior
reports, clinically actionable P/LP germline variants were

present in 17% of patients—15% with HR alterations and
2% with MMR alterations.21,22

OncoPanel identified a similar spectrum of somatic alter-
ations to prior reports (Fig 1A; Appendix Fig A2).1,23 CRPC
tumors harbored a significantly higher number of clinically
actionable somatic alterations than HSPC tumors
(P = .0017; Fig 1B). CRPC tumors were also significantly
more likely than HSPC tumors to harbor a clinically ac-
tionable somatic alteration (38% v 9%; P = .0011; Fig 1C).
Overall, clinically actionable somatic alterations were
present in 19% of patients, including 16% with HR alter-
ations, 2%with MMR alterations, and 1%with both HR and
MMR alterations (Fig 1D). The most frequent clinically
actionable somatic HR alterations were in ATM (9%) and
BRCA2 (8%). Additional alterations were present in BRCA1

TABLE 1. Patient Characteristics

Patients, No. 100

Race, %

White 89

Black/African American 6

Asian 1

NA 4

Stage at diagnosis, %

Nonmetastatic (M0) 67

Metastatic (M1) 33

Stage at Oncopanel, %

Localized unfavorable intermediate-risk 2

Localized high-risk 27

Metastatic hormone-sensitive 15

Metastatic castration-resistant 56

Site of biopsy for OncoPanel, %

Prostate 48

Lymph node 21

Bone 13

Liver 10

Soft tissue 2

Bladder 2

Lung 2

Peritoneum 1

Testis 1

Treatment before OncoPanel, %

Androgen-deprivation therapy 56

Abiraterone and/or enzalutamide 48

Taxane chemotherapy 8

Carboplatin 3

PARP inhibitor 3

Abbreviations: NA, not available; PARP, poly (ADP-ribose)
polymerase.

JCO Precision Oncology 3

Added Value of Germline Testing in Prostate Cancer



TABLE 2. List of Pathogenic Germline Variants and Characteristics in Tumor-Only Sequencing

Patient ID Germline Gene Germline Variant
Clinically Actionable in

Prostate Cancer
Detected in Tumor-Only

Sequencing
Locus-Specific LOH in
Tumor-Only Sequencing

VAF of Germline Variant
in Tumor-Only Sequencing

Stage at Tumor-Only
Sequencing

45 ATM c.5991delT HR deficiency + – 0.51 CRPC

315 ATM c.5549delT HR deficiency + + 0.67 CRPC

334 ATM c.237delA HR deficiency + – 0.47 HSPC

433 BRCA1 c.3005delA HR deficiency + – 0.43 HSPC

30 BRCA2 p.N991Dfs*3 HR deficiency + – 0.19 HSPC

70 BRCA2 c.2808_2811delACAA HR deficiency + + 0.79 CRPC

153 BRCA2 c.6468_6469delTC HR deficiency + + 0.82 HSPC

180 BRCA2 p.S1262* HR deficiency + + 0.52 HSPC

226 BRCA2 c.5946delT HR deficiency + + 0.84 CRPC

230 BRCA2 p.R23188 HR deficiency + + 0.73 HSPC

320 BRCA2 c.4876_4877delAA HR deficiency + + 0.80 CRPC

364 BRCA2 c.3847_3848delGT HR deficiency + – 0.38 HSPC

454 BRCA2 c.3545_3546delTT HR deficiency + – 0.50 HSPC

336 CHEK2 c.1100delC HR deficiency + – 0.52 HSPC

465 CHEK2 c.1100delC HR deficiency + – 0.44 HSPC

170 PMS2 p.R802* MMR deficiency + – 0.51 CRPC

552 PMS2 c.2117delA MMR deficiency – NA NA HSPC

31 FANCC p.R185* – + – 0.49 HSPC

40 FH p.P174R – + – 0.71 CRPC

178 FH c.1431_1433dupAAA – – NA NA HSPC

66 MITF p.E318K – – NA NA HSPC

85 MUTYH p.Y179C – – NA NA HSPC

347 MUTYH p.G396D – + – 0.55 CRPC

552 SDHC p.R133* – + – 0.44 HSPC

Abbreviations: CRPC, castration-resistant prostate cancer; HR, homologous recombination; HSPC, hormone-sensitive prostate cancer; LOH, loss of heterozygosity; MMR, mismatch repair; VAF, variant
allele frequency.
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(2%), PALB2 (2%), and CHEK2 (1%). Clinically actionable
somatic MMR alterations were present in MSH6 (2%) and
PMS2 (1%). Integrating the germline-only and tumor-only
data identified 33% of patients with clinically actionable P/LP
germline variants and/or somatic alterations, including 29%
with HR alterations and 5% with MMR mutations (Fig 1D).

