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ABSTRACT
◥

Pathogenic sequence variants (PSV) in BRCA1 or BRCA2
(BRCA1/2) are associated with increased risk and severity of prostate
cancer.WeevaluatedwhetherPSVs inBRCA1/2were associatedwith
risk of overall prostate cancer or high grade (Gleason 8þ) prostate
cancer using an international sample of 65 BRCA1 and 171 BRCA2
male PSV carriers with prostate cancer, and 3,388 BRCA1 and 2,880
BRCA2 male PSV carriers without prostate cancer. PSVs in the 30

region of BRCA2 (c.7914þ) were significantly associated with ele-
vated risk of prostate cancer compared with reference bin c.1001-
c.7913 [HR ¼ 1.78; 95% confidence interval (CI), 1.25–2.52; P ¼
0.001], as well as elevated risk of Gleason 8þ prostate cancer (HR¼

3.11; 95% CI, 1.63–5.95; P¼ 0.001). c.756-c.1000 was also associated
with elevatedprostate cancer risk (HR¼ 2.83; 95%CI, 1.71–4.68;P¼
0.00004) and elevated risk ofGleason8þ prostate cancer (HR¼ 4.95;
95% CI, 2.12–11.54; P ¼ 0.0002). No genotype–phenotype associa-
tions were detected for PSVs in BRCA1. These results demonstrate
that specific BRCA2 PSVs may be associated with elevated risk of
developing aggressive prostate cancer.

Significance: Aggressive prostate cancer risk in BRCA2mutation
carriers may vary according to the specific BRCA2 mutation inher-
ited by the at-risk individual.
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Introduction
Inherited pathogenic sequence variants (PSV) in DNA repair

pathway genes includingBRCA1 andBRCA2 (BRCA1/2) are associated
with prostate cancer risk and severity (1–15). Carriers of BRCA2 PSVs
have been reported to have increased levels of serum prostate-specific
antigen (PSA) at diagnosis, increased proportion of high Gleason (7þ)
tumors, less favorable tumor stage, increased rates of nodal and distant
metastases, and increased rate of recurrence after treatment (2, 11–18).
BRCA2PSVs confer lower overall survival andprostate cancer–specific
survival (13–15). Ashkenazi Jewish carriers of BRCA1 PSVs have been
reported to have elevated rates of Gleason 7þ tumors, higher rates of
recurrence, and a 5-fold increase in prostate cancer death (5, 19),
although the association of BRCA1 and prostate cancer has not been
replicated in all studies (20). Distinct tumor PSV, methylation, and
expression patterns have been identified in BRCA2 compared with
non-BRCA2–mutant prostate tumors. These data suggest thatBRCA2-
mutant tumors have features that are more similar to metastatic
castrate-resistant disease than localized prostate cancer (21–23).

Specific genotype–phenotype correlations have been reported (24),
including BRCA1/2-associated breast and ovarian cancers (25–27),
APC PSVs, and severity of familial adenomatous polyposis (28, 29),
and RET PSVs in multiple endocrine neoplasia type 2 (MEN2) and
familial medullary thyroid carcinoma (30). There have been sugges-
tions in the literature that similar patterns exist for BRCA1 or BRCA2
and prostate cancer. Liede and colleagues (31) reported that early-
onset prostate cancer (age <65 years) was more frequent in men with
BRCA2 PSVs outside of the ovarian cancer cluster region. More
recently, Nielsen and colleagues (32), using a sample of 37 prostate
cancer cases, 19 of whom had BRCA2 PSVs, identified a region in
BRCA2 at c.6373-c.6492 in which PSVs were associated with an
increased risk of prostate cancer.

We analyzed a large international cohort of 3,453 BRCA1 and 3,051
BRCA2PSVmale carriers to evaluate the distribution of germline PSVs
inmen diagnosed with prostate cancer andmenwithout prior prostate
cancer diagnosis. We hypothesized that specific PSVs in BRCA1 or
BRCA2 might influence development of prostate cancer and be
associated with prostate cancer severity.

Materials and Methods
Study sample

The Consortium of Investigators of Modifiers of BRCA1/2
(CIMBA) is an international collaboration of centers on 6 continents
that has collected information about carriers of BRCA1/2 PSVs (33).
All carriers participated in clinical assessment and/or research studies
at a participating institution after providing informed consent under
protocols approved by local institutional review boards. Participants’
ascertainment date was defined as the time of study interview (e.g.,
enrollment in a research study). Forty-eight centers and multicenter
consortia (Supplementary Table S1) in 31 countries submitted dei-
dentified data that met the CIMBA inclusion criteria as described
previously. No races/ethnicities were excluded from this study. Self-
reported race/ethnicity data were collected across the various centers
using either fixed categories or open-ended questions.

We analyzed only male carriers with clearly pathogenic BRCA1/2
PSVs that occurred 30 of nucleotide position 1 (A of the ATC
translation initiation codon in either BRCA1 and BRCA2. This exclud-
ed 101 males who had a PSV occurring 50 translation start site.
Definitions of these PSVs are shown in Supplementary Table S2. PSVs
were defined using CIMBA criteria as follows: (i) PSVs generating a
premature termination codon, except those in exon 27 at or after codon
3310 of BRCA2; (ii) large in-frame deletions that spanned �1 exons;
and (iii) deletions of transcription regulatory regions (promoter and/
or first exon) expected to cause lack of mutant allele
expression (33–35). We also included missense variants considered
pathogenic as determined by using multifactorial likelihood
approaches (35, 36). PSVs are described using the Human Genome
Variation Society (HGVS) nomenclature (Supplementary Table S2).

Authors have obtained written informed consent.

PSV binning
To identify segments across the intronic and exonic regions of

BRCA1 and BRCA2 associated with different prostate cancer risks, we
created PSV bins by base pair location within each gene. These
genomic sequence bins contained all PSVs regardless of category or
function, except for large genomic rearrangements, which were
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excluded from this analysis because they may span multiple bins. Bins
were constructed in two ways. First, we used an algorithm in which
each bin contained approximately equal numbers of participants
(including all cases and controls) with bin length defined by distance
in base pairs. Thus, bin length for common PSVs (e.g., the Icelandic
founder PSV c.771_775del) were small compared with bins with a
wider range of PSVs. We divided the number of PSVs across the span
of BRCA1 or BRCA2 into deciles of PSVs observed in cases and
noncases (i.e., “decile” bins). Second, we identified putative functional
domains in BRCA1 or BRCA2 and created bins that captured these
domains, as well as bins that contained no functional domain. These
domains were determined by boundaries reported in the pfam data-
base (37). The resulting bin boundaries are presented in Supplemen-
tary Table S3 and shown graphically in Fig. 1 for BRCA1 and Fig. 2 for
BRCA2. We chose to use these two binning methods based on our
earlier published research (24) that indicated the inferences about
mutation risk association differences were similar regardless of the
binning approach used. After the initial evaluation across all bins
(Supplementary Table S3), we further collapsed bins that were inferred
to have homogeneous prostate cancer, either elevated above or not
different from the reference bin.

