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abstract

PURPOSE To compare the prevalence of germline mutations in metastatic hormone-sensitive prostate cancer
(mHSPC) and metastatic castrate-resistant prostate cancer (mCRPC) and assess the impact of mutations on
progression to castration resistance and overall survival.

METHODS Targeted sequencing of germline DNA from 704 men (221 at the time of mHSPC and 483 at the time
of mCRPC) enrolled in two advanced prostate cancer registries at Mayo Clinic between 2003 and 2013 was
performed for 21 predisposition genes. Frequencies of pathogenic mutations were compared in patients and
reference controls to identify genes enriched in metastatic prostate cancer. Multivariable Cox proportional
hazards regression was used to identify predictors of progression to mCRPC and overall survival.

RESULTS Sixty-eight germline mutations in 12 genes were identified in 66 men (9.4%). Mutations in ATM,
BRCA2, CHEK2, FANCM, and TP53 were significantly enriched (odds ratio greater than 2.0) in the metastatic
cohorts compared with reference controls. The frequency of germline mutations was similar for patients with
mHSPC and mCRPC (11.8% v 8.3%; P = .16). The median time to progression from mHSPC to mCRPC was
23.1 and 32.5 months for patients with and without mutations, respectively (P = .96). Although older age at
diagnosis, Gleason score greater than 7, elevated alkaline phosphatase level, and high volume of disease were
associated with shorter duration of progression to mCRPC and poor overall survival, mutation status was not
(progression to mCRPC hazard ratio, 0.81; 95%CI, 0.61 to 1.09; P = .17; overall survival hazard ratio, 1.00; 95%
CI, 0.75 to 1.34; P = .98).

CONCLUSION Similarly elevated rates of germline predisposition gene mutations in mHSPC and mCRPC
suggest that germline genetic testing may help to guide medical management for all patients with advanced
metastatic prostate cancer. Mutation status was not associated with shorter progression to mCRPC or poor
overall survival.

JCO Precis Oncol. © 2019 by American Society of Clinical Oncology

INTRODUCTION

Prostate cancer is a leading cause of cancer in men
in the United States and worldwide.1,2 Approximately
30% of patients experience a relapse with advanced
disease after curative-intent local therapy for prostate
cancer,3,4 and between 5% and 7% of patients are
diagnosed initially with advanced stage. Androgen
deprivation therapy (ADT), alone or in combination
with other therapeutic agents, is the mainstay treat-
ment in newly diagnosedmetastatic disease. However,
the majority of patients with metastatic hormone-
sensitive prostate cancer (mHSPC) eventually stop
responding to ADT and progress to metastatic
castrate-resistant prostate cancer (mCRPC). Several
factors have been implicated in the progression from
mHSPC to mCRPC,5-8 but the role of mutations in
cancer predisposition genes has not been adequately
explored.

Inherited mutations in cancer predisposition genes,
such as BRCA1/2 and other DNA repair genes, are
detected in approximately 4% of patients with local-
ized prostate cancer and less than 1% of the general
population.9 In comparison, 7% to 17% of men with
mCRPC carry deleterious germline mutations in can-
cer predisposition genes,9-13 which suggests a con-
tributory role of these mutations in the progression
from localized prostate cancer to mCRPC. However,
the frequency of germline mutations in patients with
mHSPC is not known, and whether mutation carrier
status can predict rapid progression from hormonal
sensitivity to castration resistance is unclear.

Novel drug combinations with ADT in patients with
mHSPC already have demonstrated efficacy in slow-
ing progression to mCRPC and death,14-16 but cur-
rently, interventions are not based on the presence
of specific genomic aberrations or mutations. In the
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mCRPC state, the targeting of mutations in DNA repair
genes with poly (ADP-ribose) polymerase (PARP) inhibitors,
such as olaparib or platinum-based chemotherapy,17-19 has
demonstrated clinical benefit. Because the influence of
DNA repair gene defects in mHSPC on disease progression
has not been determined, the use of PARP inhibitors or
carboplatin in this subcohort has not been explored. In this
study, we undertook a comprehensive assessment to study
the contributions of DNA repair gene defects in mHSPC
and mCRPC and the implications for clinical outcomes.