Limitations of Tumor-Only Sequencing to Report

Germline Variants

Limitations of tumor-only sequencing can result in under-
reporting of PGVs. To evaluate the accuracy of tumor-only
sequencing in PCa, we assessed the number of bona fide
P/LP germline variants that were reported in OncoPanel

results. Of the 24 P/LP germline variants, four (17%) were
not reported, including one (5.9%) of 17 clinically ac-
tionable variants (Table 2). Review of these four cases
demonstrated that all four germline variants were present in
the raw binary version of the sequencing alignment/map
files. PMS2 c.2117delA, a clinically actionable germline
variant in PCa, was not reported because of insufficient
sequencing depth—the 32× coverage at this locus was
below the validated assay coverage threshold of . 50× for
accurate variant calling. The other three P/LP germline
variants in FH, MITF, and MUTYH were not reported be-
cause of a filter that removes suspected germline variants;
this is standard for tumor-only sequencing and analysis
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FIG 1. Landscape of clinically actionable germline and somatic alterations in 100 men with advanced prostate cancer. (A) CoMut plot of clinically
actionable alterations in prostate cancer integrating germline testing and OncoPanel tumor-only sequencing data. Columns represent individual
patients, ordered by number of alterations. Rows represent specific clinically actionable genes in prostate cancer, ordered by frequency. Mutations per
Mb are shown in the upper histogram, and incidence of alterations in the cohort is in the right histogram. Cases with multiple alterations in a gene are
represented by split colors. (B) Violin plot showing the number of clinically actionable somatic alterations per sample for CRPC versus HSPC tumors.
Dashed black line indicates the median. (C) Bar graph showing the proportion of samples harboring clinically actionable somatic alterations in CRPC
versus HSPC tumors. (D) Upset plot showing the proportion of samples harboring specific clinically actionable alterations across the entire cohort.
CRPC, castration-resistant prostate cancer; HRR, homologous recombinational repair; HSPC, hormone-sensitive prostate cancer; mCRPC,metastatic
castration-resistant prostate cancer; mHSPC, metastatic hormone-sensitive prostate cancer; MMR, mismatch repair; SV, structural variant; TMB,
tumor mutational burden.
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approaches to convert the binary version of the sequencing
alignment/map files into processed variants. Although these
genes are not clinically actionable in PCa, not reporting these
variants would result in missed opportunities for cascade
testing to identify affected family members.

We next evaluated whether the origin of an
alteration—germline versus somatic—can be accurately
inferred using variant allele frequency (VAF) from tumor-
only sequencing. The OncoPanel VAF was significantly
higher for germline than somatic variants (median 52%;
interquartile range [IQR] 47%-72%] v 34% [IQR 17%-
48%]; P = 7.2 × 10−5; Fig 2A). However, OncoPanel VAF
had limitations for accurately predicting whether variants
were germline or somatic. The ESMO Precision Medicine
Working Group recommends that a variant on tumor-only
sequencing be considered for germline-focused analysis if
VAF is . 30% for single nucleotide variants or . 20% for
indels.24 These cutoffs demonstrated high sensitivity for
identifying variants of germline origin as 95% (n = 19/20) of
P/LP germline variants had a VAF above these thresholds
(Fig 2B). However, these cutoffs lacked specificity. Only
27% (n = 19/71) of variants with a VAF above the ESMO
thresholds were of germline origin (Fig 2C). Although the
majority (97%; n = 32/33) of alterations below the ESMO
thresholds were somatic, there was one germline variant.
The patient with a germline mutation below the specified
thresholds harbored a germline BRCA2 frameshift muta-
tion with a VAF of 19% on tumor sequencing despite 60%
tumor content. Review of this case revealed a somatic
heterozygous deletion of the allele inferred to carry the
germline variant.