PSV type and function
In addition to the binning analyses described above, we also

considered whether the predicted type and function of heritable
BRCA1/2 PSVs in the CIMBA database were associated with prostate
cancer. The definition of these PSV types and their functions are
presented in Supplementary Table S2. PSVs were grouped by type and
function as frameshift (FS), nonsense (NS), missense (MS), and splice
site (SP; Supplementary Table S2). PSVs expected to generate stable or
unstable, or no proteins were designated into previously reported
classes 1, 2, or 3 (38–40).Missense PSVs inBRCA1were combined into
one group that contained PSVs in the RING (41, 42) and BRCT
domains (43–46).We compared PSVs predicted to produce nonsense-
mediated decay (NMD) versus those that were not. PSVs predicted not
to cause NMD were defined as those creating a stop codon within 50
nucleotides before or within the last exon (47). Premature termination
codons comprised all PSVs leading to a truncated open-reading frame.

Statistical analysis
For the first set of analyses assessing all bins across the genes, a

different reference group was defined for each combination of gene
(BRCA1 or BRCA2) and binning scheme (decile or functional).
Reference bins were chosen based on analysis of each bin's association
with prostate cancer comparedwith all other bins as a group and found
to have the lowest hazard of prostate cancer for each gene. The
reference bins used in each analysis are shown in Table 1. An
exploration of other reference bins did not change the inferences of
this analysis.

To estimate the relative hazards associated with each bin compared
with the reference bin, we fitted Cox proportional hazards regression
models separately in BRCA1 and BRCA2 PSV carriers. The primary
outcomes of interest were diagnosis of prostate cancer (vs. no prostate
cancer) or Gleason 8þ prostate cancer (vs. no prostate cancer) and
Gleason�7 (vs. no prostate cancer). Time to eventwas computed from
birth to age at prostate cancer diagnosis or age at ascertainment (which
ever occurred first). No time or events were considered after time of
ascertainment. All analyses were adjusted for confounding by race
(African American vs. any other ethnicity) and birth cohort, defined as
those born before or after median birth date of the total sample. We
also adjusted all analyses by country of ascertainment. We computed

the prostate cancer HR for each defined bin relative to the common
reference bin. To account for intracluster dependence due to multiple
individuals from the same family, a robust sandwich variance estimate
was specified in Cox proportional hazards models (48).

Hypothesis tests were judged to be statistically significant based on
two-sided tests with P < 0.05. All P values were corrected for multiple
hypothesis testing within each table of results by controlling the false
discovery rate (FDR) using the method of Benjamini and Hoch-
berg (49). Analyses were conducted in STATA v14, SPSS, or R version
2.7.2 (R Foundation for Statistical Computing).

Results
A total of 3,453 male BRCA1 and 3,051 male BRCA2 PSV carriers

were eligible for analysis (see Table 2). The median prostate cancer
diagnosis ages were 64 years in both BRCA1 and BRCA2 PSV carriers.
Among BRCA1/2 PSV carriers, 74% and 81%, respectively, self-
reported their race as white.

BRCA1
As shown in Table 1, there were no statistically significant associa-

tions between PSVs in any BRCA1 bin and elevated prostate cancer
risk. There was also no association of BRCA1 PSVs with Gleason 8þ
disease with region.

BRCA2
In BRCA2, we identified a “prostate cancer cluster region” (PCCR)

in which PSVs were associated with elevated prostate cancer risk. The
risk estimates were obtained by considering all PSVs within the region
of interest defined by the overlap of bins generated using the “decile”
and functional binning methods described above. The PCCR included
all PSVs 30 of c.7914 and associated with HR ¼ 1.78 [95% confidence
interval (CI), 1.25–2.52; P ¼ 0.001] when compared with PSVs in the
reference bin c.1001-c.7913 (Table 1). In addition, we identified a
region bounded by c.756 and c.1000 (Supplementary Table S3; Fig. 2)
that was associated with elevated prostate cancer risk with HR ¼ 2.83
(95% CI, 1.71–4.68; P ¼ 4 � 10�5) compared with PSVs in the
reference bin c.1001-c.7913. This region contains the c.771_775del
Icelandic founder PSV, which is the dominant PSV in this bin (n ¼
92 of 117 total PSVs in this bin). Comparison of the risk in carriers
of c.771_775del to the risk in carriers of PSVs in c.1001-c.7913 gave
HR ¼ 3.34 (95% CI, 2.01–5.55; P ¼ 3 � 10�6). Because of the small
number of carriers of other PSVs in this bin (N ¼ 25), it was not
possible to estimate risk of prostate cancer for carriers of the other
(non-c.771_775del) PSVs in this bin. Risk of prostate cancer among
those without a PCCR PSV was not elevated except for carriers of
PSVs in bin 6 (c.5910-c.6275; HR ¼ 2.83; 95% CI, 1.21–6.58; P ¼
0.016; Table 2). Both the PCCR and region c.756-c.1000 were
contained almost entirely within the previously identified breast
cancer cluster regions (BCCR; ref. 24). Collectively, regions in
which PSVs were associated with a significantly increased risk of
prostate cancer development contained the BRCA2 helical plasma
domain, the oligonucleotide/oligosaccharide-binding domain 1
(OB1), the Tower domain (OB2), and the N-terminal PALB2-
binding site (Fig. 2). Highest risk was associated with PSVs affecting
OB1 and OB2 (Fig. 2).

Risk of high-grade prostate cancer (Gleason 8þ) was even more
strongly associated with PSVs in the PCCR (HR¼ 3.11; 95% CI, 1.63–
5.95; P ¼ 0.001; Table 1). A similar association was also observed for
PSVs in the region containing the Icelandic founder PSV,
c.771_775_del (HR ¼ 4.95; 95% CI, 2.12–11.54; P ¼ 2 � 10�4), and
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the c.771_775del PSV itself (HR ¼ 5.66; 95% CI, 2.43–13.22; P ¼ 6 �
10�5). Together, these regions were associated with increased Gleason
8þ prostate cancer risk (HR¼ 3.80; 95%CI, 2.10–6.89; P¼ 1� 10�5).
Risk of Gleason � 7 prostate cancer was elevated for carriers of
c.771_775del (HR ¼ 3.29; 95% CI, 1.38–7.83; P ¼ 0.007), but not
elevated for those with PSVs in the PCCR (HR ¼ 1.56; 95%CI, 0.88–
2.78; P ¼ 0.130; Table 1).

