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Abstract

Background: Prostate cancer (PrCa) is a substantial cause of mortality among men globally.
Rare germline mutations in BRCA2 have been validated robustly as increasing risk of aggres-
sive formswith a poorer prognosis; however, evidence remains less definitive for other genes.
Objective: To detect genes associated with PrCa aggressiveness, through a pooled anal-
ysis of rare variant sequencing data from six previously reported studies in the UK
Genetic Prostate Cancer Study (UKGPCS).
Design, setting, and participants: We accumulated a cohort of 6805 PrCa cases, in which
a set of ten candidate genes had been sequenced in all samples.
Outcome measurements and statistical analysis: We examined the association between
rare putative loss of function (pLOF) variants in each gene and aggressive classification
(defined as any of death from PrCa, metastatic disease, stage T4, or both stage T3 and
Gleason score �8). Secondary analyses examined staging phenotypes individually. Cox
proportional hazards modelling and Kaplan-Meier survival analyses were used to further
examine the relationship between mutation status and survival.
Results and limitations: We observed associations between PrCa aggressiveness and
pLOFmutations in ATM, BRCA2,MSH2, and NBN (odds ratio = 2.67–18.9). These four genes
and MLH1 were additionally associated with one or more secondary analysis phenotype.
Carriers of germline mutations in these genes experienced shorter PrCa-specific survival
(hazard ratio = 2.15, 95% confidence interval 1.79–2.59, p = 4 � 10–16) than noncarriers.
Conclusions: This study provides further support that rare pLOF variants in specific
genes are likely to increase aggressive PrCa risk and may help define the panel of infor-
mative genes for screening and treatment considerations.
Patient summary: By combining data from several previous studies, we have been able
to enhance knowledge regarding genes in which inherited mutations would be expected
to increase the risk of more aggressive PrCa. This may, in the future, aid in the identifi-
cation of men at an elevated risk of dying from PrCa.
� 2024 The Institute of Cancer Research. Published by Elsevier B.V. on behalf of European

Association of Urology. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Prostate cancer (PrCa) is the most frequently diagnosed can-
cer site and second highest cancer-related cause of mortal-
ity among males in the UK [1], as well as a substantial cause
of mortality globally [2]. Although an appreciable subset of
PrCa patients develops aggressive forms with a poorer prog-
nosis, the majority experience indolent, slow developing
disease that may not substantively reduce their length or
quality of life [3,4].

PrCademonstrates ahigh level of heritability [5,6], includ-
ing evidence for concordance of more or less favourable out-
comeswithin families [7]. In recent years, multiple common,
low-penetrance genetic loci have been identified, which
cumulatively exert substantial influenceuponPrCa incidence
[8,9]. Genetic risk scores (GRS) based on these common PrCa
risk variants have, however, thus far demonstrated limited or
currently uncertain direct capability towards prognostic dis-
crimination [10–12]. A small number of genes have also been
identified in which rare, moderate penetrance mutations
confer greater effects upon PrCa risk, with low-frequency
recurrent variants in HOXB13 robustly associated with a
greater risk of PrCa of any severity [13–15] and rare germline
mutations in BRCA2 associated with a greater risk of aggres-
sive PrCa [16–21]. Associations with aggressive PrCa have
also been reported for ATM [18,21], NBN [21,22], and PALB2
[18], although further replication remains warranted. Germ-
line mutations in additional candidate genes, particularly
DNArepair genes, have alsobeenobservedat low frequencies
among patients withmetastatic PrCa; however, themajority
of these studies were underpowered to evaluate the strength
of evidence in support of an association with disease aggres-
siveness for specific genes [7].

In this study, we have aggregated the existing germline
rare variant sequencing data for PrCa cases from the UK that
werecollectedaspartof theUKGeneticProstateCancerStudy
(UKGPCS) [23] and sequenced as part of six prior datasets
[18,19,21,24–26], to conduct a largerpooledanalysis. In total,
we evaluated a panel of ten commonly proposed candidate
genes for aggressive PrCa in 6805 PrCa cases, including 3548
with aggressive PrCa. We also investigated the combined
effects of rare and common variation on PrCa aggressiveness,
to assess whether common variation associated with PrCa
onset could exacerbate or mitigate the likelihood of experi-
encing clinically significant disease conferred by raremoder-
ate penetrance variants linked to poorer outcomes.
2. Patients and methods

2.1. Study sample

Data from European ancestry samples consented into the
UKGPCS as part of six separate retrospective whole-exome
or gene panel sequencing studies were included in this
pooled analysis. The individual studies had differing sample
selection criteria, sample sizes, and gene panel composi-
tions (Supplementary Table 1), with three studies selecting
for cases with aggressive or nonaggressive clinical presenta-
tion [18,21,25], two for cases with a family history (FH) of
PrCa [24,26], and one for PrCa patients with an age at diag-
nosis of <65 yr [19]. For nonunique samples, duplicates for
retention were prioritised from studies with larger sample
sizes and numbers of genes sequenced. As the constituent
studies for this pooled analysis had differing PrCa case
inclusion criteria but broadly employed extreme phenotype
approaches, the final dataset available for analysis was
enriched for patients with aggressive, fatal, and younger
onset disease, in addition to an FH of PrCa (Table 1).

2.2. Variant categorisation

We curated a set of ten genes (ATM, BRCA1, BRCA2, CHEK2,
MLH1, MSH2, MSH6, MUTYH, NBN, and PALB2) that had been
sequenced in all samples available for the pooled analysis
and are regularly identified as candidates for associations
with PrCa risk and disease aggressiveness. Variants within
these genes were annotated with the variant effect predic-
tor (VEP) [27]. Only rare putative loss of function (pLOF)
variants were included in downstream analyses. Specifi-
cally, variants were retained that had minor allele fre-
quency (MAF) <0.01 in each ancestral reference
population from 1000 genomes, ESP, or gnomAD (VEP
‘‘max_af’’ <0.01), and either were protein truncating (VEP
impact = high and LOFTEE LoF = high confidence) or if not
were classified as ‘‘pathogenic’’ or ‘‘likely pathogenic’’ in
ClinVar (nontruncating variants with conflicting interpreta-
tions of pathogenicity were excluded) [28].