Locus-Specific Loss of Heterozygosity Associates With

CRPC and BRCA2

Tumor suppressor genes, including most clinically ac-
tionable genes in PCa, canonically require inactivation of

both alleles to affect phenotypic change. Given the asso-
ciation of deleterious alterations in BRCA2 with disease
aggressiveness and development of mCRPC, we hypoth-
esized that CRPC (compared with HSPC) and alterations in
BRCA2 (compared with other HR genes) would be asso-
ciated with higher rates of locus-specific loss of heterozy-
gosity (LOH) for PGVs ie, somatically acquired inactivation
of the second allele resulting in biallelic loss.25,26 Of the 15
clinically actionable PGVs in HR genes, 47% (n = 7)
demonstrated locus-specific LOH on OncoPanel. VAF was
significantly higher for mutations with versus without locus-
specific LOH (median VAF 0.79 [IQR 0.70-0.81] v 0.46
[0.42-0.51]; P = .0018; Fig 3A). VAF . 55% had 100%
specificity and 86% sensitivity to identify variants with
locus-specific LOH. There was a trend toward higher rates
of locus-specific LOH in CRPC than HSPC (80% v 30%;
P = .12) and BRCA2 than other HR genes (67% v 17%;
P = .12), but these were not statistically significant in the
setting of small sample size (Fig 3B). We observed locus-
specific LOH in 100% of BRCA2 mutations from CRPC
tumors (n = 3/3), 50% of mutations in other HR genes from
CRPC tumors (n = 1/2), 50% of BRCA2 mutations from
HSPC tumors (n = 3/6), and 0% of mutations in other HR
genes from HSPC tumors (n = 0/4; Fig 3B). BRCA2 mu-
tations in CRPC tumors were significantly more likely to
demonstrate locus-specific LOH than mutations in other
HR genes in HSPC tumors (P = .029).

Response to Olaparib in mCRPC Strongly Associates With

HR Deficiency

The PARP inhibitor, olaparib, is FDA-approved for men with
mCRPC harboring deleterious HR alterations.19 Of the 14
patients in this cohort treated with olaparib for mCRPC, nine
had clinically actionable HR alterations (HR-deficient)—
eight with BRCA2 alterations and one with both ATM and
PALB2 alterations—all of which were homozygous
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deletions or deleterious mutations with locus-specific LOH.
The remaining five patients had no clinically actionable HR
alterations (HR-proficient). Consistent with its known ac-
tivity in biomarker-selected patients, 100% of HR-deficient
patients achieved . 50% decrease in PSA (PSA50) on
olaparib compared with 20% of HR-proficient patients
(P = .0050; Figs 4A and 4B). Menwith HR-deficient mCRPC
had significantly longer radiographic progression-free sur-
vival to olaparib compared with those with HR-proficient
disease (median 23.6 v 3.7 months; hazard ratio = 0.14;
95% CI, 0.033 to 0.60; P = .0036; Fig 4C).

DISCUSSION

We report the results from 100 men with advanced PCa
who underwent independent germline testing and tumor-
only sequencing. Several findings have clinical relevance
for management of patients with advanced PCa. First, one
third of men harbored clinically actionable alterations with

similar contribution from germline and somatic alterations.
Second, tumor-only sequencing failed to report several
PGVs. Third, analyzing VAF in tumor-only sequencing
lacked accuracy for predicting whether variants were of
germline versus somatic origin. Fourth, locus-specific LOH
was more commonly observed in BRCA2 than other HR
genes and in CRPC than HSPC. Finally, men with HR-
deficient mCRPC achieved significantly better response to
olaparib than those with HR-proficient tumors. These
findings highlight the importance of paired germline and
somatic testing in PCa.