To ensure that the inferred effects were not due to the common
Jewish founder PSV c.5946del that was included in the reference
bin, we repeated calculations after excluding carriers these PSVs
from the reference bin. After excluding these PSV carriers from the
reference bin, the association with PSVs in the bin containing the
c.771_775del and in the PCCR remained statistically significant
(HR ¼ 3.03; 95% CI, 1.83–5.04; P ¼ 2 � 10�5 and HR ¼ 1.89; 95%

Figure 1.

BRCA1 PSV distribution. The x-axis displays the amino acid sequence of the BRCA1 gene. The violet markers indicate the position of PSVs found in the BRCA1 PSV
carriers. The vertical position of themarkers on the y-axis indicates the frequency of the PSV found in the cohort. In addition, the blue and tan barswith corresponding
axis markers delineate the bins of the BRCA1 PSVs that were created using the “decile” binning strategy and the “functional” binning strategy. Orange and light blue
bars indicate the position of breast and ovarian cancer cluster regions, respectively, as identified in the CIMBA breast cancer cohort (Rebbeck et al.; ref. 24). Finally,
known functional domainswithin theBRCA1 gene are highlighted.A,Distribution of totalBRCA1PSVs in carriers.B,Distribution ofBRCA1 PSVs in carrierswho did not
develop prostate cancer. C, Distribution of BRCA1 PSVs in carriers who developed prostate cancer.
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Figure 2.

BRCA2 PSV distribution. The x-axis displays the amino acid sequence of the BRCA2 gene. The violet markers indicate the position of PSVs found in the BRCA2 PSV
carriers. The vertical position of themarkers on the y-axis indicates the frequency of the PSV found in the cohort. In addition, the blue and tan barswith corresponding
axis markers delineate the bins of the BRCA2 PSVs that were created using the “decile” binning strategy and the “functional” binning strategy. Orange and light blue
bars indicate the position of breast and ovarian cancer cluster regions, respectively, as identified in the CIMBA breast cancer cohort (Rebbeck et al.; ref. 24). Finally,
known functional domains within the BRCA2 gene are highlighted. A, Distribution of total BRCA2 PSVs in carriers. B, Distribution of BRCA2 PSVs in carriers who did
not develop prostate cancer. C, Distribution of BRCA2 PSVs in carriers who developed prostate cancer.
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Table 1. Association analyses of prostate cancer by bin for BRCA1 and BRCA2 PSVs.

BRCA1 – all prostate cancer
Grouping Bin Nucleotide range PCþ PC� HR (95% CI) P

BRCA1 Decile 1 �c.81 11 339 1.06 (0.36–3.13) 0.917
2 c.82-c.302 5 325 REF
3 c.303 – c.1504 4 331 0.82 (0.23–2.92) 0.761
4 c.1505 – c.2475 8 431 1.09 (0.34–3.43) 0.888
5 c.2476 – c.3319 3 274 0.33 (0.15–2.60) 0.526
6 c.3320 – c.3710 5 308 1.32 (0.36–4.89) 0.677
7 c.3711 – c.4065 9 318 1.96 (0.65–5.86) 0.230
8 c.4066 – c.5030 1 333 0.16 (0.02–1.27) 0.084
9 c.5031 – c.5266 13 425 1.68 (0.58–4.84) 0.339
10 c.5267þ 2 231 0.49 (0.10–2.49) 0.389

BRCA1 Functional 1 �c.181 13 515 0.72 (0.34–1.53) 0.396
2 c.182-c.1287 6 433 0.83 (0.32–2.20) 0.713
3 c.1288-c.2475 9 478 0.93 (0.37–2.36) 0.887
4 c.2476-c.3607 5 487 0.58 (0.19–1.75) 0.333
5 c.3608-c.4183 12 462 1.19 (0.54–2.64) 0.671
6 c.4184-c.5194 5 485 0.38 (0.12–1.25) 0.112
7 c.5195þ 11 455 REF

BRCA2–All prostate cancer
Grouping Bin Nucleotide range PCþ PC� HR (95% CI) P
Decile 1 �c.755 12 296 1.71 (0.66–4.46) 0.268

2 c.756-c.1813 25 277 3.38 (1.24–9.19) 0.017
3 c.1814-c.3530 6 293 REF
4 c.3531-c.4965 13 296 2.00 (0.69–5.76) 0.202
5 c.4966-c.5909 13 307 2.14 (0.66–7.00) 0.207
6 c.5910-c.6275 30 334 2.83 (1.21–6.58) 0.016
7 c.6276-c.7007 12 214 2.69 (0.89–8.13) 0.079
8 c.7008-c.7913 10 285 2.12 (0.60–7.42) 0.240
9 c.7914-c.8953 26 281 3.32 (1.28–8.65) 0.014
10 c.8954þ 23 274 4.26 (1.60–11.37) 0.004

Functional 1 �c.1000 27 398 1.39 (0.74–2.64) 0.307
2 c.1001-c.3005 14 397 0.80 (0.39–1.63) 0.535
3 c.3006-c.5172 16 408 REF
4 c.5173-c.6255 32 498 1.01 (0.53–1.93) 0.967
5 c.6256-c.7436 24 400 1.44 (0.74–2.82) 0.286
6 c.7437-c.8616 28 390 1.68 (0.91–3.13) 0.100
7 c.8617þ 29 366 1.64 (0.90–3.01) 0.106

Elevated vs. no elevated
prostate cancer risk

1 �c.755 12 296 0.73 (0.40–1.31) 0.288
2a c.756-c.1000 15 102 2.83 (1.71–4.68) 4 � 10�5

3 c.1001-c.7913 94 1,904 REF
PCCR c.7914þ 49 555 1.78 (1.25–2.52) 0.001

Elevated vs. no elevated
prostate cancer risk

No Elevated PCa Risk �c.755, c.1001-c.7913 106 2,200 REF
Elevated PCa risk c.756-c.1000, c.7914þ 65 657 2.02 (1.48–2.77) 9 � 10�6

BRCA2–Prostate cancer by Gleason grade
Gleason 8þ Bin Nucleotide range PCþ PC� HR (95% CI) P
Bins with elevated risk 1 �c.755 2 299 0.53 (0.12–2.32) 0.399

2 c.756-c.1000 6 108 4.95 (2.12–11.54) 2 � 10�4

3 c.1001-c.7913 19 1,940 REF
PCCR c.7914þ 18 572 3.11 (1.63–5.95) 0.001

Bins with elevated risk No elevated PCa risk �c.755, c.1001-c.7913 21 2,239 REF
Elevated PCa risk c.756-c.1000, c.7914þ 24 680 3.80 (2.10–6.89) 1 � 10�5