METHODS

Patient Selection

Patients with advanced prostate cancer were derived from
two prospective registries at Mayo Clinic. The Prostate
Cancer Specialized Program of Research Excellence
Clinical Research database enrolled patients with ad-
vanced prostate cancer between 2003 and 2008. Patients
who experienced ADT failure were eligible to enroll in this
registry. A second registry enrolled patients with mHSPC
and mCRPC between September 2009 and January 2013.
Details of both cohorts have been published previously.20-23

A total of 826 patients with either mHSPC or mCRPC en-
rolled in either registry were evaluated for inclusion in this
study. Patients without a germline DNA sample or available
clinical data were excluded from germline sequencing.

Patients were stratified into mHSPC or mCRPC enrollment
cohorts on the basis of hormone sensitivity or castration
resistance at the time of enrollment. The date of starting
ADT or orchiectomy for mHSPC was considered as the date
of mHSPC diagnosis. mHSPC was defined as the devel-
opment of metastasis as seen on bone imaging scans or
computed tomography scans of the abdomen and pelvis,
with or without a rising prostate-specific antigen (PSA), and
no previous ADT in the past 2 years. mCRPC was defined
as the occurrence of either two serial PSA rises during

continuous ADT measured at least 1 week apart with an
absolute PSA level greater than 2 ng/mL or detection of
imaging-based progressive metastasis, whichever came
first. High volume of metastasis was defined as the pres-
ence of visceral metastases or four or more bone lesions
with one or more beyond the vertebral bodies and pelvis
per the E3805 study.14 Data on initial diagnosis of localized
cancer, including date of diagnosis, T stage, N stage, and
Gleason score, were collected by review of medical records
at the time of enrollment. For the mCRPC cohort, in-
formation on date of mHSPC diagnosis, PSA and alkaline
phosphatase (ALP) levels, and volume of disease at
mHSPC diagnosis were collected by medical record re-
view at the time of enrollment. All patients provided in-
formed consent and a blood sample for genetic testing at
the time of enrollment. All patients were prospectively
followed until death. The last date of follow-up for data
analysis was November 16, 2018. This study was approved
by the institutional review board at Mayo Clinic.

Sequencing and Bioinformatics Analysis

Germline DNA from peripheral blood mononuclear cells
was enriched for the coding regions and consensus splice
sites of 21 cancer predisposition genes (ATM, BARD1,
BRCA1, BRCA2, BRIP1, CHEK2, FANCC, FANCM,MRE11A,
MLH1,MSH2,MSH6,NBN,PALB2,PTEN,RAD50,RAD51C,
RAD51D,STK11,TP53, andXRCC2) using a customamplicon-
based QIAseq panel (QIAGEN, Hilden, Germany).

Pooled libraries (n = 728) were subjected to paired-end
150-base pair sequencing in a single lane of a HiSeq 4000
(Illumina, San Diego, CA), which corresponds to a median
coverage of 200×. Reads were trimmed with Cutadapt
version 1.1024 and aligned with BWA-MEM.25 Sequence
realignment, recalibration, haplotype calling, and depth of
coverage were conducted using Genome Analysis Toolkit
version 3.4-46.26 Large genomic rearrangements were
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detected with PatternCNV version 1.1.3.27 Annotations
were provided through the BioR toolkit,28 which leverages
dbNSFP version 3.0,29 ClinVar,30 Clinical Annotation of
Variants,31 and population frequencies from Genome Ag-
gregation Database (gnomAD)32 and Exome Aggregation
Consortium33 non–The Cancer Genome Atlas controls. Mu-
tations were viewed with VCF-Miner.34

Interpretation of Variants

The pathogenicity of germline variants was determined
using a framework consistent with established American
College of Medical Genetics and Genomics and Association
for Molecular Pathology guidelines.35 Only patients with
likely pathogenic or pathogenic mutations were classified
as mutation carriers. Missense mutations in the CHEK2
gene and other low-penetrance alterations were excluded
from analyses. The details of variant classification are
described in the Data Supplement.