2.3. Genetic risk score calculation

We calculated a GRS for the risk of PrCa incidence for
UKGPCS samples using imputed genotype data generated
previously as part of the OncoArray genotyping array [29].
In total, data were available for 444 out of 451 established
PrCa risk variants [9] for 5606 of the 6805 UKGPCS samples
in the pooled analysis (82%). An additional 393 variant GRS
was also considered, which excluded 51 variants associated
with prostate-specific antigen (PSA) levels [30].

2.4. Statistical analysis

Individual genes were assessed for an association with
aggressive PrCa phenotypes using Firth logistic regression
models adjusted for study (six-level categorical variable)
and continuous age at PrCa diagnosis. Chi-square tests for
trend were additionally used to investigate the trends in
the Gleason grade group and tumour stage variables. Owing
to the rarity of individual pLOF variants, mutation status
was defined as a binary variable, indicating the presence
of one or more variants in the gene or gene set analysed.
Odds ratios (OR) and 95% confidence intervals (95% CI) were
estimated for the association between mutation status and
the phenotype under consideration.

The primary analysis examined the association between
rare variants in each gene and aggressive PrCa, adopting an
omnibus criterion to describe aggressive PrCa presentation.
Cases were defined as ‘‘aggressive’’ if they had at least one
of the following: cause of death recorded as PrCa, metastatic
disease, stage T4, and both stage T3 plus Gleason score �8.
Cases were defined as ‘‘nonaggressive’’ if they had all of the
following: stage �T2, Gleason score �6, and if deceased,
death was not due to PrCa. Cases classified as neither



Table 1 – Clinical characteristics of the total UK population European ancestry pooled analysis cohort and stratified by aggressiveness
classification subgroups

Total Aggressive Intermediate Nonaggressive

Total PrCa cases (N) 6805 3548 898 2359
Age at diagnosis, median (IQR) 58 (55–64) 59 (56–67) 57 (55–59) 58 (55–62)
Follow-up (yr), median (IQR) 10.4 (6.2–15.3) 7.0 (4.0–10.8) 15.2 (12.9–17.1) 13.9 (9.5–17.2)
PSA at diagnosis (ng/ml), median (IQR) 9.5 (5.3–32.8) 26.3 (8.1–92) 8.1 (5.6–14.4) 6.3 (4.5–9.0)
Unknown, N (PSA) 435 253 70 112

GRS, median (IQR) 31.4 (30.8–32.1) 31.4 (30.8–32.0) 31.6 (31.0–32.2) 31.5 (30.9–32.1)
Unknown, N (GRS) 1199 637 83 479

PrCa family history, N (%)
Yes 2329 (37.4) 1037 (33.2) 437 (50.1) 855 (38.3)
No 3893 (62.6) 2082 (66.8) 436 (49.9) 1375 (61.7)
Unknown 583 429 25 129

Gleason score, N (%)
�6 3121 (51.5) 417 (14.6) 345 (40.5) 2359 (100.0)
7 1071 (17.7) 627 (22.0) 444 (52.1) NA
�8 1867 (30.8) 1804 (63.3) 63 (7.4) NA

Unknown 746 700 46 NA
Tumour stage, N (%)
T1 2129 (35.2) 186 (6.5) 121 (14.6) 1822 (77.2)
T2 1547 (25.6) 496 (17.4) 514 (61.9) 537 (22.8)
T3 1953 (32.3) 1757 (61.6) 196 (23.6) NA
T4 414 (6.9) 414 (14.5) NA NA
Unknown 762 695 67 NA

Lymph node spread, N (%)
Yes 774 (18.0) 746 (33.8) 19 (3.0) 9 (0.6)
No 3521 (82.0) 1462 (66.2) 617 (97.0) 1442 (99.4)
Unknown 2510 1340 262 908

Metastatic spread, N (%)
Yes 1047 (23.9) 1047 (40.9) NA NA
No 3335 (76.1) 1516 (59.1) 581 (100.0) 1238 (100.0)
Unknown 2423 985 317 1121

Cause of death, N (%)
Prostate cancer 2561 (37.6) 2561 (72.2) NA NA
Other cause 512 (7.5) 129 (3.6) 90 (10.0) 293 (12.4)
Unknown cause 88 (1.3) 80 (2.3) 3 (0.3) 5 (0.2)
Alive 3644 (53.5) 778 (21.9) 805 (89.6) 2061 (87.4)

GRS = genetic risk score; IQR = interquartile range; NA = not applicable; PrCa = prostate cancer; PSA = prostate-specific antigen.
Variables indicated with NA indicate phenotypes precluded by the criteria used to define the classifications. Samples classified to be of intermediate aggres-
siveness were not included in the primary analysis, but contribute to the secondary, survival, and GRS analyses.
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aggressive nor nonaggressive (ie, those without metastatic
spread, who had not died of PrCa, and who had Gleason
score �8 plus stage �T2, Gleason score 7 plus stage �T3,
or Gleason score �6 and stage T3) were regarded as inter-
mediate aggressiveness and excluded from the primary
comparison of aggressive versus nonaggressive PrCa, but
were available for inclusion in secondary analyses examin-
ing the association with individual phenotypic indicators of
aggressiveness. Secondary analyses assessed the associa-
tions with metastases, nodal spread, Gleason grade group
(�2 vs �3), and T stage (�2 vs �3). Samples lacking data
for any criterion were excluded from analyses of the rele-
vant phenotype. We report associations between any gene
and phenotype significant at p < 0.05 and additionally indi-
cate associations significant at a p < 0.001 threshold, repre-
senting a conservative adjustment accounting for multiple
testing of ten genes against five phenotypes across the pri-
mary and secondary analyses under the assumption of inde-
pendence between tests.