Gleason �7
Bins with elevated risk 1 �c.755 3 298 0.47 (0.14–1.57) 0.221

2a c.756-c.1000 6 108 3.29 (1.38–7.83) 0.007
3 c.1001-c.7913 36 1,923 REF
PCCR c.7914þ 17 573 1.56 (0.88–2.78) 0.130

Bins with elevated risk No elevated PCa risk �c.755, c.1001-c.7913 39 2,221 REF
Elevated PCa risk c.756-c.1000, c.7914þ 23 681 1.89 (1.14–3.14) 0.014

Abbreviation: PCa, prostate cancer.
aBin containing Icelandic Founder PSV c.771_775del.
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CI, 1.34–2.66; P ¼ 3 � 10�4, respectively). Similarly, we repeated
the analysis including only self-identified Caucasians. In part,
because of the small number of non-Caucasians in the study, the
point estimates did not change to the second decimal place com-
pared with the total sample that included non-Caucasians. Finally,
we corrected for correlation due to the presence of multiple
individuals in a family. With and without this correction, no change
in the inferences was observed.

PSV type and function
In addition to seeking for regional variation in prostate cancer risk

associated with PSVs across BRCA1/2, we also evaluated potential
genotype–phenotype correlations by PSV type or function (Table 3).
No PSV groups defined by type or function were significantly asso-
ciated with prostate cancer for either BRCA1 or BRCA2.

Discussion
Using a multinational data resource of approximately 6,500 men

carrying a BRCA1/2 PSV, we identified two regions in BRCA2 (c.756-c
1000 and c.7914þ) that were associated with increased risk of prostate
cancer diagnosis and of Gleason 8þ prostate cancer. These data
suggest that PSV-specific PCA risks exist for BRCA2 PSV carriers.

This observation is consistent with earlier studies reporting a
PSV-specific increase in prostate cancer risk among BRCA1/2 PSV
carriers (31, 32). However, most studies that havemade these observa-
tions have estimated the prevalence of BRCA1/2mutations in prostate
cancer cases. Few studies have evaluated prostate cancer incidence in
mutation BRCA1/2 carriers. Nielsen and colleagues (32) reported an
elevated prostate cancer relative risk in BRCA2 mutation carriers
whose mutations fell in c.6373-c.6492 with a relative risk of 3.7 for
mutations within this region compared with mutations outside this
region. This elevated relative riskwas not observed in the larger current
analysis, which included the carriers reported by Nielsen and collea-
gues. We also demonstrated a remarkable similarity between PSVs
conferring increased prostate cancer risk and those associated with
increased breast cancer risk in female BRCA2 PSV carriers (24).

BRCA2 is among the few known clinically relevant loci, in which
many deleterious variants cause a highly penetrant prostate cancer
predisposition (50). Our work addressed the hypothesis that germline
PSVs in BRCA1/2 that influence development of overall prostate
cancer and prostate cancer severity demonstrate nonrandom distri-
bution by location and/or function of the gene. Because patients with
prostate cancer with Gleason 8þ disease are far more likely than men
with Gleason <8 prostate cancer to have unfavorable clinical
outcome (2, 11–18), the observation that PCCR PSVs are associated

Table 2. Characteristics of study participants.

Carriers of PSV
in BRCA1

Carriers of PSV
in BRCA2

Total N ¼ 3,453 (%) N ¼ 3,051 (%)

Region Asia 76 (2.2) 90 (2.9)
Australia 386 (11.2) 292 (9.6)
Europe 2,287 (66.2) 2,165 (71.0)
North America 662 (19.2) 497 (16.3)
South America 42 (1.2) 7 (0.2)

Self-identified Race/ethnicity Caucasian 2,557 (74.1) 2,455 (80.5)
African American 20 (0.6) 14 (0.5)
Asian 76 (2.2) 101 (3.3)
Hispanic 54 (1.6) 16 (0.5)
Jewish 124 (3.6) 94 (3.1)
Other 45 (1.3) 10 (0.3)
Unknown 575 (16.7) 358 (11.7)

Ascertainment Clinic-based 3,352 (97.1) 2,969 (97.3)
Population-based 101 (2.9) 82 (2.7)

PCa Yes 65 (1.9) 171 (5.5)
No 3,388 (98.1) 2,880 (94.4)

Gleason Score �6 16 (24.6) 32 (18.7)
7 9 (13.8) 30 (17.5)
8 3 (4.6) 16 (3.1)
9 7 (10.8) 26 (15.2)
10 0 (0.0) 5 (2.9)
Missing 30 (46.2) 62 (36.2)

M Stage M0 18 (27.7) 33 (19.3)
M1 2 (3.1) 14 (8.2)
MX 8 (12.3) 28 (16.4)
Missing 37 (56.9) 96 (56.1)

Other cancer diagnosis Yes 332 (9.6) 657 (21.5)
No 3,121 (90.4) 2,389 (78.5)

N Median Range N Median Range
Age at ascertainment, y 3,453 50 18–91 3,051 51 18–101
Time to PCa or censoring, y 3,453 50 18–91 3,051 54 18–101
Age at PCa diagnosis, y 65 64 30–85 171 64 29–87
Age at other cancer diagnosis, y 332 59 19–88 657 60 21–88

Abbreviation: PCa, prostate cancer.
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with elevated Gleason score suggests that PCCR PSVs may be asso-
ciated with poorer prognosis than other BRCA2 PSVs. However, this
needs to be investigated in future studies. We observe an elevated risk
of both Gleason 8þ and Gleason�7 cancers, although the magnitude
of association for Gleason 8þ is higher than that forGleason�7. Thus,
it is possible that the PCCR reported here is associated with prostate
cancer in general, and not only with high-grade prostate cancer. This
observation requires additional research to confirm. In addition,
knowledge of the importance of DNA damage repair suggests that
the mechanism of prostate carcinogenesis is broadly modified by
BRCA2-related pathways (23). The IMPACT trial reported that PSA
screening may be more informative in detecting prostate cancer in
BRCA2 PSV carriers compared with noncarriers (51). Additional
research is needed to evaluate whether the PCCR PSVs reported here
also influence the results of different management strategies.

In addition to its colocation with a previously identified breast
cancer cluster region (24), PSVs in the PCCR (30 of c.7914) are
focused within two of the principal DNA-binding domains of the
OB1 (i.e., oligonucleotide/oligosaccharide-binding domain 1; ami-
no acids 2670–2796) and OB2 (i.e., Tower ssDNA and dsDNA
binding domain 2; amino acids 2831–2872). However, the current
dataset does not allow us to understand the mechanism that might
explain why BRCA2 PCCR PSVs are associated with elevated
prostate cancer risks. Additional mechanistic research will be
required to elucidate the biological basis for risk heterogeneity
implied by the present results.