Statistical Analysis

Statistical analysis was performed using R version 3.5.1
(https://cran.r-project.org) software. Fisher’s exact test was
used to evaluate associations between categorical vari-
ables, and Mann-Whitney U test was used for comparing
continuous variables. In case-control association analysis,
mutation frequencies by gene were compared with mu-
tation frequencies for non-Finnish whites in gnomAD.32

Large genomic rearrangements in all genes and gnomAD
filter non-PASS variants were excluded from case-control
association studies. Odds ratios (ORs) and 95% CIs for the
strength of association with prostate cancer were estimated
by Fisher’s exact test.

Gene-specific mutation enrichment in the mHSPC enroll-
ment cohorts relative to the mCRPC cohort were assessed
by logistic regression adjusted for age at mHSPC diagnosis
and reported as ORs with 95% CIs. Time to progression to
mCRPC and death were analyzed using Kaplan-Meier
curves. The log-rank test was used for comparisons be-
tween subgroups. Multivariable analysis for time to pro-
gression to mCRPC and overall survival was performed
using a Cox proportional hazards regression model that
included age, local versus advanced disease at initial
presentation, Gleason score, T and N stage at initial di-
agnosis, PSA and ALP level at mHSPC diagnosis, volume of
metastasis, and mutation status as covariates. Seventeen
patients who did not receive ADT despite a diagnosis of
metastatic prostate cancer were excluded from analysis of
progression from hormone-sensitive stage to castration
resistance but were included in the overall survival analysis.
All tests were two-sided, and P , .05 was considered to
indicate statistical significance.

RESULTS

Of 728 samples subjected to germline sequencing, 17
failed coverage, and six were identified as duplicates; one
patient was excluded because of a diagnosis of

neuroendocrine prostate cancer (Data Supplement). Of the
704 patients included in the final analysis, 221 (31.4%)
were enrolled in the mHSPC cohort and 483 (68.6%) in the
mCRPC cohort. The median age at diagnosis of meta-
static disease was 68.8 years for the mHSPC cohort and
67.0 years for the mCRPC cohort. The median duration of
follow-up from mHSPC diagnosis was 71 months for the
entire cohort, 53 months for the mHSPC cohort, and
77 months for the mCRPC cohort. Baseline characteristics
of the mHSPC and mCRPC cohorts are listed in Table 1.

Frequency of Germline Cancer Predisposition
Gene Mutations

Among the 21 genes evaluated in the final analysis, 68
germline mutations were identified in 66 men (9.4%).
Mutations were observed in 12 genes, including BRCA2
(2%), CHEK2 (2%), ATM (1.8%), FANCM (1%), TP53
(0.6%), BRCA1 (0.4%), BRIP1 (0.4%), RAD50 (0.4%),
FANCC (0.3%), NBN (0.3%), PALB2 (0.3%), and BARD1
(0.1%; Data Supplement). No mutations were observed in
MRE11A,MLH1,MSH2,MSH6, PTEN, RAD51C, RAD51D,
STK11, and XRCC2. ATM, BRCA2, and CHEK2 were the
most frequently mutated genes in both cohorts (Data
Supplement). Twelve of the 14 CHEK2 mutations were
c.1100delC. Large genomic rearrangements accounted
for seven (10.3%) of 68 mutations. Deletion of exon 8
in FANCM (three patients) was the most commonly ob-
served genomic rearrangement, followed by deletion of
exon 6 in BRIP1 (two patients; Data Supplement).