Delayed entry Cox proportional hazard regression mod-
els, with time since diagnosis as the timescale, were used
to calculate hazard ratios (HR) and 95% CI for the associa-
tion between mutation carrier status and each of PrCa-
specific, all-cause, and non-PrCa mortality. Survival proba-
bility stratified by mutation status was visualised using
Kaplan-Meier plots. Genes associated with aggressive PrCa
in the Firth logistic regression analysis defined the ‘‘gene
set’’, with individuals having a mutation in any gene among
the gene set classified as ‘‘carriers’’. Individuals became at
risk at their age at PrCa diagnosis and under observation
at their date of consent to the UKGPCS, with the time to
event calculated from age at diagnosis to death. Patients
who did not die were censored at their age of last follow-
up in the all-cause analysis, and patients additionally
censored at their age of death from other causes in the
PrCa-specific analyses or age at death from PrCa in the
non-PrCa mortality analyses. We used competing-risks
regression to account for other-cause mortality in the
PrCa-specific analysis. Individuals who were still alive at
emigration or on June 28th 2019 were censored at the ear-
lier of these dates; this date was chosen because it is the lat-
est date where mortality flagging information is known to
be complete. We excluded from this analysis 17 partici-
pants who could not be traced under the Medical Research
Information Service/NHS Digital and 117 participants from
Northern Ireland for whom tracing data were not complete.
We estimated the total effect of mutation status on survival
without adjustment for clinical variables under the hypoth-
esis that both are factors on the causal pathway towards
aggressive disease, adjusting for age at diagnosis (linear
trend), study (six-level categorical variable), and year of
diagnosis (<2000, 2000–2004, 2005–2009, and �2010),
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although additionally report the direct effect of mutation
status on mortality after also adjusting for clinical variables
for comparative purposes.

Association tests between GRS for common PrCa risk
variants and mutation status in the gene set associated with
aggressive PrCa were performed for aggressive classifica-
tion, adjusting for study and age at diagnosis, using Firth
logistic regression with GRS as a continuous variable. Addi-
tional tests for interaction between GRS and mutation sta-
tus with aggressive classification were also conducted to
further evaluate the combined influence of common vari-
ants associated with PrCa incidence and rare variants asso-
ciated with PrCa aggressiveness upon clinically relevant
characteristics in PrCa cases.

All analyses were performed using R (version 4.3.1) and
Stata (18.0; StataCorp LLC, College Station, TX, USA).

3. Results

In total, rare variant information for 8183 PrCa cases was
available, with data from 6805 unique individuals remain-
ing for analysis after the exclusion of interstudy duplicates
and relatives. In the final sample set, 539 (7.9%) individuals
were carriers of a rare pLOF variant in one or more of the ten
candidate genes examined, with 551 pLOF variants identi-
fied in total (Supplementary Tables 2 and 3). The most fre-
quently mutated genes in the dataset wereMUTYH (n = 136,
2.0%), BRCA2 (n = 118; 1.7%), CHEK2 (n = 95, 1.4%), and ATM
(n = 91; 1.3%). pLOF variants were present at lower rates in
the remaining genes, with MSH6 being the next most fre-
quently mutated (n = 36, 0.53%) and MLH1 containing the
fewest (n = 11, 0.16%). Ten individuals were carriers of a
mutation in two genes and one individual in three genes,
nine of whom were classified to have aggressive disease,
seven had died from PrCa (median survival duration 4 yr,
range 2–6 yr), and two had a known FH of PrCa (Supple-
mentary Table 4).

We observed associations between rare pLOF variants in
five genes and aggressive PrCa phenotypes (Fig. 1). In the
primary analysis of aggressive PrCa classification, there
were significant differences between aggressive and nonag-
gressive disease for ATM (OR = 2.67, 95% CI 1.56–4.56, p <
0.001), BRCA2 (OR = 5.13, 95% CI 2.98–8.83, p < 0.001),
MSH2 (OR = 5.17, 95% CI 0.93–28.7), and NBN (OR = 18.9,
95% CI 1.12–320) mutation carriers (Supplementary
Table 5). In the secondary analyses (Supplementary Table 6),
ATM pLOF variants were associated with metastatic spread
(OR = 2.15, 95% CI 1.28–3.60), and pLOF variants in BRCA2
(OR = 1.83, 95% CI 1.13–2.95), MLH1 (OR = 5.89, 95% CI
1.14–30.4), and NBN (OR = 3.67, 95% CI 1.12–12.1) were
associated with nodal invasion. ATM (OR = 2.24, 95% CI
1.42–3.52, p < 0.001), BRCA2 (OR = 2.40, 95% CI 1.59–3.62,
p < 0.001), MSH2 (OR = 12.5, 95% CI 2.26–68.9, p < 0.001)
and NBN (OR = 3.77, 95% CI 1.10–12.8) pLOF mutations were
also associated with higher T stage, and ATM (OR = 2.11, 95%
CI 1.34–3.30), BRCA2 (OR = 3.57, 95% CI 2.35–5.42, p < 0.001)
and MSH2 (OR = 5.03, 95% CI 1.45–17.4) pLOF mutations
were associated with higher Gleason score.

Although pLOF MLH1 mutations were associated with
nodal spread only and not the primary aggressiveness crite-
ria, MLH1 mutations were also observed four-fold more
often in cases with metastases than without, twice as fre-
quently in cases with T stage �3 than T stage �2, and three
times more often among cases with Gleason grade group �3
than group �2. Among the genes that were not significantly
associated with any phenotype in the primary and sec-
ondary analyses, two-fold or greater elevated pLOF muta-
tion carrier frequencies were observed relative to the
more favourable outcome group for BRCA1 in patients with
metastases, T stage�3, and Gleason grade group �3, and for
PALB2 in patients with nodal spread and Gleason grade
group �3 (Supplementary Table 6 and Supplementary
Fig. 1). Carrier frequencies of rare pLOF mutations in ATM,
BRCA1, BRCA2, MLH1, MSH2, NBN, and PALB2 were all ele-
vated in patients who died of PrCa relative to those who
had not died (Supplementary Table 7 and Supplementary
Fig. 1).

When considering T stage and Gleason grade group as
categorical rather than dichotomised variables, higher
cumulative pLOF mutation carrier frequencies for the five
genes associated with aggressive PrCa phenotypes (ATM,
BRCA2, MLH1, MSH2, and NBN) were observed with both
increasing tumour stage (P-trend = 3.9 � 10–12) and Gleason
grade group (P-trend = 9.6 � 10–15), with the carrier fre-
quencies in patients with T4 tumour stage or grade group
5 Gleason pattern being approximately three and a half
times those with T1 or grade group 1 phenotypes (Supple-
mentary Table 8 and Supplementary Fig. 2). In a logistic
regression analysis adjusted for study, mutation status in
the five genes associated with aggressive PrCa was weakly
correlated with a positive FH of PrCa, although this associa-
tion was not significant (OR = 1.27, 95% CI 0.95–1.68,
p = 0.1). We also investigated the combined effect of a
GRS developed for the prediction of PrCa incidence along-
side rare pLOF mutations in the five genes that demon-
strated differences between aggressive and nonaggressive
disease. In a multivariable model looking at the association
between aggressive classification with GRS and mutation
status, aggressive disease was strongly positively associated
with mutation status (OR = 2.02, 95% CI 1.59–2.56, p = 8.1
� 10–9) and weakly negatively associated with GRS (OR
per SD = 0.93, 95% CI 0.87–0.99, p = 0.03). There was no
suggestion of interaction between GRS and mutation status
(Supplementary Table 9). The association between
aggressive disease and GRS became nonsignificant and in
the positive direction upon the exclusion of 51 variants that
have also been reported to associate with PSA levels
(OR = 1.05, 95% CI 0.98–1.13, p = 0.2).