Themost common PSV in the c.756-c.1000 regionwas the Icelandic
and Finnish founder PSV, c.771_775del, which has long been known as
a prostate cancer predisposition PSV (52–54) and is associated with a
rapid progression to fatal prostate cancer (10). Thus, our results
regarding the association of this founder PSV with prostate cancer
severity are consistent with this prior report. We were not able to infer
if c.756-c.1000 is a second PCCR region, or if the observed effect is due
solely to c.771_775del. We returned to the original data from parti-
cipants with this PSV to identify any potential bias in ascertainment
that may have influenced this result. On the basis of original records
from the Icelandic clinics from which these men were ascertained, no
individual was ascertained based on genetic testing of prostate
cancer. The carriers of this PSV were identified through family studies
of breast cancer, mainly by screening unselected patients with
breast cancer and then, if mutation positive, by screening their close
relatives. There was no ascertainment preference for prostate
cancer in Icelandic male carriers and there was no instance of a

BRCA2 carrier identified by testing prostate cancer cases (Aðalgeir
Arason; personal communication).

Our current results complement the growing body of knowledge
that cancer-susceptible PSVs demonstrate clinically relevant geno-
type–phenotype relationships. PSV location within APC is associated
with polyposis severity and prevalence of extracolonic features, such as
desmoid fibromas (55). Similarly, genotype–phenotype relationships
have been reported for (missense) PSVs in RET in multiple endocrine
neoplasia type 2 (MEN2) and familial medullary thyroid carcino-
ma (30). These findings have shaped the Neuroendocrine Tumor
Society consensus guidelines, which now suggest thyroidectomy
before age 5 years for individuals with PSVs within these high-risk
regions, providing insight into the structure and function of cancer
susceptibility PSVs in these genes and guiding clinical risk assessment
and management. Despite evidence of genotype–phenotype relation-
ships atmultiple loci, the characteristics andmechanistic influences on
cancer risk are likely quite different for PVSs in APC, RET, BRCA1/2,
and others.

In contrast to prior work that evaluated prevalence of PSVs in
BRCA1/2 in various prostate cancer case series, we have leveraged a
large, international multicenter consortium study of BRCA1/2 PSV
carriers, irrespective of prostate cancer status. However, our analysis
has some limitations. The CIMBA study uses a nonstandardized
recruitment strategy from multiple referral centers. Thus, our data
may not represent either the full spectrum of patients with prostate
cancer or BRCA1/2 PSV carriers in the general population. Similarly,
we were not able to assess issues of survival bias in our data thatmay be
related to cancer screening or treatment.

While this study identifies potentially interesting PSV-specific
prostate cancer associations, there are limitations in the data and
analysis that require future validation. We used two binning
approaches to identify relevant regions of BRCA1/2 that could have
different risk or penetrance effects on prostate cancer based on our
earlier research that undertook a similar analysis for breast and ovarian
cancer (24). In that analysis, we determined that the combination of
these two approaches were complementary and identified similar
regions of interest.While this approach points toward genomic regions
that may confer different prostate cancer risks, a full understanding of
the causes of the effects we report will require experimental and
mechanistic studies to further define the boundaries of the relevant
domains and to understand the underlying mechanisms that lead to
the observations reported here. In addition, the choice of the reference
bin in our analysis will affect estimates of the HRs reported here. Thus,

Table 3. Association of PSV type or function with risk of prostate cancer.

BRCA1 mutation carriers BRCA2 mutation carriers
PSV type N PCa HR (95% CI) P N PCa HR (95% CI) P

Premature truncating codon 2,720 54 (2.0%) 1.04 (0.47–2.28) 0.931 2,699 151 (5.6%) 0.90 (0.40–2.04) 0.805
Nonsense-mediated decay 1,996 31 (1.6%) 0.65 (0.38–1.11) 0.117 2,692 150 (5.6%) 0.86 (0.41–1.82) 0.698
Class 1 2,489 48 (1.9%) 0.80 (0.44–1.47) 0.474 2,712 151 (5.6%) 0.81 (0.37–1.78) 0.596
Deletion 279 5 (1.8%) 0.79 (0.32–1.95) 0.606 57 5 (8.8) 1.25 (0.51–3.08) 0.469
Frameshift 1,845 43 (2.3%) 1.66 (0.99–2.77) 0.055 2,040 115 (5.6%) 1.01 (0.74–1.41) 0.910
Insertion 61 0 —a —a 21 0 —a —a

Missense 283 3 (1.1%) 0.66 (0.21–2.11) 0.488 60 4 (7%) 1.08 (0.37–3.17) 0.886
Nonsense 679 9 (1.3%) 0.68 (0.34–1.36) 0.271 591 32 (5.4%) 0.94 (0.64–1.39) 0.740
Splicing 306 5 (1.6%) 0.94 (0.39–2.30) 0.896 282 15 (5.3%) 1.00 (0.57–1.76) 0.994

Note: HRs represent the comparison of PSVswith a certain type or function designation vs. all other PSVs. HRs are adjusted for year of birth cohort, race, and country
of ascertainment.
Abbreviation: PCa, prostate cancer.
aCould not be estimated.
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this report focuses on the identification of genomic regions that may
confer elevated prostate cancer risks in BRCA2mutation carriers, and
the HR estimates presented here should be interpreted with caution
and not used for clinical risk estimation purposes.

Studies in female PSV carriers using a study design similar to that
used here applied analytic corrections to account for the possibility
that affected individuals (particularly those affected at younger ages)
aremore likely to be sampled than unaffected individuals. Unlike prior
breast and ovarian cancer studies in BRCA1/2 mutation carriers, this
sample did not ascertain specific prostate cancer cases (e.g., those
diagnosed at an early age). Our median age at diagnosis is 64 years,
which is similar to that reported in other non-BRCA1/2 populations.
Our case sample is substantially older than prostate cancer cases
ascertained for BRCA1/2 screening studies, which tend to have a large
proportion of cases diagnosed before the age of 55 years (56). Thus,
while there is limited evidence that ascertainment of cases conferred a
major bias to the present results, future research is required to
determine the extent of bias in our relative risk estimates arising from
these issues.

Finally, pathology review of prostate tumors was neither centralized
nor available for all cases. A relatively large proportion of Gleason
score and tumor stage data were also missing from the present sample,
because many cases were based on self-report only. Cases withmissing
tumor stage and grade were excluded from those analyses, so any
differential reporting of tumor traits could have caused bias in those
results.