The overall frequencies of mutations in patients with
mHSPC andmCRPCwere not significantly different (11.8%
v 8.3%; P = .16). Similarly, no difference in gene-specific
mutation frequency was observed in the mHSPC and
mCRPC cohorts, although numbers were limited (Data
Supplement). No difference was found in the frequency
of germline mutations by volume of disease at metastasis
(11.8% for high volume v 8.8% for low volume; P = .25)
or by stage at initial diagnosis (9.4% for both local and
de novo metastatic groups; P = 1.00).

Associations Between Cancer Predisposition Genes and
Metastatic Prostate Cancer

Allele frequencies of the mutated genes from the overall
cohort of 704 patients were compared with allele fre-
quencies in public reference controls from gnomAD. ATM,
BRCA2, CHEK2, FANCM, and TP53 mutations were sig-
nificantly enriched in patients with prostate cancer relative
to controls, with ORs ranging from 2.8 for CHEK2 to 15.9 for
TP53 (Table 2). In the mHSPC cohort, ATM, BRCA2,
CHEK2, and FANCMmutations were significantly enriched
compared with reference controls (Data Supplement),
whereas ATM, BRCA2, CHEK2, and TP53 mutations were
significantly enriched in the mCRPC cohort (Data
Supplement).

Germline Mutations and Outcomes in Metastatic Prostate Cancer
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Impact of Germline Mutations on Progression to
Castration Resistance

No significant difference was found in the baseline char-
acteristics of patients with and without mutations for the
entire cohort or for the mHSPC and mCRPC enrollment
cohorts (Table 1). For the entire cohort, the median time to
progression from mHSPC to mCRPC was 23.1 months for
mutation carriers and 32.5 months for noncarriers (P = .96;
Fig 1A). When the mHSPC and mCRPC cohorts were
analyzed separately, a significant difference in the rate of
progression from mHSPC to mCRPC was not observed
between mutation carriers and noncarriers in either cohort
(Figs 1B and 1C).

In univariable Cox proportional hazards regression analysis,
older age at diagnosis of mHSPC, metastatic disease at
initial presentation, Gleason score greater than 7, higher
PSA level, elevated ALP level, and high volume of metastatic
disease were significant predictors of mHSPC to mCRPC
progression (Table 3). In multivariable Cox proportional
hazards regression analysis, older age at diagnosis, Glea-
son score greater than 7, elevated ALP level, and high
volume of metastasis remained significant predictors of
progression to castration resistance (Table 3). Mutation
status was not associated with progression to castration
resistance in a univariable (hazard ratio [HR], 0.99; 95%
CI, 0.75 to 1.32; P = .96) or multivariable model (HR, 0.81;
95% CI, 0.61 to 1.09; P = .17). On further analysis by
enrollment cohort, mutation status was not associated with
progression to castration resistance in multivariable models
of the mHSPC or mCRPC cohorts (Data Supplement).

Impact of Germline Mutations on Overall Survival

During the follow-up period, 528 patients (75.0%) died:
108 (48.9%) from the mHSPC enrollment cohort and 420

(87.0%) from the mCRPC enrollment cohort. No difference
in overall survival was found from diagnosis of mHSPC
between patients with and without mutations (median, 66 v
84 months; P = .14; Fig 2A). When the mHSPC and
mCRPC enrollment cohorts were analyzed separately, no
statistically significant difference in overall survival was
observed (Figs 2B and 2C). In multivariable hazard re-
gression analysis for overall survival, older age at diagnosis,
Gleason score greater than 7, elevated ALP level, higher
PSA level, and high volume of metastasis were significant
predictors of poor overall survival (Table 4), whereas mu-
tation status was not (HR, 1.00; 95% CI, 0.75 to 1.34; P =
.98). On further subset analysis by enrollment cohort,
mutation status was not associated with overall survival in
multivariable analysis of the mHSPC or mCRPC cohorts
(Data Supplement).