Approximately 11%-17% of men with advanced PCa harbor
PGVs, many of which are clinically actionable.2,21 Despite
NCCN and ESMO guideline recommendations for germline
testing for all men with metastatic PCa,3 widespread
implementation is suboptimal, especially for minority
populations.10 We observed that 17% of PGVs, including one
clinically actionable germline variant in this patient set, were

B

Ge
rm

lin
e 

Al
te

ra
tio

ns
 W

ith
 

Lo
cu

s-
Sp

ec
ifi

c 
LO

H 
(%

)

0

40

60

80

100

20

P = .12

80

30

CRPC
(n = 5)

HSPC
(n = 10)

0

40

60

80

100

20

P = .12

67

17

BRCA2
(n = 9)

Other HR
(n = 6)

0

40

60

80

100

20

Other HR
in HSPC
(n = 4)

BRCA2
in HSPC
(n = 6)

BRCA2
in CRPC
(n = 3)

Other HR
in CRPC
(n = 2)

50 50

0

P = .029

100

A
Va

ria
nt

 A
lle

le
Fr

eq
ue

nc
y 

(%
)

0

40

60

80

100

20

No
(n = 8)

P = .0015

LOH Present

Yes
(n = 7)

FIG 3. Locus-specific LOH associates with CRPC and BRCA2. (A) Violin plot showing the variant allele frequency for pathogenic germline and somatic
variants with versus without LOH. (B) Bar graph showing the proportion of variants with LOH broken down by CRPC versus HSPC and BRCA2 versus
other HR genes. CRPC, castration-resistant prostate cancer; HR, homologous recombination; HSPC, hormone-sensitive prostate cancer; LOH, loss of
heterozygosity.

C

Ra
di

og
ra

ph
ic

 P
FS

 (%
)

40

60

80

100

20

HR-deficient (n = 9)

HR-proficient (n = 5)

Hazard ratio = 0.14 
  (95% CI 0.033 to 0.60)
P = .0036

Time (months)

0 30252015105

B
P = .0050

Sa
m

pl
es

 W
ith

 P
SA

50
 (%

)

0

40

60

80

100

20

HR-Deficient
(n = 9)

HR-Proficient
(n = 5)

A

Be
st

 P
SA

Re
sp

on
se

 (%
)

0

50

-50

-100

BRCA2

PALB2

ATM

BRCA1

11
4 82 15
3

22
67022
2

39
37731
9

32
0406233
9

11
1

Germline mutation
Genomic alteration

Somatic mutation

SV rearrangement

SV deletion

Hemizygous deletion

Homozygous deletion

> 0%
Best PSA response

0% to -50%

-90% to -100%

-50% to -90%

FIG 4. Response to olaparib in mCRPC strongly associates with HR deficiency. (A) Best PSA response to olaparib in 14men with mCRPC. Columns represent
individual patients, ordered by best PSA response. Rows represent specific genes, ordered by frequency. (B) Bar graph showing the proportion of HR-
deficient versus HR-proficient patients who achieved a decrease in PSA of 50% or more (PSA50) on olaparib. (C) Kaplan-Meier curve showing the ra-
diographic PFS for HR-deficient versus HR-proficient patients treated with olaparib. HR, homologous recombination; mCRPC, metastatic castration-resistant
prostate cancer; PFS, progression-free survival; PSA, prostate-specific antigen; SV, structural variant.

JCO Precision Oncology 7

Added Value of Germline Testing in Prostate Cancer



not reported from tumor-only sequencing. This is consistent
with a recent analysis of. 21,000 patients with solid tumors
from MSK-IMPACT, in which 9% of PGVs were not reported
on tumor-only sequencing.5 In our study, this was largely
because of filtering on the basis of population frequency;
tumor-only sequencing assays rely on computational algo-
rithms to filter out presumed germline variants and, for some
assays, subsequently rescue well-documented PGVs for
reporting. This is an imperfect system, with significant
interlaboratory variability, and limitations to this approach
can result in PGVs not being reported, which is especially
problematic in non-White patient populations because of
lack of sufficient representation in databases used for
in silico filtering.27 We also found that PGVs can have low
VAF on tumor sequencing because of somatic deletion of the
affected allele. This was exemplified by a patient with a
pathogenic germline BRCA2mutation with a VAF of 19% on
OncoPanel, which is below the ESMO Precision Medicine
Working Group cutoff for follow-up germline testing.24 This
was observed in 2%of germline variants in theMSK-IMPACT
cohort.5 These observations highlight the limitations of
tumor-only sequencing in PCa. The decision to order
germline testing based solely on finding presumed germline
variants in tumor-only sequencing results would miss more
than 20% of PGVs in our cohort, depriving such patients the
opportunity for informed cancer screening and cascade
testing to identify affected family members. These findings
strongly reinforce the importance of germline testing in PCa.