In time-to-event analyses, we assessed the association
between mutation status in any of the five genes associated
with aggressive PrCa phenotypes and survival. As the gene
set was defined through an association with PrCa aggres-
siveness and PrCa aggressiveness is directly related to
poorer survival, we hypothesise that both mutation status
and clinical variables would represent factors on the causal
pathway to fatal disease, whereby the clinical features serve
as mediators of effects conferred by genetic variants associ-
ated with aggressiveness, rather than confounders. Accord-
ingly, we therefore primarily examined the total effect of
mutation status upon survival, although also report the



Fig. 1 – Flow diagram depicting significant associations between genes and phenotypes in the primary and secondary analyses. Genes are shown on the top
and phenotypes at the bottom, with links indicating association. Genes for which no association was observed for any phenotype are shown as grey segments.
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direct effect after adjustment for clinical variables to enable
evaluation of the alternative scenario. The median follow-
up duration was 10.4 yr, with 82% of samples having
�5 yr of follow-up. Carriers of rare pLOF mutations in these
genes experience shorter PrCa-specific survival (HR = 2.15,
95% CI 1.79–2.59, p = 4 � 10–16) than noncarriers (Fig. 2
and Table 2). This association remained significant although
was somewhat attenuated when excluding BRCA2 from the
list of genes (BRCA2-excluded HR = 1.78, 95% CI 1.38–2.30,
p = 9 � 10–6; BRCA2-only HR = 2.56, 95% CI 1.98–3.31, p =
1 � 10–12). Similar results were observed for all-cause mor-
tality (HR = 2.15, 95% CI 1.84–2.52, p = 2 � 10–21; BRCA2-
excluded HR = 1.59, 95% CI 1.27–2.00, p = 5 � 10–5; and
BRCA2-only HR = 2.96, 95% CI 2.39–3.66, p = 2 � 10–23),
although the majority (81%) of deaths recorded in the sam-
ple set were due to PrCa. Whilst MLH1 had been associated
with nodal spread only and not the broader aggressiveness
criteria, exclusion of MLH1 from the gene set did not
demonstrate a meaningful difference in mortality (MLH1-
excluded PrCa-specific mortality HR = 2.18, 95% CI 1.80–
2.62, p = 4 � 10–16; all-cause mortality HR = 2.17, 95%CI
1.85–2.55, p = 4 � 10–21). For the subset of PrCa cases
recorded as having died from non–PrCa-related causes,
the difference in survival time between carriers of rare pLOF
mutations and noncarriers was reduced and not significant
(HR = 1.17, 95% CI 0.74–1.85, p = 0.5), but poorer other-
cause survival was observed for BRCA2 carriers in contrast
to carriers of mutations in the other four genes (BRCA2-ex-
cluded HR = 0.73, 95% CI 0.36–1.50, p = 0.4; BRCA2-only
HR = 1.75, 95% CI 0.97–3.17, p = 0.06). The estimated direct
effect of mutation status for the five genes associated with
aggressive PrCa on mortality when adjusting for clinical
variables was substantially lower than the total effect,
although remained significantly associated (PrCa-specific
mortality HR = 1.27, 95% CI 1.04–1.55, p = 0.02; all-cause
mortality HR = 1.29, 95% CI 1.10–1.51, p = 0.002).
4. Discussion

Early detection and treatment of clinically significant pros-
tate tumours, and avoidance of overtreatment of slow pro-
gressing forms represent competing considerations for
prospective screening and treatment approaches for PrCa.
Whilst this could potentially be mitigated by genetic infor-
mation, the discovery of genes in which pathogenic muta-



Fig. 2 – Kaplan-Meier plots depicting relative survival probability against time in years betweenmutation carriers for the five genes associated with aggressive
PrCa (ATM, BRCA2, MLH1, MSH2, and NBN) and noncarriers, and with BRCA2 excluded: (A) PrCa-specific death for the set of five genes associated with
aggressiveness, (B) PrCa-specific death with BRCA2 excluded from the gene set, (C) all causes of death for the set of five genes associated with aggressiveness,
(D) all causes of death with BRCA2 excluded from the gene set, (E) non-PrCa cause of death for the set of five genes associated with aggressiveness, and (F)
non-PrCa cause of death with BRCA2 excluded from the gene set. Mut. = mutation; PrCa = prostate cancer.
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tions predispose towards a higher likelihood of developing
aggressive PrCa is hindered by low carrier rates of muta-
tions in individual genes and incomplete penetrance. In this
analysis, we pooled germline sequencing data previously
accrued for PrCa cases from a single UK-based study and
examined ten genes frequently reported as candidates
sequenced in all constituent datasets.

We were able to identify associations between rare pLOF
mutations in ATM, BRCA2, MSH2, and NBN, and aggressive
classification, in addition to further associations between
these four genes, plus MLH1, with individual clinical pheno-
types indicative of aggressiveness. Our findings further sup-
port those of a recent large multicountry European ancestry
study of aggressive PrCa, comprising 9185 aggressive and
8361 nonaggressive PrCa cases from Australia, the USA, the
UK, Finland, Sweden, and other European countries, which
reported exome-wide significant associations between ATM
and BRCA2 mutations and aggressive PrCa classification,
alongside suggestive evidence for additional candidate genes,
including a strong but not exome-wide significant association
between NBN mutations and the presence of metastases, and
a nominal association between MSH2 mutations and aggres-
sive classification [21]. It is important to note that the major-
ity of samples (85%) included in our study had also been
sequenced as part of this larger international effort, although
these represented only 33% of the samples in the multicoun-



Table 2 – Survival analysis results for PrCa-specific, all-cause, and non-PrCa mortality by carrier status for the five genes associated with
aggressive PrCa (ATM, BRCA2, MLH1, MSH2, and NBN), and with BRCA2 separate from the remainder of the gene set