DISCUSSION

This study showed that more than 10% of patients in the
mHSPC state of advanced prostate cancer harbor
a germline mutation in one of the predisposition genes
associated with the cellular response to DNA damage and
that the frequency of germline mutations is not significantly
different between patients with mHSPC and mCRPC. Al-
though prior studies have reported on the frequency of
germline mutations in metastatic prostate cancer, these
were mostly focused on patients with mCRPC.9,11-13,36 Our
findings support the current National Comprehensive
Cancer Network guidelines on further genetic risk evalu-
ation in patients with metastatic prostate cancer irre-
spective of whether they are hormone sensitive or castration
resistant.37

The threemost commonly mutated genes in this study were
ATM, BRCA2, and CHEK2, which is consistent with other

TABLE 2. Enrichment of Cancer Predisposition Genes Compared With Reference Controls in the Entire Cohort*

Gene
Allele
Count

Case Allele
Number

Case
Frequency, %

gnomAD
Allele Count

gnomAD
Allele Number

Control
Frequency, % OR 95% CI P

ATM 13 1408 0.92 230 111313 0.21 4.47 2.29 to 7.36 , .001

BARD1 1 1408 0.07 47 109604 0.04 1.66 0.08 to 9.74 .46

BRCA1 3 1408 0.21 126 111419 0.11 1.88 0.51 to 5.82 .22

BRCA2 14 1408 1.00 172 110427 0.16 6.44 3.69 to 11.16 , .001

BRIP1 1 1408 0.07 110 111395 0.10 0.72 0.36 to 4.01 1

CHEK2 13 1408 0.93 360 109773 0.33 2.83 1.56 to 4.91 .001

FANCC 2 1408 0.14 89 111387 0.08 1.78 0.31 to 6.48 .31

FANCM 4 1408 0.28 77 111003 0.07 4.10 1.37 to 10.98 .02

NBN 2 1408 0.14 81 111166 0.07 1.95 0.34 to 7.14 .28

PALB2 2 1408 0.14 96 111508 0.09 1.65 0.29 to 5.98 .34

RAD50 3 1408 0.21 129 111109 0.12 1.84 0.49 to 5.66 .23

TP53 3 1408 0.21 15 111505 0.01 15.87 3.91 to 56.24 .001

Abbreviations: gnomAD, Genome Aggregation Database; OR, odds ratio.
*gnomAD public reference controls.
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FIG 1. Comparison of the rate of progression from metastatic hormone-sensitive prostate cancer (mHSPC) to metastatic castrate-resistant prostate
cancer (mCRPC) between mutation carriers and noncarriers. (A) Rate of mHSPC to mCRPC progression conditioned on mutation status for the entire
cohort. (B) Rate of mHSPC to mCRPC progression conditioned on mutation status for the mHSPC cohort. (C) Rate of mHSPC to mCRPC progression
conditioned on mutation status for the mCRPC cohort.
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studies.9,11-13,38 Twelve of the 14 CHEK2 alterations noted
in our study were the common 1100delC variant. The
1100delC variant has been associated previously with
a twofold higher risk for prostate cancer,39,40 which is
consistent with the findings in the current study. This
variant also has been noted to be more frequent in patients
with lethal prostate cancer compared with low-risk prostate
cancer.38 Whether other variants in CHEK2 confer similar

prostate cancer risk is unclear. Although the frequencies of
ATM and CHEK2 mutations were similar to prior studies,
the frequency of BRCA2 mutations was lower compared
with studies by Pritchard et al,9 Annala et al,11 and Castro
et al36 but similar to a study by Antonarakis et al.12 The
reasons behind the differences in the frequency of BRCA2
mutations across these studies are unclear, but selection of
patients enriched in family history of cancer along with

TABLE 3. Univariable and Multivariable Cox Proportional Hazards Regression Model for Predictors of Progression From mHSPC to mCRPC for
the Entire Cohort

