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Abstract

Background: There is an urgent need to identify factors specifically associated with aggressive prostate cancer (PCa) risk. We
investigated whether rare pathogenic, likely pathogenic, or deleterious (P/LP/D) germline variants in DNA repair genes are
associated with aggressive PCa risk in a case-case study of aggressive vs nonaggressive disease. Methods: Participants were
5545 European-ancestry men, including 2775 nonaggressive and 2770 aggressive PCa cases, which included 467 metastatic
cases (16.9%). Samples were assembled from 12 international studies and germline sequenced together. Rare (minor allele
frequency < 0.01) P/LP/D variants were analyzed for 155 DNA repair genes. We compared single variant, gene-based, and DNA
repair pathway-based burdens by disease aggressiveness. All statistical tests are 2-sided. Results: BRCA2 and PALB2 had the
most statistically significant gene-based associations, with 2.5% of aggressive and 0.8% of nonaggressive cases carrying P/LP/
D BRCA? alleles (odds ratio [OR] = 3.19, 95% confidence interval [CI] = 1.94 to 5.25, P =8.58 x 10”) and 0.65% of aggressive and
0.11% of nonaggressive cases carrying P/LP/D PALB2 alleles (OR = 6.31, 95% CI=1.83 to 21.68, P=4.79 x 10™*). ATM had a nomi-
nal association, with 1.6% of aggressive and 0.8% of nonaggressive cases carrying P/LP/D ATM alleles (OR=1.88, 95% CI=1.10
to 3.22, P = .02). In aggregate, P/LP/D alleles within 24 literature-curated candidate PCa DNA repair genes were more common
in aggressive than nonaggressive cases (carrier frequencies = 14.2% vs 10.6%, respectively; P = 5.56 x 10°°). However, this dif-
ference was non-statistically significant (P = .18) on excluding BRCA2, PALB2, and ATM. Among these 24 genes, P/LP/D carriers
had a 1.06-year younger diagnosis age (95% CI = -1.65 to 0.48, P=3.71 x 10™%). Conclusions: Risk conveyed by DNA repair genes
is largely driven by rare P/LP/D alleles within BRCA2, PALB2, and ATM. These findings support the importance of these genes
in both screening and disease management considerations.
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Prostate cancer (PCa) is the second leading cause of cancer
death in the United States and fifth worldwide among men (1).
The 5-year cancer-specific survival rate of men diagnosed with
localized or regional PCa is nearly 100%, with those diagnosed
with higher Gleason grade disease requiring more aggressive
treatment. However, only approximately 30% of men diagnosed
with metastatic PCa survive beyond 5 years (2). To reduce both
the number of deaths from PCa and overtreatment of lower-risk
patients, it is critical to identify men at high risk of aggressive
disease.

Multiple lines of evidence support a genetic contribution to
aggressive PCa risk, including concordance of PCa survival dura-
tion between fathers and sons (3), familial aggregation of inci-
dent and fatal PCa (4,5), and several genomic regions implicated
by linkage studies of aggressive PCa (6-10). However, the specific
variants and genes implicated by linkage studies have yet to be
identified, and few common variants have been associated with
risk of aggressive as opposed to nonaggressive PCa (11,12). An
important component of the genetic architecture of aggressive
PCa may include multiple rare variants, which represent a siz-
able spectrum of human genetic variation yet to be comprehen-
sively examined for aggressive disease.