Censored (N) Deaths (N) Total, N (%) Person-years of
follow-up, N (%)

Hazard ratio 95% CI p value

PrCa-specific mortality, by mutation status in five genes
No mutation 4068 2375 6443 (96.5) 52 727 (97.4) Ref.
Mutation 91 145 236 (3.5) 1401 (2.6) 2.15 1.79, 2.59 4 � 10–16

All-cause mortality, by mutation status in five genes
No mutation 3511 2932 6443 (96.5) 52 727 (97.4) Ref.
Mutation 72 164 236 (3.5) 1401 (2.6) 2.15 1.84, 2.52 2 � 10–21

Non-PrCa mortality, by mutation status in five genes
No mutation 5886 557 6443 (96.5) 52 727 (97.4) Ref.
Mutation 217 19 236 (3.5) 1401 (2.6) 1.17 0.74, 1.85 0.5
PrCa-specific mortality, by mutation status in four genes (minus BRCA2)
No mutation 4103 2450 6553 (98.1) 53 271 (98.4) Ref.
Mutation 56 70 126 (1.9) 857 (1.6) 1.78 1.38, 2.30 9 � 10–6

All-cause mortality, by mutation status in four genes (minus BRCA2)
No mutation 3534 3019 6553 (98.1) 53 271 (98.4) Ref.
Mutation 49 77 126 (1.9) 857 (1.6) 1.59 1.27, 2.00 5 � 10–5

Non-PrCa mortality, by mutation status in four genes (minus BRCA2)
No mutation 5984 569 6553 (98.1) 53 271 (98.4) Ref.
Mutation 119 7 126 (1.9) 857 (1.6) 0.73 0.36, 1.50 0.4
PrCa-specific mortality, by mutation status in BRCA2
No mutation 4123 2444 6567 (98.3) 53 573 (99.0) Ref.
Mutation 36 76 112 (1.7) 555 (1.0) 2.56 1.98, 3.31 1 � 10–12

All-cause mortality, by mutation status in BRCA2
No mutation 3559 3008 6567 (98.3) 53 573 (99.0) Ref.
Mutation 24 88 112 (1.7) 555 (1.0) 2.96 (2.39, 3.66) 2 � 10–23

Non-PrCa mortality, by mutation status in BRCA2
No mutation 6003 564 6567 (98.3) 53 573 (99.0) Ref.
Mutation 100 12 112 (1.7) 555 (1.0) 1.75 (0.97, 3.17) 0.06

CI = confidence interval; PrCa = prostate cancer; Ref. = reference.
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try study. However, rare pLOF mutation frequencies may vary
between European ancestry subpopulations from different
countries, and the present analysis focuses on the UK popula-
tion. A comparison of the results from these two studies
therefore demonstrates a consistent association between rare
germline ATM and BRCA2 pLOF mutations and aggressive PrCa
across European ancestry populations. In the multiancestry
study, NBN mutations had been reported at higher frequen-
cies in the UK population than in the other European popula-
tions, and therefore examining this population exclusively in
our study may have reduced diminution of association due to
population stratification. In the present study, pLOF NBN
mutations were found in 13 individuals with aggressive PrCa
(0.37%), one with intermediate aggressiveness disease
(0.11%), and none were found in patients with nonaggressive
PrCa. A Slavic founder mutation in NBN (p.Lys219fs,
rs587776650) has also previously been reported to associate
with PrCa risk and survival [31]. This variant was not included
in our analyses according to the definition of rare pLOF vari-
ants that we employed due to MAF >0.01 in a reference pop-
ulation; however, it was additionally present in six (0.17%)
patients with aggressive PrCa relative to one (0.04%) with
nonaggressive disease. In our study, we also observed associ-
ations between MSH2 and both tumour stage and Gleason
grade group, and betweenMLH1 and nodal spread. These phe-
notypes had not been examined individually in previous
large-scale sequencing studies for PrCa aggressiveness; there-
fore, in spite of the modest numbers of carriers in our study,
our results represent the strongest evidence to date of poorer
prognostic outcomes for PrCa patients who are carriers of
pLOF mutations in these two Lynch syndrome–linked genes
with low population mutation frequencies.
Importantly, we were also able to demonstrate that car-
riers of pLOF mutations in ATM, BRCA2, MLH1, MSH2, and
NBN experience shorter time to death from PrCa after diag-
nosis. Conversely, aside from BRCA2, no reduction in sur-
vival time for PrCa cases dying from other non-PrCa
causes was observed between carriers and noncarriers,
although this analysis was limited by a lower number of
events. Whilst our results suggest that BRCA2 is the main
contributor to the association between being a mutation
carrier in these five genes and PrCa-specific survival, carry-
ing a mutation in the remaining four genes was also associ-
ated with shorter time to death due to PrCa.

We also observed higher pLOF mutation carrier frequen-
cies with increases in both primary tumour stage and Glea-
son grade group. A poorer prognosis of PrCa patients with
increasing Gleason grade group has previously been estab-
lished [32,33], although the optimal treatment approaches
remain unclear for patients with intermediate-risk disease
[34,35], commonly defined as prostate-confined tumours
with grade group 2 (Gleason score 3 + 4) or grade group 3
(Gleason score 4 + 3) and PSA levels within a specified
range. Further studies to evaluate whether pLOF mutations
in the genes associated with aggressiveness could distin-
guish a subset of individuals presenting with
intermediate-risk PrCa at a greater likelihood of progression
to aggressive PrCa, or facilitate the selection of patients
among this risk group who are more or less likely to be suit-
able for active surveillance as a treatment option, may
therefore be warranted.