This study indicates that personalized prostate cancer risk assess-
ment may be a future option, as well as individualized clinical
management based on the specific BRCA2 PSV status. Additional
research is required to fully understand the implication of carrying
specific BRCA2 PSVs. Further characterization of the relationship
between these PSVs and various cancer outcomesmight help direct the
future use of DNA repair–directed treatments and radiotherapy in
men carrying these PSVs.
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lowska. CHU Besançon, France: Marie-Agn�es Collonge-Rame, Alexandre Damette.
CHU Poitiers, Centre Hospitalier d’Angoulême, and Centre Hospitalier de Niort,
France: Hakima Lallaoui. CHU N�̂mes Car�emeau, France: Jean Chiesa. CHI Poissy,
France: Denise Molina-Gomes. CHU Angers, France: Olivier Ingster; Ilse Coene en
Brecht Crombez; Ilse Coene and Brecht Crombez; Alicia Tosar and Paula Diaque;
Sofia Khan, Taru A. Muranen, Carl Blomqvist, Irja Erkkil€a, and Virpi Palola; The
Hereditary Breast and Ovarian Cancer Research Group Netherlands (HEBON)
consists of the following Collaborating Centers: Coordinating center: Netherlands
Cancer Institute, Amsterdam, NL: F.E. van Leeuwen, S. Verhoef, M.K. Schmidt, N.
S. Russell, D.J. Jenner; Erasmus Medical Center, Rotterdam, NL: J.M. Coll�ee, A.M.
W. van den Ouweland, M.J. Hooning, C.H.M. van Deurzen, I.M. Obdeijn; Leiden
University Medical Center, NL: J.T. Wijnen, R.A.E.M. Tollenaar, P. Devilee, T.C.T.
E.F. van Cronenburg; Radboud University Nijmegen Medical Center, NL: C.M.
Kets; University Medical Center Utrecht, NL: M.G.E.M. Ausems, C.C. van der Pol;
Amsterdam Medical Center, NL: C.M. Aalfs, T.A.M. van Os; VU University
Medical Center, Amsterdam, NL: J.J.P. Gille, Q. Waisfisz; University Medical
Center Groningen, NL: J.C. Oosterwijk, A.H. van der Hout, M.J. Mourits, G.H. de
Bock; The Netherlands Foundation for the detection of hereditary tumors, Leiden,
NL: H.F. Vasen; The Netherlands Comprehensive Cancer Organization (IKNL): S.
Siesling, J.Verloop; The Dutch Pathology Registry (PALGA): L.I.H. Overbeek;
Hong Kong Sanatorium and Hospital; the Hungarian Breast and Ovarian Cancer
Study Group members (Janos Papp, Aniko Bozsik, Timea Pocza, Zoltan Matrai,
Miklos Kasler, Judit Franko, Maria Balogh, Gabriella Domokos, Judit Ferenczi,
Department of Molecular Genetics, National Institute of Oncology, Budapest,
Hungary), and the clinicians and patients for their contributions to this study; the
Oncogenetics Group (VHIO) and the High Risk and Cancer Prevention Unit of the
University Hospital Vall d’Hebron, and the Cellex Foundation for providing
research facilities and equipment; the ICO Hereditary Cancer Program team led
by Dr. Gabriel Capella; the ICO Hereditary Cancer Program team led by Dr.
Gabriel Capella; Dr Martine Dumont for sample management and skillful assis-
tance; Pedro Pinto; members of the Center of Molecular Diagnosis, Oncogenetics
Department and Molecular Oncology Research Center of Barretos Cancer Hos-
pital; Heather Thorne, Eveline Niedermayr, all the kConFab research nurses and
staff, the heads and staff of the Family Cancer Clinics, and the Clinical Follow Up
Study (which has received funding from the NHMRC, the National Breast Cancer
Foundation, Cancer Australia, and the NIH) for their contributions to this
resource, and the many families who contribute to kConFab; the KOBRA Study
Group; Csilla Szabo (National Human Genome Research Institute, NIH, Bethesda,
MD), Eva Machackova (Department of Cancer Epidemiology and Genetics,
Masaryk Memorial Cancer Institute and Masaryk University, Brno, Czech Repub-
lic); and Michal Zikan, Petr Pohlreich, and Zdenek Kleibl (Oncogynecologic
Center and Department of Biochemistry and Experimental Oncology, First Faculty
of Medicine, Charles University, Prague, Czech Republic); Anne Lincoln, Lauren
Jacobs; the NICCC National Familial Cancer Consultation Service team led by Sara
Dishon, the lab team led by Dr. Flavio Lejbkowicz, and the research field operations
team led by Dr. Mila Pinchev; the investigators of the Australia New Zealand NRG
Oncology group; members and participants in the Ontario Cancer Genetics
Network; Kevin Sweet, Caroline Craven, Julia Cooper, and Michelle O'Conor;
Yip Cheng Har, Nur Aishah Mohd Taib, Phuah Sze Yee, Norhashimah Hassan, and
all the research nurses, research assistants, and doctors involved in the MyBrCa
Study for assistance in patient recruitment, data collection, and sample prepara-
tion, Philip Iau, Sng Jen-Hwei, and Sharifah Nor Akmal for contributing samples
from the Singapore Breast Cancer Study and the HUKM-HKL Study, respectively;
the Meirav Comprehensive breast cancer center team at the Sheba Medical Center;
Christina Selkirk; Ha

�
kan Olsson, Helena Jernstr€om, Karin Henriksson, Katja

Harbst, Maria Soller, Ulf Kristoffersson; from Gothenburg Sahlgrenska University

Hospital: Anna €Ofverholm, Margareta Nordling, Per Karlsson, Zakaria Einbeigi;
from Stockholm and Karolinska University Hospital: Gisela Barbany Bustinza;
from Umea

�
University Hospital: Beatrice Melin, Christina Edwinsdotter Ardnor,

Monica Emanuelsson; from Uppsala University: Maritta Hellstr€om Pigg, Richard
Rosenquist; from Link€oping University Hospital: Marie Stenmark-Askmalm,
Sigrun Liedgren; Cecilia Zvocec, Qun Niu; Joyce Seldon and Lorna Kwan; Dr.
Robert Nussbaum, Beth Crawford, Kate Loranger, Julie Mak, Nicola Stewart, Robin
Lee, Amie Blanco, and Peggy Conrad and Salina Chan; Simon Gayther, Susan
Ramus, Paul Pharoah, Carole Pye, Patricia Harrington, and Eva Wozniak; Geoffrey