Germline sequencing studies have reported that rare patho-
genic and deleterious variants within DNA repair genes may
predispose individuals to earlier PCa onset (13,14), aggressive
PCa (15-20), and response to PCa treatment (21,22). Among these
studies, BRCA2 is the most consistently reported gene, with evi-
dence also reported for ATM, CHEK2, MSH2, and NBN, which are
typically associated with increased aggressive PCa risk (13-22).
Because of the extreme rarity of pathogenic variants, larger
sample sizes are needed to identify genes with statistically sig-
nificant and consistent associations. Guidelines now recom-
mend germline genetic testing for a panel of DNA repair genes
at the time of initial PCa diagnosis for men with a family history
or high-risk, regional, or metastatic PCa to inform disease man-
agement (23); identifying the specific genes that impact aggres-
sive disease risk would likely improve the clinical utility of such
testing, which in the future could be offered prior to the diagno-
sis of PCa to inform screening decisions. However, previous
studies have focused on a small number of candidate DNA re-
pair genes, and whole-exome sequencing studies have been
conducted in small samples (15,24). A large-scale investigation
of DNA repair genes in aggressive PCa has yet to be conducted.

Here, we examined the involvement of rare pathogenic,
likely pathogenic, and deleterious (P/LP/D) germline variants
within a comprehensive panel of 155 DNA repair genes in PCa
using a case-case investigation of 5545 men of European ances-
try comparing aggressive PCa (death from PCa, metastatic dis-
ease, stage T4, or stage T3 and Gleason >8 tumors) with
nonaggressive PCa cases (stages T1/T2 and Gleason <6 tumors).
In addition to single variant associations, we tested gene- and
pathway-based associations to examine the aggregate effect of
rare P/LP/D variants on aggressive PCa and age at disease
diagnosis.

Methods

Participants and Genetic Sequencing

After excluding 18 men whose DNA samples failed quality con-
trol, 5545 men of European ancestry selected from 12 large epi-
demiological studies across Australia, Finland, the United
Kingdom, the United States, and Sweden were included in
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analyses. Participants were selected without knowledge or sus-
picion of genetic alleles carried (see Supplementary Methods,
available online, for study recruitment details and sample qual-
ity control). Of these, 2775 had nonaggressive PCa and 2770 had
aggressive PCa. Aggressive cases were men who either died
from PCa or had metastatic disease, stage T4, or both stage T3
and a Gleason score of 8 or higher at diagnosis. Nonaggressive
cases were men diagnosed with localized disease (stage T1/T2)
and a Gleason score of 6 or less tumors (71.3% of nonaggressive
cases additionally had follow-up indicating that they were alive
and without recurrence for >10years). Variants within DNA re-
pair genes were extracted from whole-exome sequencing data
generated at the Center for Inherited Diseases Research with
56X mean targeted exon coverage (details in Supplementary
Methods, available online). All participants provided informed
consent, and study protocols were approved by respective insti-
tutional review boards.

DNA Repair Gene and Pathway Selection

DNA repair pathways were based on previous curations (25-28)
and included homologous recombination and/or Fanconi ane-
mia (HR/FA), ATM signaling (ATM), base excision repair (BER),
nucleotide excision repair (NER), nonhomologous end joining
(NHEJ), mismatch repair (MMR), RECQ helicase family (RECQ),
translesion synthesis (TLS), cross-link repair (XLR), and other
miscellaneous DNA repair genes with functions including endo-
nuclease and/or exonuclease activity and modification of chro-
matin structure (Other). From these curations and another DNA
repair gene investigation (16), we identified 194 genes of which
188 were sequenced and 155 contained variants meeting the in-
clusion criteria of our study (Supplementary Table 1, available
online). We also curated a candidate subset of 24 DNA repair
genes based on previous literature supporting an association
between germline variants in these genes and PCa risk or dis-
ease aggressiveness (13-16,18,21,29) (Supplementary Table 1,
available online).

Pathogenic, Likely Pathogenic, and Deleterious Variant
Definition

P/LP/D  variants analyzed were rare (minor allele
frequency <0.01) and had either 1) a variant effect predictor im-
pact score of “high” (30), representing variants with deleterious
(protein truncating or splice altering) functional consequences,
or 2) a pathogenic or likely pathogenic Clinvar classification (31)
to identify known pathogenic variants, including nonsynony-
mous substitutions. We excluded variant c.9976A>T
(rs11571833) in BRCA2, because it is a known low-to-moderate
PCa risk variant (32).