Univariable Multivariable

Variable HR (95% CI) P HR (95% CI) P

Age at diagnosis 1.01 (1.00 to 1.02) .02 1.01 (1.00 to 1.02) .04

Initial presentation

Local Ref Ref

Advanced 1.52 (1.28 to 1.80) , .001 1.09 (0.86 to 1.37) .46

Gleason score at initial presentation

≤ 7 Ref Ref

. 7 1.61 (1.36 to 1.90) , .001 1.47 (1.23 to 1.77) , .001

Unknown 0.89 (0.60 to 1.32) .58 0.75 (0.48 to 1.16) .20

T stage at initial diagnosis

T1 Ref Ref

T2 0.88 (0.63 to 1.24) .48 0.90 (0.63 to 1.27) .55

T3 0.83 (0.58 to 1.18) .29 0.91 (0.63 to 1.31) .64

T4 0.97 (0.54 to 1.74) .92 1.04 (0.57 to 1.90) .90

Unknown 0.80 (0.56 to 1.18) .26 0.85 (0.58 to 1.26) .44

N stage at initial diagnosis

No nodal involvement Ref Ref

Nodal involvement present 1.17 (0.90 to 1.52) .24 0.84 (0.62 to 1.16) .30

Unknown 1.10 (0.90 to 1.35) .31 0.92 (0.73 to 1.15) .46

PSA level at metastasis diagnosis, ng/mL

,10 Ref Ref

10-99 1.50 (1.25 to 1.80) , .001 1.50 (1.23 to 1.82) , .001

≥ 100 1.99 (1.56 to 2.53) , .001 1.51 (1.14 to 2.00) .004

Unknown 0.49 (0.32 to 0.78) .002 0.78 (0.39 to 1.58) .50

ALP level at metastasis diagnosis

, ULN Ref Ref

≥ ULN 2.00 (1.62 to 2.47) ,.001 1.56 (1.24 to 1.95) , .001

Unknown 0.86 (0.70 to 1.04) .13 0.93 (0.75 to 1.15) .54

Tumor burden at metastasis diagnosis

Low volume Ref Ref

High volume 2.54 (2.10 to 3.09) ,.001 2.03 (1.63 to 2.55) , .001

Unknown 0.39 (0.22 to 0.69) .001 0.69 (0.29 to 1.64) .40

Mutation status

WT Ref Ref

Mutation carrier 0.99 (0.75 to 1.32) .96 0.81 (0.61 to 1.09) .17

Abbreviations: ALP, alkaline phosphatase; mCRPC, metastatic castrate-resistant prostate cancer; mHSPC, metastatic hormone-sensitive
prostate cancer; PSA, prostate-specific antigen; Ref, reference; ULN, upper limit of normal; WT, wild type.
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FIG 2. Comparison of overall survival between mutation carriers and noncarriers. (A) Overall survival between mutation carriers and noncarriers for the
entire cohort relative to the first diagnosis of metastatic disease. (B) Overall survival between mutation carriers and noncarriers for the metastatic
hormone-sensitive prostate cancer cohort relative to the first diagnosis of metastatic disease. (C) Overall survival betweenmutation carriers and noncarriers
for the metastatic castrate-resistant prostate cancer cohort relative to the first diagnosis of metastatic disease.
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unstable frequency estimates because of small numbers
of mutation carriers in some of the studies may have played
a role. For instance, in the study by Pritchard et al, more
than 50% of patients had a first-degree relative with
cancer, whereas in the study by Castro et al, those with
BRCA2 mutations had the greatest association with a fam-
ily history of cancer. Although to our knowledge the current
study is the largest in terms of sample size among all

reported studies, we did not evaluate family history
of cancer, which is a limitation when comparing partici-
pating populations across different studies. In addition,
some variation existed in the genes evaluated in these
studies.