AACRJournals.org Cancer Res; 80(3) February 1, 2020 635

BRCA2 Prostate Cancer Cluster Region

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/80/3/624/2800448/624.pdf by Leiden U

ni - W
ALAEU

S LIBR
AR

Y user on 30 N
ovem

ber 2022



Lindeman, Marion Harris, Martin Delatycki, Sarah Sawyer, Rebecca Driessen, and
Ella Thompson for performing all DNA amplification. E.L. Busch was supported by
grants from the National Cancer Institute (5T32CA009001, P60-CA105641). The
CIMBA data management and data analysis were supported by Cancer Research –

UK grants C12292/A20861, C12292/A11174. A.C. Antoniou is a Cancer Research-
UK Senior Cancer Research Fellow. G. Chenevix-Trench and A.B. Spurdle are
NHMRC Research Fellows. iCOGS: the European Community's Seventh Frame-
work Programme under grant agreement no. 223175 (HEALTH-F2–2009-223175)
(COGS), Cancer Research UK (C1287/A10118, C1287/A 10710, C12292/A11174,
C1281/A12014, C5047/A8384, C5047/A15007, C5047/A10692, C8197/A16565),
the NIH (CA128978), and Post-Cancer GWAS initiative (1U19 CA148537, 1U19
CA148065, and 1U19 CA148112 - the GAME-ON initiative), the Department of
Defense (W81XWH-10-1-0341), the Canadian Institutes of Health Research
(CIHR) for the CIHR Team in Familial Risks of Breast Cancer (CRN-87521),
and the Ministry of Economic Development, Innovation and Export Trade (PSR-
SIIRI-701), Komen Foundation for the Cure, the Breast Cancer Research Foun-
dation, and the Ovarian Cancer Research Fund. The PERSPECTIVE project was
supported by the Government of Canada through Genome Canada and the
Canadian Institutes of Health Research, the Ministry of Economy, Science and
Innovation through Genome Qu�ebec, and The Quebec Breast Cancer Foundation.
BCFR: UM1 CA164920 from the National Cancer Institute. BFBOCC: Lithuania
(BFBOCC-LT): Research Council of Lithuania grant SEN-18/2015. BIDMC: Breast
Cancer Research Foundation. BMBSA: Cancer Association of South Africa (prin-
cipal investigator: Elizabeth J. van Rensburg). CNIO: Spanish Ministry of Health
PI16/00440 supported by FEDER funds, the Spanish Ministry of Economy and
Competitiveness (MINECO) SAF2014-57680-R and the Spanish Research Net-
work on Rare diseases (CIBERER). COH-CCGCRN: Research reported in this
publication was supported by the NCI of the NIH under grant numbers
R25CA112486 and RC4CA153828 (principal investigator: J. Weitzel) from the
NCI and the Office of the Director, NIH. CONSIT: Associazione Italiana Ricerca
sul Cancro (AIRC; IG2014 no.15547 to P. Radice). Italian Association for Cancer
Research (AIRC; grant no.16933 to L. Ottini). Associazione Italiana Ricerca sul
Cancro (AIRC; IG2015 no.16732 to P. Peterlongo). Associazione Italiana Ricerca
sul Cancro (AIRC grant IG17734 to G. Giannini). DEMOKRITOS: European
Union (European Social Fund – ESF) and Greek national funds through the
Operational Program "Education and Lifelong Learning" of the National Strategic
Reference Framework (NSRF) - Research Funding Program of the General
Secretariat for Research & Technology: SYN11_10_19 NBCA. Investing in knowl-
edge society through the European Social Fund. DFKZ: German Cancer Research
Center. EMBRACE: Cancer Research UK Grants C1287/A10118 and C1287/
A11990. Fiona Lalloo is supported by an NIHR grant to the Biomedical Research
Centre, Manchester. The Investigators at The Institute of Cancer Research and The
Royal Marsden NHS Foundation Trust are supported by an NIHR grant to the
Biomedical Research Centre at The Institute of Cancer Research and The Royal
Marsden NHS Foundation Trust. Elizabeth Bancroft is supported by Cancer
Research UK Grant C5047/A8385FCCC: The University of Kansas Cancer Center
(P30 CA168524) and the Kansas Bioscience Authority Eminent Scholar Program.
A.K. Godwin was funded by R0 1CA140323, R01 CA214545, and by the Chan-
cellors Distinguished Chair in Biomedical Sciences Professorship. FPGMX:
FISPI05/2275 and Mutua Madrile~na Foundation (FMMA). GC-HBOC: German
Cancer Aid (grant no 110837 to R.K. Schmutzler) and the European Regional
Development Fund and Free State of Saxony, Germany (LIFE - Leipzig Research
Centre for Civilization Diseases, project numbers 713-241202, 713-241202, 14505/
2470, 14575/2470). GEMO: Ligue Nationale Contre le Cancer; the Association “Le
cancer du sein, parlons-en!” Award, the Canadian Institutes of Health Research for
the "CIHR Team in Familial Risks of Breast Cancer" program and the French
National Institute of Cancer (INCa). GEORGETOWN: the Non-Therapeutic
Subject Registry Shared Resource at Georgetown University (NIH/NCI grant
P30-CA051008), the Fisher Center for Hereditary Cancer and Clinical Genomics
Research, and Swing Fore the Cure. G-FAST: Bruce Poppe is a senior clinical
investigator of FWO. Mattias Van Heetvelde obtained funding from IWT. HCSC:
Spanish Ministry of Health PI15/00059, PI16/01292, and CB-161200301 CIBER-
ONC from ISCIII (Spain), partially supported by European Regional Development
FEDER funds. HEBCS: Helsinki University Hospital Research Fund, Academy of
Finland (266528), the Finnish Cancer Society, and the Sigrid Juselius Foundation.
HEBON: the Dutch Cancer Society grants NKI1998-1854, NKI2004-3088,
NKI2007-3756, the Netherlands Organization of Scientific Research grant NWO
91109024, the Pink Ribbon grants 110005 and 2014-187.WO76, the BBMRI grant