Statistical Analyses

Single variant, gene-based, and pathway-based analyses were
performed for aggressive vs nonaggressive PCa, metastatic vs
nonaggressive PCa, and age at PCa diagnosis. As a secondary
analysis, we assessed lethal (ie, death from PCa) vs nonaggres-
sive PCa. Single variants were analyzed using Firth logistic re-
gression models (33) and the likelihood-ratio test. Gene-based
and pathway-based analyses were performed by comparing
P/LP/D carriers with noncarriers. Carrier status was compared
between aggressive statuses using logistic regression models
and tested for associations with age at diagnosis using linear
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regression models, with P values calculated using the
likelihood-ratio test. Gene-based analyses excluded genes with
5 or fewer carriers of qualifying variants.

Analyses included covariates for study, country, age at PCa
diagnosis, and 3 principal components of ancestry to account
for potential population stratification. Analyses of individual
variants, genes, and pathways were corrected for multiple test-
ing for each outcome using the Benjamini-Hochberg (34) adjust-
ment. An adjusted P value of less than .05 was considered
statistically significant, whereas an unadjusted P value of less
than .05 was considered nominally statistically significant (P
values described within the “Results” section are unadjusted).
All tests of statistical significance are 2-sided. Top findings for
each outcome were further investigated in analyses stratified
by age at PCa diagnosis (younger than 60 years and 60years or
older), PCa family history (available for 79.2% [n=4390] of par-
ticipants), and country. Top findings were also further investi-
gated comparing nonaggressive cases with subgroups of
nonmetastatic aggressive cases, including those diagnosed with
1) T1/T2 and a Gleason score less than 8, 2) T1/T2 and a Gleason
score of 8 or higher, 3) T3/T4 and a Gleason score less than 8,
and 4) T3/T4 and a Gleason score of 8 or higher. Analyses inves-
tigating age at diagnosis excluded 543 nonaggressive Australian
participants because the selection criterion applied to these
samples included age at diagnosis (Supplementary Methods,
available online).

Results

Participants

Of aggressive PCa cases, 74.1% (n=2052) died from PCa, 16.9%
(n=467) had metastatic disease, 67.2% (n=1862) had a Gleason
score of 8 or higher, and 69.7% (n=1931) had stage T3 or T4
(Table 1). Of cases who died from PCa, only 11.5% (n=2319) had
stage T1/T2 disease and a tumors with a Gleason score less than
8 at diagnosis. Aggressive cases were younger at diagnosis than
nonaggressive cases (66.1years [SD=8.8] vs 67.5 [SD=7.0],
respectively).

Aggressive vs Nonaggressive PCa

Among the 155 DNA repair genes, 858 P/LP/D variants were identi-
fied in the sample of 5545 men (Supplementary Figure 1 and
Supplementary Table 2, available online), which included
289P/LP/D variants in the 24 candidate genes (Figure 1,
Supplementary Figure 2, available online). Owing to their rare
frequencies, associations between single P/LP/D variants and ag-
gressive PCa were non-statistically significant (Supplementary
Figure 3 and Supplementary Table 3, available online).

BRCA2 and PALB2 had the strongest gene-based associations
with aggressive PCa (Table 2; Supplementary Table 4 and
Supplementary Figure 4, available online). We observed that
2.5% of aggressive and 0.8% of nonaggressive cases carried P/LP/
D BRCA?2 alleles (odds ratio [OR] =3.19, 95% confidence interval
[CI]=1.94 to 5.25, P=8.58 x 107) and 0.65% of aggressive and
0.11% of nonaggressive cases carried P/LP/D PALB2 alleles
(OR=6.31,95% CI=1.83 to 21.68, P=4.79 x 10™*). ATM was nomi-
nally associated with aggressive PCa, with 1.6% of aggressive
and 0.8% of nonaggressive cases carrying P/LP/D ATM alleles
(OR=1.88, 95% CI=1.10 to 3.22, P = .02). Effects of these 3 genes
were similar or only slightly larger when comparing metastatic
cases with nonaggressive cases (Table 2). Although 6 genes