In all, five genes were significantly associated with a high
risk (OR greater than 2) for metastatic prostate cancer
(ATM, BRCA2, CHEK2, FANCM, and TP53) compared

TABLE 4. Univariable and Multivariable Cox Proportional Hazards Regression Model for Predictors of Overall Survival for the Entire Cohort
Univariable Multivariable

Variable HR (95% CI) P HR (95% CI) P

Age at diagnosis 1.03 (1.02 to 1.05) , .001 1.03 (1.02 to 1.05) , .001

Initial presentation

Local Ref Ref

Advanced 1.46 (1.22 to 1.74) , .001 1.08 (0.84 to 1.37) .55

Gleason score at initial presentation

≤ 7 Ref Ref

. 7 1.77 (1.48 to 2.11) , .001 1.77 (1.46 to 2.16) , .001

Unknown 1.16 (0.80 to 1.70) .42 1.10 (0.72 to 1.68) .65

T stage at initial diagnosis

T1 Ref Ref

T2 1.02 (0.71 to 1.46) .92 1.01 (0.70 to 1.46) .95

T3 0.79 (0.55 to 1.16) .24 0.92 (0.62 to 1.36) .69

T4 1.45 (0.79 to 2.67) .23 1.85 (0.99 to 3.46) .06

Unknown 0.99 (0.67 to 1.46) .94 1.08 (0.71 to 1.63) .73

N stage at initial diagnosis

No nodal involvement Ref Ref

Nodal involvement present 1.09 (0.81 to 1.45) .58 0.78 (0.55 to 1.10) .15

Unknown 1.37 (1.11 to 1.69) .003 1.05 (0.82 to 1.34) .69

PSA level at metastasis diagnosis, ng/mL

, 10 Ref Ref

10-99 1.48 (1.22 to 1.79) , .001 1.34 (1.09 to 1.65) .005

≥ 100 2.02 (1.58 to 2.60) , .001 1.15 (0.85 to 1.54) .36

Unknown 0.49 (0.30 to 0.79) .49 0.52 (0.23 to 1.18) .12

ALP level at metastasis diagnosis

, ULN Ref Ref

≥ ULN 2.41 (1.95 to 2.99) , .001 1.76 (1.40 to 2.23) , .001

Unknown 0.85 (0.69 to 1.04) .12 0.90 (0.72 to 1.14) .42

Tumor burden at metastasis diagnosis

Low volume Ref Ref

High volume 3.32 (2.71 to 4.07) , .001 2.59 (2.04 to 3.29) , .001

Unknown 0.50 (0.28 to 0.88) .02 1.22 (0.48 to 3.12) .68

Mutation status

WT Ref Ref

Mutation carrier 1.23 (0.93 to 1.62) .14 1.00 (0.75 to 1.34) .98

Abbreviations: ALP, alkaline phosphatase; HR, hazard ratio; PSA, prostate-specific antigen; Ref, reference; ULN, upper limit of normal;
WT, wild type.
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with the general population in this study. In a similar
comparison, Pritchard et al9 found that six genes (ATM,
BRCA1, BRCA2, CHEK2, GEN1, and RAD51D) were
significantly enriched in mCRPC. We did not detect any
mutations in RAD51D, did not sequence GEN1, and de-
tected only three BRCA1 mutations. The association of
FANCM with prostate cancer risk, on the other hand, is
a novel finding of the current study. FANCM is consid-
ered a member of the Fanconi anemia (FA) family of
DNA repair genes (Online Mendelian Inheritance in Man
609644), a component of the upstream FA pathway that
mediates the assembly of the FA core complex, and
a regulator of the S-phase checkpoint upon interstrand
crosslink-induced DNA damage.41 FANCM has been
associated with an increased risk of breast cancer.42-45 In
the current study, three of the seven mutations noted in
FANCM were due to the deletion of exon 8, which has not
been reported previously to be associated with prostate
cancer risk, and hence, needs to be validated in future
studies. The association between germline TP53 muta-
tions and prostate cancer risk is also a novel finding of this
study but needs to be interpreted with caution because of
the small number of mutation carriers and the potential for
age- and/or therapy-related clonal hematopoiesis events,
which can be seen in up to one quarter of TP53 mutation
carriers.46 We did not attempt to confirm the Mendelian
inheritance of these TP53 mutations through analysis of
DNA from secondary tissue sources,46 which is a limitation
of this and other germline TP53 studies. The studies by
Pritchard et al9 and Castro et al36 did not evaluate germline
TP53 mutation status. Based on the results of our study,
additional studies should investigate associations be-
tween germline TP53 mutations and risk of prostate
cancer while also accounting for clonal hematopoiesis
events.