NWO 184.021.007/CP46, and the Transcan grant JTC 2012 Cancer 12-054.
HEBON thanks the registration teams of Dutch Cancer Registry (IKNL; S. Siesling,
J. Verloop) and the Dutch Pathology database (PALGA; L. Overbeek) for part of
the data collection. HRBCP: Hong Kong Sanatorium and Hospital, Dr Ellen Li
Charitable Foundation, The Kerry Group Kuok Foundation, NIH1R 03CA130065,
and North California Cancer Center. HUNBOCS: Hungarian Research Grants
KTIA-OTKA CK-80745 and OTKA K-112228. ICO: The authors would like to
particularly acknowledge the support of the Asociaci�on Espa~nola Contra el C�ancer
(AECC), the Instituto de Salud Carlos III (organismo adscrito al Ministerio de
Economía y Competitividad) and “Fondo Europeo de Desarrollo Regional
(FEDER), una manera de hacer Europa” (PI10/01422, PI13/00285, PIE13/
00022, PI15/00854, PI16/00563 and CIBERONC), and the Institut Catal�a de la
Salut and Autonomous Government of Catalonia (2009SGR290, 2014SGR338, and
PERIS Project MedPerCan). IHCC: PBZ_KBN_122/P05/2004. ILUH: Icelandic
Association “Walking for Breast Cancer Research” and by the Landspitali Uni-
versity Hospital Research Fund. INHERIT: Canadian Institutes of Health Research
for the “CIHR Team in Familial Risks of Breast Cancer” program – grant # CRN-
87521 and the Ministry of Economic Development, Innovation and Export Trade –
grant # PSR-SIIRI-701. IOVHBOCS: Ministero della Salute and “5� 100000 Istituto
Oncologico Veneto grant. IPOBCS: Liga Portuguesa Contra o Cancro. kConFab:
The National Breast Cancer Foundation, and previously by the National Health
and Medical Research Council (NHMRC), the Queensland Cancer Fund, the
Cancer Councils of New South Wales, Victoria, Tasmania and South Australia, and
the Cancer Foundation of Western Australia. MAYO: NIH grants CA116167,
CA192393, and CA176785, an NCI Specialized Program of Research Excellence
(SPORE) in Breast Cancer (CA116201),and a grant from the Breast Cancer
Research Foundation. MCGILL: Jewish General Hospital Weekend to End Breast
Cancer, Quebec Ministry of Economic Development, Innovation and Export
Trade. MSKCC: the Breast Cancer Research Foundation, the Robert and Kate
Niehaus Clinical Cancer Genetics Initiative, the Andrew Sabin Research Fund and
a Cancer Center Support Grant/Core Grant (P30 CA008748). NAROD: 1R01
CA149429-01. NCI: the Intramural Research Program of the NCI, NIH, and by
support services contracts NO2-CP-11019-50, N02-CP-21013-63 and N02-CP-
65504 with Westat, Inc, Rockville, MD. NICCC: Clalit Health Services in Israel, the
Israel Cancer Association and the Breast Cancer Research Foundation (BCRF),
NY. NNPIO: the Russian Federation for Basic Research (grants 15-04-01744, 16-
54-00055, and 17-54-12007). NRG Oncology: U10 CA180868, NRG SDMC grant
U10 CA180822, NRG Administrative Office and the NRG Tissue Bank (CA
27469), the NRG Statistical and Data Center (CA 37517) and the Intramural
Research Program, NCI. OSUCCG: Ohio State University Comprehensive Cancer
Center. PBCS: Italian Association of Cancer Research (AIRC) [IG 2013 N.14477]
and Tuscany Institute for Tumors (ITT) grant 2014-2015-2016. SEABASS: Min-
istry of Science, Technology and Innovation, Ministry of Higher Education (UM.
C/HlR/MOHE/06) and Cancer Research Initiatives Foundation. SMC: the Israeli
Cancer Association. SWE-BRCA: the Swedish Cancer Society. UCHICAGO: NCI
Specialized Program of Research Excellence (SPORE) in Breast Cancer
(CA125183), R01 CA142996, 1U01CA161032, and by the Ralph and Marion Falk
Medical Research Trust, the Entertainment Industry Fund National Women's
Cancer Research Alliance, and the Breast Cancer research Foundation. O.I.
Olopade is an ACS Clinical Research Professor. UCLA: Jonsson Comprehensive
Cancer Center Foundation; Breast Cancer Research Foundation. UCSF: UCSF
Cancer Risk Program and Helen Diller Family Comprehensive Cancer Center.
UKFOCR: Cancer Research UK. UPENN: Breast Cancer Research Foundation;
Susan G. Komen Foundation for the Cure, Basser Center for BRCA. UPITT/MWH:
Hackers for Hope Pittsburgh. VFCTG: Victorian Cancer Agency, Cancer Australia,
National Breast Cancer Foundation. WCP: Dr Karlan is funded by the American
Cancer Society Early Detection Professorship (SIOP-06-258-01-COUN) and the
National Center for Advancing Translational Sciences (NCATS; grant no.
UL1TR000124). S. Guti�errez-Enríquez is supported by the Miguel Servet Progam
(CP10/00617).

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

Received July 1, 2019; revised August 7, 2019; accepted November 8, 2019;
published first November 13, 2019.

Cancer Res; 80(3) February 1, 2020 CANCER RESEARCH636

Patel et al.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/80/3/624/2800448/624.pdf by Leiden U

ni - W
ALAEU

S LIBR
AR

Y user on 30 N
ovem

ber 2022



References
1. Giusti RM, Rutter JL, Duray PH, Freedman LS, Konichezky M, Fisher-Fischbein

J, et al. A twofold increase in BRCA mutation related prostate cancer among
Ashkenazi Israelis is not associated with distinctive histopathology. J Med Genet
2003;40:787–92.

2. Gallagher DJ, Gaudet MM, Pal P, Kirchhoff T, Balistreri L, Vora K, et al.
Germline BRCAmutations denote a clinicopathologic subset of prostate cancer.
Clin Cancer Res 2010;16:2115–21.

3. Kirchhoff T, Kauff ND, Mitra N, Nafa K, Huang H, Palmer C, et al. BRCA
mutations and risk of prostate cancer in Ashkenazi Jews. Clin Cancer Res 2004;
10:2918–21.

4. Agalliu I, Kwon EM, Salinas CA, Koopmeiners JS, Ostrander EA, Stanford JL.
Genetic variation in DNA repair genes and prostate cancer risk: results from a
population-based study. Cancer Causes Control 2010;21:289–300.

5. Agalliu I, Gern R, Leanza S, Burk RD. Associations of high-grade prostate cancer
with BRCA1 and BRCA2 founder mutations. Clin Cancer Res 2009;15:1112–20.

6. Agalliu I, Karlins E, Kwon EM, Iwasaki LM, Diamond A, Ostrander EA, et al.
Rare germline mutations in the BRCA2 gene are associated with early-onset
prostate cancer. Br J Cancer 2007;97:826–31.

7. Agalliu I, Kwon EM, Zadory D, McIntosh L, Thompson J, Stanford JL, et al.
Germline mutations in the BRCA2 gene and susceptibility to hereditary prostate
cancer. Clin Cancer Res 2007;13:839–43.

8. Eerola H, Heikkila P, Tamminen A, Aittomaki K, Blomqvist C, Nevanlinna H.
Histopathological features of breast tumours in BRCA1, BRCA2 and mutation-
negative breast cancer families. Breast Cancer Res 2005;7:R93–100.

9. Cybulski C, Wokoøorczyk D, Klu�zniak W, Kashyap A, Goøąb A, Søojewski M,
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