were nominally associated with metastatic disease, none were
statistically significant after adjusting for multiple testing
(Supplementary Table 4 and Supplementary Figure 4, available
online). Associations with lethal PCa were similar in magnitude
to aggressive disease, with slightly stronger effects
(Supplementary Table 4 and Supplementary Figure 4, available
online). Carrier frequencies and effects of the candidate PCa
genes by disease aggressiveness are shown in Figure 2, A and B.

In aggregate, P/LP/D alleles within the 155 DNA repair genes
were more common in aggressive than nonaggressive PCa cases
(carrier frequency = 36.4% vs 33.1%, respectively; P = .03) but did
not statistically significantly differ between metastatic and non-
aggressive cases (P = .17; Figure 2, C and D; Supplementary
Table 5, available online). Larger differences were observed in
the 24 candidate PCa genes, with nonaggressive cases having a
statistically significantly lower carrier frequency (10.6%) than
aggressive cases (14.2%; P=5.56 x 10°) and metastatic cases
(15.4%; P=3.61 x 10™%). Upon removing the 24 candidate genes
from the 155 DNA repair genes, the remaining 131 genes were
not associated with aggressive PCa risk (Figure 2, C and D).
Further, the observed association with the 24 candidate genes
was determined only by a small number of genes; upon sequen-
tially removing genes with the strongest risk-increasing effects,
the remaining genes had no aggregate effect on aggressive dis-
ease (excluding BRCA2, PALB2, and ATM, P = .18; excluding
BRCA2, PALB2, ATM, MLH1, CHEK2, MUTYH, and MSH2, P = .59).
Removing these genes similarly led to decreased aggregate
effects on metastatic disease, with a residual non-statistically
significant effect observed after excluding the 7 genes
(OR=1.10, 95% CI=0.69 to 1.74, P = .69). P/LP/D alleles in BRCA2,
PALB2, and ATM were found in 1.7% of nonaggressive vs 4.7% of
aggressive (P=5.46 x 10 and 5.1% of metastatic cases
(P=6.54 x 10°°; Supplementary Table 5, available online).

The HR/FA pathway was the only pathway with a statisti-
cally significant association, with carriers of P/LP/D HR/FA
alleles having 1.27-fold increased risk of PCa death (95%
CI=1.05 to 1.53, P = .004); however, this association was statisti-
cally non-significant after excluding BRCA2 (P = .47,
Supplementary Table 6 and Supplementary Figure 5, available
online). The NER and MMR pathways were associated with a
1.48-fold and 1.29-fold increased risk of aggressive PCa, respec-
tively, although neither was statistically significant (95%
CI=1.00 to 2.18, P = .045, and 95% CI=0.95 to 1.76, P = .10,
respectively).

Age at PCa Diagnosis

P/LP/D alleles within BRCA2, NBN, ATM, and CCNH had nominal
(P < .05) associations with younger age at diagnosis; however,
none were statistically significant after correcting for multiple
testing (Supplementary Figure 6, A and B and Supplementary
Table 7, available online). Carrying P/LP/D alleles within the 155
DNA repair genes was associated with a 0.59-year younger age
at PCa diagnosis (95% CI = -1.00 to -0.19, P = .004;
Supplementary Table 5, available online). Upon removing the 24
candidate PCa genes, the remaining 131 genes were associated
with a 0.41-year younger age at diagnosis, although this did not
reach statistical significance (95% CI = -0.84 to 0.03, P = .07). A
larger effect was observed for the 24 candidate genes, with car-
riers having a 1.06-year younger age at diagnosis (95% CI = -1.65
to -0.48, P=3.71 x 10™), which reduced to a 0.55-year younger
age at diagnosis after removing BRCA2, PALB2, and ATM (95% CI
= -1.21 to 0.11, P = .10; Supplementary Figure 6, C, available
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Figure 1. Distribution of 289 rare pathogenic/likely pathogenic/deleterious variants among 24 candidate prostate cancer DNA repair genes. Genes (no. of variants) are

shown.