Germline mutation carriers with localized prostate cancer
have been reported to have a higher rate of progression to
metastatic disease and an overall poorer prognosis.47-52

This is also supported by significant enrichment of mu-
tation carriers among patients with metastatic prostate
cancer compared with patients with localized prostate
cancer.9 Although mutation carriers are more likely to
progress from localized prostate cancer to metastatic
prostate cancer, our results suggest that the rate of
progression to castration resistance or death is not af-
fected by mutation carrier status. The biologic mecha-
nisms of metastasis and androgen resistance are distinct
from each other.53,54 Genomic analysis of metastatic
prostate tumors has demonstrated that mutation or
amplification of the androgen receptor gene is the most
enriched alteration in mCRPC compared with mHSPC
tumors, and mutations in DNA repair genes are less
common.55

In recent years, several clinical trials evaluated the addition
of other therapeutic agents to ADT in early mHSPC

stage,14,15,56-58 with the goal of slowing down progression
to mCRPC and improving overall survival. At present,
targeted therapies for patients with DNA repair defects,
such as PARP inhibitors, have been studied only in the
mCRPC stage.17 Our study suggests that future clinical
trials with early addition of PARP inhibitors or similar
drugs to ADT in the mHSPC stage may be feasible. This
number of potentially eligible patients will be even higher
when patients with somatic mutations in DNA repair
genes are taken into account. These somatic alterations
in DNA repair genes can arise during different stages of
disease progression as a result of acquired resistance to
therapy or as part of tumor evolution59 even in the ab-
sence of germline mutations. Our study did not evaluate
somatic mutations in DNA repair genes in corresponding
tumor material, but such patients are known to respond
to PARP inhibitors.17 In addition, PARP inhibitors may
potentially replace ADT in a select group of patients with
mHSPC because of superior adverse effect profiles, as
is being evaluated in an ongoing phase II clinical trial
of PARP inhibitors instead of ADT in patients with
mHSPC.60

Because this study was performed using prospective
registries from a single institution, it has several strengths
compared with similar prior studies. However, a number
of limitations exist. First, we only sequenced 21 clinically
relevant DNA repair genes. It is possible that some of the
patients in the wild-type group may harbor mutations in
a gene not evaluated in the study. Second, although this
study used prospective registries, we included some
retrospective data before enrollment for analysis. Third,
we only analyzed patients who consented to participate
in the registries. Hence, a selection bias cannot be ruled
out. In addition, we did not account for treatment effect,
although the majority of patients were enrolled before the
publication of studies that established preferential use
of docetaxel14 or abiraterone in the mHSPC setting15,58

and were unlikely to receive these treatments outside
a clinical trial. However, patients may have received
these treatments at progression to castration resistance,
which can potentially affect the overall survival analysis.
Finally, we did not take into account somatic mutations in
DNA repair genes, which can independently affect
outcomes.

This study demonstrated that approximately 10% of pa-
tients with metastatic prostate cancer harbor germline
mutations in cancer predisposition genes, and it identified
mutations in five genes (ATM, BRCA2, CHEK2, FANCM,
and TP53) that are enriched in patients with advanced
prostate cancer. Although mutations were common at the
mHSPC and mCRPC stages, these were not specifically
associated with progression to mCRPC or death. These
findings have significant implications for future studies that
evaluate novel therapeutic agents that target mutation
carriers in the mHSPC stage.
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