Of the five genes for which no examined phenotype met
the predefined significance thresholds, we observed higher
frequencies of BRCA1 and PALB2 pLOF mutations among PrCa
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cases that had presented with clinical indicators of more
aggressive PrCa, suggestive of possible associations with these
additional genes, which may warrant further evaluation in
larger sample sizes. We found no evidence in support of asso-
ciations with aggressive disease indicators among CHEK2 and
MUTYH mutation carriers despite a relatively high number of
carriers of mutations in these genes within our dataset, nor
for MSH6, for which the carrier frequency was low. Of the
11 men with a pLOF mutation in more than one candidate
gene, nine carried CHEK2 or MUTYH variants, for eight of
whom this was alongside a mutation of one of the five genes
associated with aggressiveness. This further suggests that
CHEK2 and MUTYH pLOF variants are less likely to influence
PrCa prognosis, although would not preclude their potential
association with overall PrCa incidence, as has convincingly
been demonstrated for CHEK2 [8,9,19,36]. Conflicting results
as to whether pLOF CHEK2 mutations additionally predispose
towards more aggressive disease had been reported previ-
ously [19,37], with our comparatively large single-
population study supporting other more recent reports that
did not find evidence for CHEK2 pLOF variants conferring a
substantial contribution towards a greater likelihood of
aggressive disease in men diagnosed with PrCa [21,36]. A
lower effect on overall PrCa risk has also been reported for
the CHEK2 I157T (p.Ile157Thr, rs17879961) missense variant
than for protein truncating CHEK2 variants [38]; however, this
variant was not included in our analyses based upon the def-
inition of rare pLOF variants that we employed, and therefore
this more abundant but potentially less clinically significant
variant was not a potential source of type II error in our anal-
yses. Biallelic pathogenic MUTYH mutations substantially
increase colorectal cancer risk, but whether risks are also ele-
vated for heterozygoteMUTYH carriers or predispose towards
additional cancer types remains unclear and controversial
[39,40], and the association between MUTYH mutations and
either PrCa onset or aggressiveness has not adequately been
studied previously. A recent report identified that heterozy-
gous germline pLOF MUTYH mutations were observed twice
as frequently in The Cancer Genome Atlas prostate adenocar-
cinoma cohort than in gnomAD cancer–free individuals [41];
however, population stratification between these disparate
cohorts cannot be discounted. We observed a 2.0% carrier fre-
quency for MUTYH pLOF mutations among the PrCa cases in
this study, in line with the reported heterozygous MUTYH
pathogenic variant carrier frequencies from other predomi-
nantly European ancestry populations [42]. No evidence was
found for a greater risk of poorer prognosis disease among
MUTYH carriers, and we were not able to evaluate whether
the MUTYH carrier rate was elevated relative to healthy con-
trols from the UK population in our case-only sample, nor
examine the effect of biallelic germline MUTYH mutations or
the occurrence of somatic loss of heterozygosity on the risk
of aggressive PrCa.

We also examined whether a GRS derived from common
variation and developed to predict PrCa incidence could, in
conjunction with information from rare pLOF mutations,
provide additional information towards the likelihood of
aggressive PrCa classification, as had been reported previ-
ously for overall PrCa incidence [43] and potentially also
mortality [44]. Opposing directions of association with
aggressive status were observed for GRS and mutation sta-
tus, with GRS modestly associated with nonaggressive clas-
sification and being a mutation carrier with aggressiveness,
and no interaction between GRS and mutation status. The
association between GRS and nonaggressive classification
was not significant upon the removal of 51 variants that
have also been reported to associate with PSA expression
from the GRS, supporting previous observations that
accounting for baseline PSA when incorporating informa-
tion from a GRS into decisions on whether or not to biopsy
may have the potential to reduce the likelihood of overdiag-
nosis of individuals with lower-risk tumours [30].

Whilst our approach of collating data from multiple pre-
vious studies to maximise the power available with existing
resources enabled us to detect associations with PrCa
aggressiveness for five of the candidate genes, our ability
to detect moderate strength associations at genes with
low pLOF mutation rates within the UK population
remained limited in this analysis. Since higher pLOF variant
carrier frequencies were observed among poorer prognosis
phenotype groups for BRCA1 and PALB2, we are therefore
unable to exclude that these genes could also contribute
towards aggressive disease. The absence of data from con-
trols in this investigation precluded us from conclusively
establishing that the genes in which pLOF mutations
demonstrated associations between aggressive and nonag-
gressive PrCa cases equated to an association specifically
with a greater risk of aggressive disease. Nontruncating
pathogenic mutations currently classified as variants of
uncertain significance (VUS) could also confer greater
importance on the genes for which we were not able to
establish an association with PrCa prognosis; however, we
were unable to examine VUS due to challenges in accurately
evaluating the likelihood of pathogenicity for nontruncating
mutations for the majority of genes examined. In addition,
missing phenotype data within the UKGPCS may have fur-
ther reduced statistical power in some analyses, with
incomplete treatment data rendering us unable to interro-
gate potential relationships between types of treatment
and prognostic outcomes for mutation carriers, as has previ-
ously been demonstrated for BRCA2 mutation carriers [16].
5. Conclusions

This study provides support for a role of rare pathogenic
germline mutations in the risk of aggressive PrCa. Our find-
ings help to define the panel of genes for which sequencing
would be informative for the identification of men at an ele-
vated risk of PrCa with a poorer prognosis, and for treat-
ment decisions for mutation carriers presenting with low-
or intermediate-risk disease, especially those diagnosed at
younger ages.

Author contributions: Zsofia Kote-Jarai had full access to all the data in

the study and takes responsibility for the integrity of the data and the

accuracy of the data analysis.



E U R O P E A N U R O L O G Y ON C O L O G Y 7 ( 2 0 2 4 ) 2 4 8 – 2 5 7256
Study concept and design: Saunders, Dadaev, Eeles, Kote-Jarai.

Acquisition of data: All authors.

Analysis and interpretation of data: Saunders, Dadaev, Brook, Kote-Jarai.

Drafting of the manuscript: Saunders, Dadaev, Brook, Antoniou, Kote-Jarai.

Critical revision of the manuscript for important intellectual content: All

authors.

Statistical analysis: Saunders, Dadaev, Brook.

Obtaining funding: Kote-Jarai, Eeles, Darst, Conti, Haiman.

Administrative, technical, or material support: Govindasami, Dadaev,

Brook, Wakerell, Rageevakumar, Keating, Hussain, Osborne, Lophatana-

non, Muir.

Supervision: Eeles, Kote-Jarai, Antoniou.

Other: None.

Financial disclosures: Zsofia Kote-Jarai certifies that all conflicts of inter-

est, including specific financial interests and relationships and affiliations

relevant to the subject matter or materials discussed in the manuscript

(eg, employment/affiliation, grants or funding, consultancies, honoraria,

stock ownership or options, expert testimony, royalties, or patents filed,

received, or pending), are the following: Professor Rosalind Eeles has

the following conflicts of interest to declare: honoraria as a speaker from

GU-ASCO, Janssen, University of Chicago, and Dana Farber Cancer Insti-

tute USA; educational honorarium from Bayer and Ipsen; member of

external expert committee to Astra Zeneca UK; and undertaking of private

practice as a sole trader at the Royal Marsden NHS Foundation Trust, and

90 Sloane Street SW1X 9PQ and 280 Kings Road SW3 4NX, London, UK. All

of these activities are outside the submitted work.