Deleterious alterations in HR genes are a predictive bio-
marker of response to PARP inhibitors in men with ad-
vanced PCa.19 However, there is significant heterogeneity
in response depending on which gene is altered and the
type of alteration. This study provides four insights into our
evolving understanding of the diversity of HR alterations as
predictive biomarkers in PCa. First, we observed a higher
rate of locus-specific LOH for pathogenic BRCA2 germline
variants than those in other HR genes (67% v 17%). Ge-
nomic analysis of tumors from men with HR-deficient
mCRPC found that two-copy loss—homozygous deletion
or deleterious mutation with locus-specific LOH—was as-
sociated with higher response rates to olaparib than del-
eterious mutation without LOH.28 This observation may
partially explain the clinical observation that, of all HR
genes, alterations in BRCA2 most strongly associate with
response to olaparib.19 Second, we observed a higher rate
of LOH for PGVs in CRPC than HSPC tumors (80% v 30%).
Several ongoing clinical trials are investigating PARP inhibitors
in combination with ADT and an AR pathway inhibitor in men

with HR-deficient mHSPC and as neoadjuvant therapy in men
with localized high-risk PCa. Higher response rates to PARP
inhibition in patients with locus-specific LOHand the lower rate
of locus-specific LOH in HSPC than CRPC suggest that PARP
inhibitor activitymay be attenuated in earlier disease settings.28

Third, consistent with published data, we observed signifi-
cantly greater benefit with olaparib in men with HR-deficient
mCRPC, yet a minority of men with HR-proficient mCRPC also
responded.29 Further characterization of occultmechanisms of
HR deficiency and PARP inhibitor sensitivity, such as DNA
methylation,30 is needed to improve precision care for men
with PCa. Fourth, paired germline and somatic sequencing is
required to optimize detection of clinically actionable HR al-
terations in men with advanced PCa. Germline-only and
somatic-only testing identified clinically actionable HR alter-
ations in 15% and 17% of men, respectively. When germline
and somatic results were integrated, 28% of men harbored a
clinically actionable HR alteration.

Our study has several limitations. First, our study was
restricted to the subset of patients from the ProGen study
who underwent tumor sequencing, raising the possibility
for selection bias. Second, our analysis was limited to 49
genes common to the tumor and germline sequencing
panels. Although this included most clinically actionable
alterations in PCa, expanded molecular analyses may
reveal additional complexities regarding these issues.31,32

Third, the sample size precluded definitive conclusions
about associations of LOH with clinical-genomic features.
Because all patients in this cohort with HR-deficient
tumors had two-copy loss, we were unable to evaluate
response on the basis of the presence or absence of
locus-specific LOH. Finally, our cohort was composed
largely of White men of European ancestry. This lack of
diversity in race and ancestral origin may limit the gen-
eralizability of our results. Furthermore, this highlights the
importance of including diverse populations in future
clinical research efforts. Despite these limitations, this
study provides insights into the complementary value of
germline testing with tumor-only sequencing for men with
advanced PCa.

In summary, we demonstrate that tumor-only sequencing
with follow-up germline testing on the basis of VAF would
miss more than 20% of PGVs in men with advanced PCa.
We encourage clinicians to be cognizant of the limitations of
tumor-only sequencing and obtain germline testing to
maximize detection of PGVs and facilitate cascade testing
to identify affected family members.
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APPENDIX

Included

Excluded
All patients consented and

randomly assigned in ProGen
(N = 662)

Patients enrolled and treated at
Dana‐Farber Cancer Institute

(n = 589)

Patients who underwent germline testing
and OncoPanel tumor genomic profiling

(n = 102)

Patients with localized unfavorable intermediate- or
high‐risk localized prostate cancer, mHSPC, or mCRPC

(n = 100)

Patients with localized
low‐risk prostate cancer

(n = 2)

Patients who did not undergo germline
testing or OncoPanel tumor genomic profiling

(n = 487)

Patients enrolled and treated at UT Southwestern
Medical Center, or Karmanos Cancer Institute

(n = 73)

FIG A1. Study flow diagram. mCRPC, metastatic castration-resistant prostate cancer; mHSPC, metastatic
hormone-sensitive prostate cancer.
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