online). P/LP/D alleles in the BER pathway were nominally asso-
ciated with a younger age at diagnosis by 0.74 years (95% CI = -
1.43 to -0.06, P = .03), although this was not statistically signifi-
cant after correcting for multiple testing (Supplementary Table
6, available online). Associations with age at diagnosis did not
statistically significantly differ in analyses stratified by disease
aggressiveness (Supplementary Tables 5-7, available online).

Stratified Analyses

BRCA2, PALB2, ATM, and the aggregate 155 DNA repair genes
and 24 candidate genes were further assessed in stratified
analyses. We observed larger effects of P/LP/D BRCA2 alleles
on aggressive PCa, PCa death, and metastatic disease among
men diagnosed younger than 60 years vs those 60years or
older; however, these results did not statistically significantly
differ between age strata (Supplementary Table 8, available
online). The effects of PALB2, ATM, the aggregate 155 DNA re-
pair genes, and the aggregate 24 candidate genes did not sta-
tistically ~significantly differ by age at diagnosis. No
statistically significant differences were observed in analyses

stratified by PCa family history (Supplementary Table 9, avail-
able online).

Risk associated with BRCA2 statistically significantly differed
by country (P = .04; Supplementary Table 10, available online),
with the strongest associations with aggressive disease ob-
served in men from the United Kingdom (OR=10.11, 95%
CI=223 to 4576, P=122 x 10%, followed by Australia
(OR=5.60, 95% CI=1.65 to 19.05, P = .002), the United States
(OR=2.84, 95% CI=0.85 to 9.41, P= .07), and Sweden (OR=1.91,
95% CI=0.76 to 4.81, P = .16), with no evidence of association in
Finnish men (OR=0.69, 95% CI=0.15 to 3.14, P = .62).
Differences were also observed for the aggregate 24 candidate
genes (P = .01), with the strongest associations with aggressive
disease observed in men from the United Kingdom (OR=2.24,
95% CI=1.50 to 3.35, P=4.92 x 10”), followed by Finland
(OR=1.88, 95% CI=1.17 to 3.02, P = .008), with non-statistically
significant effects observed in men from Sweden, the United
States, and Australia (ORs < 1.30). These differences remained
statistically significant after excluding BRCA2, PALB2, and ATM
(P = .03; Supplementary Table 10, available online), indicating
the potential importance of the remaining 21 genes for certain
populations.
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Figure 2. Carrier frequencies and effects of candidate prostate cancer (PCa) DNA repair genes (DRG). Carrier frequencies (A) and effects (B) of candidate PCa genes by dis-
ease aggressiveness (RAD51C, RAD51D, SLX4, and XRCC2 were not evaluated in gene-based tests, as our sample had <5 carriers). Aggregate carrier frequencies (C) and
aggregate effects (D) of DNA repair genes, sequentially removing the strongest genes. Left panels aggregate all DNA repair genes, including and excluding the 24 candi-
date PCa DRG genes. Right panels aggregate the 24 candidate PCa DRG genes, sequentially removing the 7 genes with the strongest risk-increasing effects. The remain-
ing PCa DRG genes had no aggregate effect on aggressive disease (excluding top 3 genes: BRCA2, PALB2, and ATM, P = .18; excluding top 7 genes: BRCA2, PALB2, ATM,

MLH1, CHEK2, MUTYH, and MSH2, P = .59). CI = confidence interval; OR = odds ratio.