Funding/Support and role of the sponsor: We would like to thank all

organisations that had contributed funding towards the six previous stu-

dies, which represented the data used for the performance of these ana-

lyses. The UKGPCS would like to thank the following for funding support:

the Institute of Cancer Research and the Everyman Campaign, the Prostate

Cancer Research Foundation, Prostate Research Campaign UK (now Pros-

tate Cancer UK), the Orchid Cancer Appeal, DJ Fielding Medical Research

Trust, the Isle of Man Anti-Cancer Association, the National Cancer

Research Network UK, the National Cancer Research Institute (NCRI)

UK, and Cancer Research UK (grant C5047/A17528). We would like to

acknowledge NIHR funding to the Biomedical Research Centre at the

Royal Marsden and the Institute of Cancer Research. Sequencing data

for the UKGPCS participants generated as part of two multinational colla-

borative studies were supported by the National Cancer Institute at the

National Institutes of Health (RO1 CA196931 and R00 CA246063). No

organisation had any role or knowledge in relation to the decision to per-

form or publish these analyses, or in the writing of the manuscript.

Acknowledgements: We wish to thank all the patients, medical, research,

and support staff who have contributed towards the UKGPCS. We would

also like to acknowledge the Genomics Facility at the Institute of Cancer

Research and the Center for Inherited Disease Research for providing

sequencing services during the constituent prior studies, which formed

this analysis. This project also includes OncoArray data for UKGPCS sam-

ples generated as part of the PRACTICAL consortium.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.euo.2024.02.003.
References

[1] International Agency for Research on Cancer. World Health
Organization. Global Cancer Observatory https://gco.iarc.fr/today/
online-analysis-table.

[2] Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin 2021;71:209–49.

[3] Howlader N, Noone AM, Krapcho M, et al. SEER cancer statistics
review, 1975–2017. Bethesda, MD: National Cancer Institute.
https://seer.cancer.gov/csr/1975_2017/.

[4] Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J
Clin 2020;70:7–30.

[5] Hjelmborg JB, Scheike T, Holst K, et al. The heritability of prostate
cancer in the Nordic Twin Study of Cancer. Cancer Epidemiol
Biomarkers Prev 2014;23:2303–10.

[6] Lichtenstein P, Holm NV, Verkasalo PK, et al. Environmental and
heritable factors in the causation of cancer—analyses of cohorts of
twins from Sweden, Denmark, and Finland. N Engl J Med
2000;343:78–85.

[7] Saunders EJ, Kote-Jarai Z, Eeles RA. Identification of germline
genetic variants that increase prostate cancer risk and influence
development of aggressive disease. Cancers (Basel) 2021;13:760.

[8] Conti DV, Darst BF, Moss LC, et al. Trans-ancestry genome-wide
association meta-analysis of prostate cancer identifies new
susceptibility loci and informs genetic risk prediction. Nat Genet
2021;53:65–75.

[9] Wang A, Shen J, Rodriguez AA, et al. Characterizing prostate cancer
risk through multi-ancestry genome-wide discovery of 187 novel
risk variants. Nat Genet 2023;55:2065–74.

[10] Green HD, Merriel SWD, Oram RA, et al. Applying a genetic risk
score for prostate cancer to men with lower urinary tract symptoms
in primary care to predict prostate cancer diagnosis: a cohort study
in the UK Biobank. Br J Cancer 2022;127:1534–9.

[11] Klein RJ, Vertosick E, Sjoberg D, et al. Prostate cancer polygenic risk
score and prediction of lethal prostate cancer. NPJ Precis Oncol
2022;6:25.

[12] Ma C, Ericsson C, Carlsson SV, et al. Addition of a genetic risk score
for identification of men with a low prostate-specific antigen level
in midlife at risk of developing lethal prostate cancer. Eur Urol Open
Sci 2023;50:27–30.

[13] Ewing CM, Ray AM, Lange EM, et al. Germline mutations in HOXB13
and prostate-cancer risk. N Engl J Med. 2012;366:141–9.

[14] Kote-Jarai Z, Mikropoulos C, Leongamornlert DA, et al. Prevalence of
the HOXB13 G84E germline mutation in British men and
correlation with prostate cancer risk, tumour characteristics and
clinical outcomes. Ann Oncol 2015;26:756–61.

[15] Xu J, Lange EM, Lu L, et al. HOXB13 is a susceptibility gene for
prostate cancer: results from the International Consortium for
Prostate Cancer Genetics (ICPCG). Hum Genet 2013;132:5–14.

[16] Castro E, Goh C, Leongamornlert D, et al. Effect of BRCA mutations
on metastatic relapse and cause-specific survival after radical
treatment for localised prostate cancer. Eur Urol 2015;68:186–93.

[17] Castro E, Goh C, Olmos D, et al. Germline BRCA mutations are
associated with higher risk of nodal involvement, distant
metastasis, and poor survival outcomes in prostate cancer. J Clin
Oncol 2013;31:1748–57.

[18] Darst BF, Dadaev T, Saunders E, et al. Germline sequencing DNA
repair genes in 5,545 men with aggressive and non-aggressive
prostate cancer. J Natl Cancer Inst 2021;113:616–25.

[19] Leongamornlert DA, Saunders EJ, Wakerell S, et al. Germline DNA
repair gene mutations in young-onset prostate cancer cases in the
UK: evidence for a more extensive genetic panel. Eur Urol
2019;76:329–37.

[20] Na R, Zheng SL, Han M, et al. Germline mutations in ATM and
BRCA1/2 distinguish risk for lethal and indolent prostate cancer and
are associated with early age at death. Eur Urol 2017;71:740–7.

[21] Darst BF, Saunders E, Dadaev T, et al. Germline sequencing analysis
to inform clinical gene panel testing for aggressive prostate cancer.
JAMA Oncol 2023;9:1514–24.

[22] Cybulski C, Wokolorczyk D, Kluzniak W, et al. An inherited NBN
mutation is associated with poor prognosis prostate cancer. Br J
Cancer 2013;108:461–8.