Among nonmetastatic aggressive cases, the highest BRCA2
carrier frequency was observed in those with T1/T2 and a
Gleason score of 8 or higher (4.7%, P=3.65 x 107), followed by
those with T3/T4 and a Gleason score of 8 or higher
(2.5%, P=3.55 x 107°), T3/T4 and a Gleason scores less than
8 (1.9%, P = .33), and T1/T2 and a Gleason score less than

8 (1.6%, P = .20) relative to nonaggressive cases (0.8%)
(Supplementary Table 11, available online). The aggregate 24
candidate PCa genes also had the highest carrier frequency in
nonmetastatic aggressive cases with T1/T2 and a Gleason score
of 8 or higher tumors (15.8%, P = .01), followed by cases with T3/
T4 and a Gleason score less than 8 (14.3%, P = .11), T3/T4 and a



Gleason score of 8 or higher (14.0%, P = .03), and T1/T2 and a
Gleason score less than 8 (11.6%, P = .44) (Supplementary Table
11, available online).

Discussion

In this international case-case investigation of 5545 men with
PCa, we investigated whether rare P/LP/D variants in 155 DNA
repair genes differentiate risk of aggressive vs nonaggressive
disease. BRCA2 and PALB2 were associated with the greatest
risk, with P/LP/D BRCA2 carriers having 3.2-fold increased risk of
aggressive PCa and P/LP/D PALB2 carriers having 6.3-fold in-
creased risk of aggressive PCa. ATM had nominal evidence of as-
sociation, with P/LP/D ATM carriers having 1.9-fold increased
risk of aggressive PCa. Our candidate set of 24 DNA repair genes
had higher aggregate carrier frequencies in aggressive (14.2%)
and metastatic (15.4%) than nonaggressive (10.6%) PCa cases;
however, these differences were largely driven by BRCA2, PALB2,
and ATM.

Although PALB2 has been suspected to be a PCa susceptibil-
ity gene, because of the rarity of pathogenic variants in this
gene, little statistical evidence has supported an association be-
tween PALB2 and PCa (35). PALB2 is an important biological link
between BRCA1 and BRCA2 needed for homologous recombina-
tion repair after double-strand breaks (36), and rare pathogenic
PALB2 variants have been reported to increase risk of breast,
ovarian, and pancreatic cancer (37-39). One investigation
reported marginal evidence of pathogenic PALB2 variants being
associated with a 3.5-fold increased risk (95% CI=0.7 to 10.3, P =
.05) of metastatic PCa when compared with cancer-free controls
in the Exome Aggregation Consortium (16). A recent study
found that PALB2 was an important risk factor for overall and
aggressive PCa in African American and Ugandan men, in addi-
tion to BRCA2 and ATM (20), which is of particular importance
given that men of African descent have increased risk of aggres-
sive PCa (40). Other studies have also reported ATM to be associ-
ated with increased risk of aggressive PCa (16,17), providing
external support for the nominal ATM associations we
observed.

The associations we identified between BRCA2 and increased
risk of aggressive PCa are consistent with previous studies
(16,17,19,41). We identified heterogeneous BRCA2 effects be-
tween populations, with larger effects seen in men from the
United Kingdom and null effects in Finnish men, consistent
with previous null findings in this population (42). Although we
report fairly similar carrier frequencies among metastatic cases
for 20 DNA repair genes investigated by Pritchard et al. (16)
(Supplementary Table 12, available online), BRCA2 is a notable
exception, being substantially more common among metastatic
cases in this previous report (5.35%) than the current study
(1.93%), and less common in TCGA primary PCa cases (0.20%),
used as their comparison group, than our nonaggressive cases
(0.83%). Another recent study (17) reported a similar BRCA2 car-
rier frequency among high-grade PCa cases (2.55%) as our ag-
gressive cases (2.49%); however, they reported a lower
frequency among low-grade cases (0.20%) than our nonaggres-
sive cases (0.83%). “Winner’s curse” may contribute to the larger
BRCA2 effect observed in these previous studies given their
smaller sample sizes (43). Differences in carrier frequencies
and/or effect sizes between studies may also be attributed to
different compositions of aggressive and nonaggressive com-
parison groups.
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We observed suggestive evidence of associations between
the MMR pathway, which is associated with Lynch syndrome
(44) and Lynch syndrome genes MLH1 and MSH2 contributing to
risk of aggressive PCa. Although additional studies are needed
to validate these findings, MMR variant carriers have been
reported to have increased PCa risk, higher Gleason scores, and
younger PCa diagnoses (45), and loss of MSH2 protein has been
observed among high-grade primary PCa tumors (46).