[23] Brook MN, Ni Raghallaigh H, Govindasami K, et al. Family history of
prostate cancer and survival outcomes in the UK Genetic Prostate
Cancer Study. Eur Urol 2023;83:257–66.

https://doi.org/10.1016/j.euo.2024.02.003
https://gco.iarc.fr/today/online-analysis-table
https://gco.iarc.fr/today/online-analysis-table
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0010
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0010
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0010
https://seer.cancer.gov/csr/1975_2017/
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0020
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0020
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0025
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0025
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0025
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0030
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0030
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0030
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0030
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0035
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0035
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0035
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0040
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0040
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0040
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0040
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0045
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0045
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0045
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0050
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0050
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0050
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0050
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0055
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0055
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0055
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0060
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0060
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0060
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0060
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0065
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0065
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0070
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0070
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0070
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0070
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0075
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0075
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0075
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0080
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0080
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0080
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0085
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0085
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0085
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0085
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0090
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0090
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0090
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0095
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0095
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0095
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0095
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0100
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0100
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0100
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0105
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0105
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0105
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0110
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0110
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0110
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0115
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0115
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0115


E U R O P E A N U R O L O G Y O N C O L O G Y 7 ( 2 0 2 4 ) 2 4 8 – 2 5 7 257
[24] Leongamornlert D, Saunders E, Dadaev T, et al. Frequent germline
deleterious mutations in DNA repair genes in familial prostate
cancer cases are associated with advanced disease. Br J Cancer
2014;110:1663–72.

[25] Mijuskovic M, Saunders EJ, Leongamornlert DA, et al. Rare germline
variants in DNA repair genes and the angiogenesis pathway
predispose prostate cancer patients to develop metastatic disease.
Br J Cancer 2018;119:96–104.

[26] Schaid DJ, McDonnell SK, FitzGerald LM, et al. Two-stage study of
familial prostate cancer by whole-exome sequencing and custom
capture identifies 10 novel genes associated with the risk of
prostate cancer. Eur Urol 2021;79:353–61.

[27] McLaren W, Gil L, Hunt SE, et al. The Ensembl variant effect
predictor. Genome Biol 2016;17:122.

[28] Landrum MJ, Lee JM, Benson M, et al. ClinVar: improving access to
variant interpretations and supporting evidence. Nucleic Acids Res
2018;46:D1062–7.

[29] Schumacher FR, Al Olama AA, Berndt SI, et al. Association analyses
of more than 140,000 men identify 63 new prostate cancer
susceptibility loci. Nat Genet 2018;50:928–36.

[30] Kachuri L, Hoffmann TJ, Jiang Y, et al. Genetically adjusted PSA
levels for prostate cancer screening. Nat Med 2023;29:1412–23.

[31] Rusak B, Kluzniak W, Wokolorczykv D, et al. Inherited NBN
mutations and prostate cancer risk and survival. Cancer Res Treat
2019;51:1180–7.

[32] Epstein JI, Zelefsky MJ, Sjoberg DD, et al. A contemporary prostate
cancer grading system: a validated alternative to the Gleason score.
Eur Urol 2016;69:428–35.

[33] Pierorazio PM, Walsh PC, Partin AW, Epstein JI. Prognostic Gleason
grade grouping: data based on the modified Gleason scoring
system. BJU Int 2013;111:753–60.
[34] Blas L, Shiota M, Eto M. Active surveillance in intermediate-risk
prostate cancer: a review of the current data. Cancers (Basel)
2022;14:4161.

[35] Courtney PT, Deka R, Kotha NV, et al. Metastasis and mortality in
men with low- and intermediate-risk prostate cancer on active
surveillance. J Natl Compr Canc Netw 2022;20:151–9.

[36] Wokolorczyk D, Kluzniak W, Huzarski T, et al. Mutations in ATM,
NBN and BRCA2 predispose to aggressive prostate cancer in Poland.
Int J Cancer 2020;147:2793–800.

[37] Wu Y, Yu H, Zheng SL, et al. A comprehensive evaluation of CHEK2
germline mutations in men with prostate cancer. Prostate
2018;78:607–15.

[38] Cybulski C, Huzarski T, Gorski B, et al. A novel founder CHEK2
mutation is associated with increased prostate cancer risk. Cancer
Res 2004;64:2677–9.

[39] Curia MC, Catalano T, Aceto GM. MUTYH: not just polyposis. World
J Clin Oncol 2020;11:428–49.

[40] Magrin L, Fanale D, Brando C, et al. MUTYH-associated tumor
syndrome: the other face of MAP. Oncogene 2022;41:2531–9.

[41] Barreiro RAS, Sabbaga J, Rossi BM, et al. Monoallelic deleterious
MUTYH germline variants as a driver for tumorigenesis. J Pathol
2022;256:214–22.

[42] Win AK, Jenkins MA, Dowty JG, et al. Prevalence and penetrance of
major genes and polygenes for colorectal cancer. Cancer Epidemiol
Biomarkers Prev 2017;26:404–12.

[43] Darst BF, Sheng X, Eeles RA, Kote-Jarai Z, Conti DV, Haiman CA.
Combined effect of a polygenic risk score and rare genetic variants
on prostate cancer risk. Eur Urol 2021;80:134–8.

[44] Shi Z, Platz EA, Wei J, et al. Performance of three inherited risk
measures for predicting prostate cancer incidence and mortality: a
population-based prospective analysis. Eur Urol 2021;79:419–26.

http://refhub.elsevier.com/S2588-9311(24)00047-6/h0120
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0120
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0120
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0120
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0125
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0125
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0125
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0125
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0130
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0130
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0130
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0130
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0135
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0135
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0140
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0140
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0140
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0145
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0145
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0145
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0150
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0150
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0155
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0155
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0155
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0160
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0160
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0160
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0165
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0165
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0165
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0170
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0170
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0170
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0175
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0175
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0175
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0180
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0180
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0180
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0185
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0185
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0185
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0190
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0190
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0190
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0195
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0195
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0200
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0200
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0205
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0205
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0205
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0210
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0210
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0210
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0215
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0215
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0215
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0220
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0220
http://refhub.elsevier.com/S2588-9311(24)00047-6/h0220

	Identification of Genes with Rare Loss of Function Variants Associated with Aggressive Prostate Cancer and Survival
	1 Introduction
	2 Patients and methods
	2.1 Study sample
	2.2 Variant categorisation
	2.3 Genetic risk score calculation
	2.4 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusions
	Appendix A Supplementary data
	References