The aggregate 24 candidate PCa genes were associated with
younger age at PCa diagnosis, with some residual effect remain-
ing after excluding the strongest risk-increasing genes: BRCA2,
PALB2, and ATM. Although gene-based associations with age at
diagnosis were not statistically significant after correcting for
multiple testing, our nominal association between BRCA2 and
younger age at diagnosis is consistent with previous studies
(47,48). We also observed suggestive evidence for greater risk of
aggressive PCa in BRCA2 carriers with a younger vs older age at
diagnosis, which builds on previous reports of overall PCa risk
being greater in younger than older BRCA2 carriers (49). Younger
disease onset is typically attributed to stronger genetic predis-
position, which may be partially attributable to P/LP/D BRCA2
variants for PCa.

Although our investigation represents the largest DNA repair
gene sequencing study of PCa to date, the study was still under-
powered to detect statistically significant associations in single
variant and gene burden testing. For example, to detect an odds
ratio of 2.0 with 90% power and a 0.25% carrier frequency in
nonaggressive cases, more than 25 000 total cases would be
needed. Until such samples are available, it will be difficult to
nominate specific genes for personalized risk prediction of PCa
and/or aggressive disease based on statistical evidence. This is
supported by our observation that a multigene burden test of
candidate DNA repair genes was no longer predictive of aggres-
sive disease after removing the top 3 genes—BRCA2, PALB2, and
ATM (OR=1.14, 95% CI=0.94 to 1.37, P = .18)—with further risk
reduction observed when removing the top 7 genes (OR=0.94,
95% CI=0.74 to 1.19, P = .59, for the remaining 17 genes). A
larger sample will also be necessary to identify genetic factors
that distinguish subgroups of aggressive disease. Further,
among our top findings, we observed association differences by
country; although this can likely be partly attributed to genetic
differences, it is possible that differences in the composition of
aggressive and nonaggressive cases by country (Table 1) also
contributed to these differences.

Our results suggest that PCa risk conveyed by DNA repair
genes is largely driven by rare P/LP/D alleles within BRCA2,
PALB2, and ATM, with suggestive evidence that MLH1, CHEK2,
MUTYH, and MSH2 are also associated with increased risk of ag-
gressive and metastatic disease. It was recently recommended
that BRCA2 carrier status be factored into determining the initial
age of PCa screening and intervals of subsequent screenings
and BRCA2 and ATM be factored into high-risk and advanced
PCa disease management (50). Our findings support the impor-
tance of these genes as well as PALB2 in both screening and dis-
ease management considerations. The decision to undergo
genetic testing in men without PCa is typically based on family
history; however, it was recently shown that men with PCa who
do not have a family history carry P/LP alleles (51). Universal ge-
netic testing to tailor PSA screening will require additional re-
search and support of the clinical availability of such genetic
testing. Although the modest risk conveyed by P/LP/D alleles
within 24 candidate DNA repair genes provides important infor-
mation regarding disease etiology, particularly given the spar-
sity of known risk factors for aggressive PCa beyond obesity (52),
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genes with larger effects, such as BRCA2, PALB2, and ATM,
should be prioritized in future genetic risk prediction testing for
PCa. In addition to the need to better understand the relative
risks of each of these genes in aggressive and nonaggressive
disease compared with cancer-free controls, research is needed
to understand the role of rare coding variation in genes that
function outside of DNA repair in overall and aggressive PCa.
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